
2019

Acceptée sur proposition du jury

pour l’obtention du grade de Docteur ès Sciences

par

Paola CARAMENTI

Présentée le 17 mai 2019

Thèse N° 9502

Development of New Strategies of Umpolung with Cyclic 
Hypervalent Iodine Reagents.

Prof. J. Zhu, président du jury
Prof. J. Waser, directeur de thèse
Prof. T. Skrydstrup, rapporteur
Prof. M. J. Gaunt, rapporteur
Prof. N. Cramer, rapporteur

à la Faculté des sciences de base
Laboratoire de catalyse et synthese organique
Programme doctoral en chimie et génie chimique 



 

 

ii 

 

  



 

 

iii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ai miei genitori, 

 

 

  



 

 

iv 

 

  



 

 

v 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“I have not failed,  

I have just found 10.000 ways that won’t work.” 

 

Thomas A. Edison 

 

 



 

 

vi 

 

  



 

 

vii 

 

Acknowledgements 
 

I would like to thank my mentor, Prof. Dr. Jérôme Waser, because he gave me this incredible 

privilege to carry out my PhD within his group. Not only working with him considerably broadened 

my scientific knowledge, but he also taught me the importance of perseverance and dedication to 

research on a daily basis. His commitment and curiosity helped me to develop critical thinking, to 

never desist or abandon a line of research, even when the easy fruits had been picked already. 

Thank you very much for your guidance and commitment through my education. 

I would like to express my gratitude to all members of my jury: Prof. Dr Jieping Zhu, who kindly 

accepted the role of president of the jury; Professors Nicolai Cramer (EPFL), Matthew Gaunt and 

Troels Skrydstrup for having graciously accepted to evaluate my thesis. 

A PhD thesis is often compared to a marathon, a grueling solo competition in which your endurance 

is continuously tested. However, at the end of these four years, I would like to rectify this statement. 

More appropriately, a PhD thesis recalls a relay race: you blindly receive your symbolic baton of 

advice and experience from the incoming runner; then you get to run with it, adding your own 

personal hopes and mistakes. Finally, with the sense of having striven at the best of your abilities, 

you pass on the baton, hoping that this somebody will run faster and better than you. At this 

juncture, a good team is essential, as you cannot run alone.  

In this aspect I was fortunate, as I met supportive and encouraging labmates, with whom I shared 

these four years. I would like to express my deep gratitude to Dr. Durga Hari. His advice and 

guidance have been invaluable during my beginnings at LCSO. I would also like to thank 

Dr.Victoria Vita, with whom I lived and worked at the outset of my PhD. She has been, for me, a 

model figure for her enthusiasm, generosity and scientific integrity.  

A huge “thank you” also goes to the LCSO members with whom I’ve shared these four years: 

Daniele, Ugo, Lionel, Franck, Marion, Bastian, Raj, Seb and Javier. I’ve really appreciated your 

company. And for the newest generation: I wish all the best to Ashis, Ming Ming, Stephanie, Eliott, 

Julien and Elija.  

I would like to thank all my labmates at BCH 4420. We shared a nice enviroment, insightful 

discussions and most of our daily lifes. Starting from the two people that firstly welcomed me: 



 

 

viii 

 

Sophie and Yifan, my personal “gatto e la volpe”, I’ve particularly cherished our time together. 

For all the laughs and french lectures, thanks to Guillaume, Erwann and Seb. Finally, a big thank 

goes to Dr. Luca Buzzetti, which recently joined the lab and provided me with a good dose of 

humor and wisdom. 

A big “in bocca al lupo” goes to Nina, a beautiful human and talented PhD student I have had the 

privilege to work with in this last year. 

Thanks to all present and former LCSA and LSPN members for the friendly atmosphere of the 

BCH building, especially to Michele Boghi and Michael Dieckmann for all the fruitful scientific 

discussions. Merci à Véronique Bujard, Anne Lene Odegaard, for all their help regarding 

organizative and administrative issues, à Euro Solari et Rosario Scopelliti, à l’équipe du Magasins 

de le BCH, de le service NMR, ELN et spectrométrie de masse. 

A special mention goes to Johannes Preindl and Phillip Greenwood, for the nice time spent in 

Lausanne together. To Daria Grosheva, Romain Tessier and finally, to Stefano Nicolai goes all my 

love. More than friends, they are my family here in Lausanne.  

Vorrei ringraziare di cuore le ragazze: Luisa, Laura, Giulia e Elena, con cui ci conosciamo 

dall’infanzia, e che sono sempre con me, in ogni mia scelta e percorso. Un grazie di cuore anche a 

Valentina, Annina e Claudia per tutti i momenti frivoli, essenziali per non perdere la prospettiva.  

Un immenso grazie va a Mattia e Beppe per tutto il sostegno quotidiano e per la concretezza con 

cui ho potuto affrontare le difficoltà. Questo PhD appartiene anche a loro.  

Finally, to David, that arrived in my life as a gift, for all the times in which we supported and cared 

for each other.  

E infine, a mia Mamma e mio Papà va la mia piu grande riconoscenza. Solo il loro costante amore 

e supporto mi ha permesso di raggiungere questo traguardo. 

 

Lausanne, May 2019. 

  



 

 

ix 

 

Abstract 

 

Organic chemistry is essential for the development of a modern society, technical progress requires 

the continuous development of synthetic methodologies. Novel, efficient, selective and flexible 

protocols are employed to access complex frameworks from simple starting materials. However, 

classical synthetic methods often relies on the intrinsic reactivity of functional groups, reducing 

the portfolio of available reactions for synthetic chemists.  

The reversal of classical reactivity of functional groups allows alternative disconnection pathways 

and can improve synthetic efficiency. The research presented in this thesis was aimed at the 

development of new strategies of Umpolung with hypervalent iodine reagents. Three new 

Umpolung methods have been investigated. First a strategy for the synthesis of enantioenriched α-

cyano α-allyl ketones has been developed. Second, novel indole- and pyrrole-based hypervalent 

iodine reagents have been synthesized and applied in the context of metal-catalysis and metal-free 

transformations. Third, a new class of umpoled enamides and enol ethers have been prepared from 

simple starting materials. 

α-Cyano carbonyls are important structural motifs of bioactive compounds and natural products. 

Nitriles are also versatile building blocks that undergo a plethora of transformations, which are 

usually accessed by transfer of the nucleophilic cyanide anion to electrophiles. The reactivity of 

cyanide can be reversed by the use of hypervalent iodine reagents. Part I focus on the application 

of umpoled nitriles for the functionalization of carbonyls. With these reagents, a variety of β-keto 

esters were successfully cyanated in racemic fashion. Inspired by previous results obtained in our 

group, a decarboxylative asymmetric allylic alkylation strategy was applied for the synthesis of 

enantioenriched quaternary α-cyano α-allyl ketones embedded in an indanone framework. Cyclic 

indanone derivatives were accessed in good yields and enantioselectivities.  

Indole and pyrrole heterocycles are often embedded in relevant drugs, natural products and 

materials. Their ubiquity inspired decades of intensive research for both their synthesis and 

functionalizations. Especially functionalization methods mainly focused on their intrinsic 

nucleophilic properties. The field exploiting their electrophilic derivatization was severely 

underdeveloped. An alternative strategy to access electrophilic indole and pyrrole synthons takes 
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advantage of the unique properties of hypervalent iodine. In Part II of this thesis, indole- and 

pyrrole-based benziodoxoles were prepared and used for the metal-catalyzed direct indole transfer 

on aromatic C–H bonds. A large variety of indole-aryl frameworks, previously elusive or accessed 

via multi-step syntheses, were accessed in a straightforward manner, starting from simple 

commercially available building blocks. A direct oxidative metal-free cross-coupling for the 

synthesis of mixed bi-(hetero)aryl-indoles was then developed. The reaction worked well with our 

previously synthesized reagents, and a new class of electrophilic indoles (activated at the C2 

carbon) was specifically developed for this transformation, further expanding the pool of available 

benziodoxoles. 

An extension of the concept to enamides and enol ethers as the electrophilic synthons was then 

taken into consideration. In fact, enamides and enol ethers are privileged nucleophiles in many 

important transformations. The stereoselective synthesis of umpoled enamides and enol ethers is 

the topic of the Part III of this thesis. The reagents were accessed from simple building blocks via 

addition of N- and O-nucleophiles on the β-carbon of alkynyl-benziodoxolones. A variety of 

electrophilic enamides and enol ethers reagents were obtained with Z-stereoselectivity. The use of 

a catalytic amount of base and protic solvent was essential for the reaction. Stille cross-coupling 

with a variety of diverse stannanes was successfully used to derivatize the reagents under mild 

conditions while preserving the olefin geometry. In addition, Sonogashira cross-coupling and direct 

addition of nucleophilic thiols were also successful. 

 

 

Keywords: catalysis heterocycles, asymmetric catalysis, Umpolung, indole, pyrrole, hypervalent 

iodine reagents, IndoleBX, EnamineBX, CBX, enamines, enol ethers, carbonyls, nitriles. 
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Riassunto 
 

La chimica organica è essenziale per l’avanzamento della civiltà. Contestualmente, il progresso 

della tecnica rechiede l’incessante sviluppo di nuovi metodi sintetici. Poter contare su procedure 

innovative, efficienti, selettive e flessibili è fondamentale per accedere à strutture complesse a 

partire da materiali più semplici. Per contro, le metodologie preparative tradizionali si basano 

generalmente sulla reattività intrinseca dei gruppi funzionali, così da limitare il numero delle 

reazioni a disposizione dei chimici sintetici. 

Attraverso disconnessioni alternative, l’inversione della reattività classica dei gruppi funzionali 

può dare adito a migliori approcci sintetici. La ricerca presentata in questa tesi è stata finalizzata 

allo sviluppo di nuove strategie di Umpolung usando reagenti di iodio ipervalente. In particolare, 

tre nuovi metodi di Umpolung sono stati investigati. Una strategia per la preparazione di α-ciano 

α-allil chetoni é stata dapprima sviluppata. Successivamente sono stati sintetizzati nuovi reattivi di 

iodio ipervalente contenenti indoli e pirroli, i quali sono stati poi utilizzati sia nel contesto di 

reazioni richiedenti catalizzatori metallici che in quello di reazioni senza componeti metallici. Per 

finire, nuove classi di enammidi e enol eteri caratterizzati da Umpolung sono state preparate a 

partire da semplici substrati. 

I composti α-ciano carbonilici sono importanti motivi strutturali dei prodotti naturali e 

biologicamente attivi. I nitrili sono building block versatili che possono sottostare a una grande 

varietà di trasformazioni e sono di solito ottenuti tramite il trasferimento dell’anione cianuro –

nucleofilo – su accettori elettrofili. La reattività dell’anione cianuro può essere invertita attraverso 

l’uso di reagenti di iodio ipervalente. La Parte I di questa tesi si focalizza sull’applicazione di nitrili 

caratterizzati da Umpolung nella funzionalizzazione di composti carbonilici. Con questi reagenti, 

l’introduzione del gruppo ciano ha potuto essere con successo realizzata in maniera racemica su un 

gran numero di β-cheto esteri. I precendenti risultati conseguiti nel nostro gruppo hanno inoltre 

inspirato la messa a punto di una strategia di alchilazione allilica decarbossilativa asimmetrica che 

è stata poi utilizzata nella sintesi di α-ciano α-allil chetoni quaternari contenuti in strutture di tipo 

indanonico. Derivati indanonici ciclici sono stati ottenuti con buone rese e elevata 

enantioselettività. 
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Gli eterocicli indolici e pirrolici sono spesso rinvenuti in importanti farmaci, composti naturali e 

materiali. Il loro carattere ubiquitario ha inspirato decenni di intensa ricerca riguardante sia la loro 

preparazione che la loro funzionalizzazione. In particolare, i metodi di funzionalizzazione si sono 

principalmente concentrati sulle loro intrinseche proprità nucleofile. L’area di ricerca concernente 

la loro derivatizzazione elettrofila è invece rimasta significativamente sottosviluppata. Una 

strategia alternativa per accedere a sintoni indolici e pirrolici elettrofili trae vantaggio delle 

proprietà uniche dello iodio ipervalente. Nella Parte II di questa tesi viene descritta la preparazione 

di benziodossoli indolici e pirrolici e il loro impiego nel trasferimento metallo-catalizzato di nuclei 

indolici su legami C-H aromatici. Una grande varietà di indol-areni, precedentemente rimasti 

elusivi o generati tramite sintesi multi-tappa, é stata generata in modo diretto, à partire da building 

block semplici e commercialmente disponibili. Un cross-coupling ossidativo diretto, privo di 

componenti metallici, per la sintesi indol-(etero)areni misti é stato successivamente messo a punto. 

Questa reazione ha funzionato molto bene con i nostri reagenti precedentemente sintetizzati, e una 

nuova classe di indoli elettrofilici (attivati in posizione C-2) è stata sviluppata specificamente per 

questa trasformazione, espandendo ulteriormenete la varietà dei benziodossoli disponibili. 

Si è poi presa in esame un’estensione di questo concetto alla generazione di enammidi e enol eteri 

in qualità di sintoni elettrofili. Le enammidi e gli enol eteri in effetti figurano come nucleofili 

privilegiati in molte importanti trasformazioni. La sintesi stereoselettiva di enammidi ed enol eteri 

caratterizzati da Umpolung costituisce l’argomento della Parte III de questa tesi. Tali reagenti sono 

stati ottenuti a partire da semplici building block attraverso l’addizione di N- e O-nucleofili sul 

carbonio in posizione  di benziodossoloni alchinilici. Una grande varietà di enammidi ed enol 

eteri elettrofili sono stati così preparati con selettività Z. L’uso di un solvente protico e quello di 

una quatità catalitica di base si sono rivelati essenziali per la reazione. Un cross-coupling di tipo 

Stille con svariati stannani ha permesso di derivatizzare con successo questi reagenti in condizioni 

dolci e preservando la geometria delle gruppo olefinico. Inolte, la reazione di Sonogashira e 

l’addizione di tioli nucleofili sono state pure attuate efficientemente  

 

Keywords: catalisi di eterocycli, catalisi asimmetrica, Umpolung, indolo, pyrrolo, reagenti di iodio 

ipervalente, IndoleBX, EnamineBX, CBX, enammine, enol eteri, carbonili, nitrili. 



 

 

xiii 

 

Table of contents 

 

Acknowledgements ..................................................................................................................................... vii 

Abstract ........................................................................................................................................................ ix 

Riassunto ...................................................................................................................................................... xi 

Table of contents ........................................................................................................................................ xiii 

Abbreviations, acronyms and symbols ....................................................................................................... xix 

1. Introduction ............................................................................................................................................... 1 

1.2 Umpolung Reagents: from the cyanide ion to hypervalent iodine reagents ........................................ 3 

1.3 Hypervalent Iodine reagents: orbitals and general overview .............................................................. 4 

1.3.1 The general properties of Iodine ........................................................................................................... 4 

1.3.2 From monovalent to polyvalent iodine: an in-dept structural discussion ............................................. 5 

1.3.3 Reactivity pattern of hypervalent iodine compounds ........................................................................... 9 

1.3.4 Examples of cyclic hypervalent iodine structures .............................................................................. 11 

1.4 Nitrile-based Hypervalent Iodine Reagents ....................................................................................... 15 

1.4.1 Electrophilic cyano-reagents .............................................................................................................. 15 

1.4.2 Electrophilic cyanoation of carbonyls ................................................................................................ 17 

1.5 Heterocyclic-based Hypervalent Iodine Reagents ............................................................................. 19 

1.5.1. Heterocyclic Hypervalent Iodonium salts. ........................................................................................ 19 

1.6 Vinyl-based Hypervalent Iodine Reagents ........................................................................................ 24 

1.6.1 Synthesis of Alkenyl-Iodonium Salts ................................................................................................. 25 

1.6.2 Synthesis of (Heteroatom)-Alkenyl Iodonium Salts .......................................................................... 26 

1.6.3 Selected examples of alkenyl iodonium salts reactivity ..................................................................... 28 

1.6.4 Synthesis of Vinyl-benziodoxolone (vBX) Reagents ......................................................................... 29 

1.6.5 Synthesis of (Hetero)vinyl-benziodoxolone (X-vBX) Reagents ........................................................ 30 

1.6.6 Selected examples of vinyl-benziodoxolone (vBX) reactivity ........................................................... 32 

Part I: Asymmetric α-functionalization of β-ketoesters for the synthesis of enantioenriched α-allyl-cyano 

ketones ......................................................................................................................................................... 35 

2. Asymmetric α-functionalization of carbonyl compounds with hypervalent iodine reagents .................. 35 

2.1 α-Alkynylation of β-ketoesters .......................................................................................................... 36 

2.2 The decarboxylative asymmetric allylic alkylation approach ........................................................... 37 

2.2.2 Development of DAAA on alkynyl and azido β-keto-esters .............................................................. 38 

2.3 Goal of the project ............................................................................................................................. 41 

2.4 Results and discussions ..................................................................................................................... 42 

2.4.1. Synthesis of β-keto esters. ................................................................................................................. 42 

2.4.2. Electrophilic cyanation ...................................................................................................................... 42 



 

 

xiv 

 

2.4.3. Optimization of the decarboxylative asymmetric allylic alkylation for Allyl-α-cyano-β-ketoester. . 43 

2.4.4 Scope of the decarboxylative asymmetric allylic alkylation of α-cyano-β-ketoesters. ...................... 53 

Part II: Umpolung of the Reactivity of Indoles and Pyrroles ...................................................................... 57 

3. From nucleophilic to electrophilic indoles and pyrroles: a serendipitous discovery ............................... 57 

3.1 Heterocyclic functionalization ........................................................................................................... 57 

3.2 The Domino approach to build remotely functionalized heterocycles with Hypervalent Iodine 

Reagents .................................................................................................................................................. 57 

3.3 Initial goal of the project ................................................................................................................... 58 

4. Indole and Pyrrole Umpolung ................................................................................................................. 59 

4.1 Selected examples for the relevancy of indoles and pyrrole ............................................................. 59 

4.2 General reactivity of indoles and pyrroles ......................................................................................... 61 

4.3 Arylation of Heteroaryls via C-H activation (C-X, C-H and metal free) .......................................... 62 

4.3.1 Introduction ........................................................................................................................................ 62 

4.3.2 Aryl-halogenides as electrophilic partners. ........................................................................................ 64 

4.3.3 Hypervalent iodine reagents as electrophilic partners. ....................................................................... 67 

4.3.4 C-H/C-H oxidative coupling .............................................................................................................. 69 

4.3.5 Cross-couplings of iodo-indoles and bromo-indoles .......................................................................... 72 

4.4 The reactivity of electrophilic indoles and pyrroles .......................................................................... 74 

4.4.1. Umpolung of Indoles and Pyrroles: State of the Art ......................................................................... 74 

4.4.2 Umpolung of azoles aided by non-removable electron-withdrawing groups. .................................... 74 

5. Goal of the project ................................................................................................................................... 77 

6. Results and Discussion ............................................................................................................................ 79 

6.1 Synthesis of Electrophilic Indole and Pyrrole Benziodoxolone Reagents ........................................ 79 

6.1.1 Early discovery and assignation of the correct structure. ................................................................... 79 

6.1.2 The optimization process for the synthesis of C3-IndoleBX 6.1.10a ................................................. 81 

6.1.3 Tentative mechanism for the synthesis of IndoleBX 6.1.10a ............................................................. 84 

6.1.4 Scope of IndoleBX and PyrroleBX .................................................................................................... 86 

6.1.6 DSC analysis and safety profile of reagents 6.1.10a-6.1.13c. ............................................................ 94 

6.1.7 Envisaged activation modes and reactivity of Indole- and PyrroleBXs. ............................................ 95 

6.1.8 Conclusions of C3-IndoleBX and PyrroleBX. ................................................................................... 96 

    6.2 Rh-catalyzed C-H functionalization on aryl-pyridines……………………………………………...95 

6.2.1 Conceiving of the reaction.................................................................................................................. 97 

6.2.2 Optimization of the Rh(III)-catalyzed C-H indolization of aryl-pyridines ........................................ 97 

6.2.3 Control experiments for the Indolization of Arenes via C-H activation. ......................................... 101 

6.2.4 Scope of the Rh(III)-catalyzed C-H indolization of aryl-pyridines .................................................. 106 

6.2.5 Preliminary results with amides as directing groups ........................................................................ 111 

6.2.6 Conclusions for the Rh-catalyzed C-H indolization of arenes ......................................................... 112 

6.3 Ru-catalyzed C-H functionalization on aryl-methoxamides ........................................................... 113 



 

 

xv 

 

6.3.1 Early results ...................................................................................................................................... 113 

6.3.2 Optimization of the Ru(II)-catalyzed C-H indolization of aryl-pyridines ........................................ 113 

6.3.3 Scope for the Ru(II)-catalyzed C-H indolization of aryl-methoxamides ......................................... 119 

6.3.4 Synthesis of 6.3.7 via Ru(II)-catalyzed C-H indolization under air ................................................. 120 

6.3.5 Conclusions for the Ru-catalyzed C-H indolization of arenes ......................................................... 122 

6.4 From C3-IndoleBXs to C2-IndoleBXs: a new class of reagents ..................................................... 123 

6.5 The synthesis of C2-IndoleBX reagents .......................................................................................... 124 

6.5.1 Retrosynthetical Analysis ................................................................................................................. 124 

6.5.2 Optimization for the synthesis of C2-IndoleBX 6.5.8 ...................................................................... 127 

6.5.3 Scope of the C2-Indole(D)BXs ........................................................................................................ 128 

6.6 Oxidative metal-free cross-coupling reaction for the synthesis of asymmetric bi-(hetero)-aryls ... 130 

6.6.1 Explorative reaction for the oxidative metal-free cross coupling for the synthesis of derivative 6.6.2.

 ................................................................................................................................................................... 130 

6.6.2 Optimization of the metal-free (hetero)-arylation of Indoles with the C3-IndoleBX class. ............. 131 

6.6.3 Control experiments for the metal-free (aetero)-arylation of Indoles with the C3-IndoleBX class . 137 

6.6.4 Scope of trimethoxyphenylated-N-protected-Indoles and -Pyrroles ................................................ 139 

6.6.5 Determination of the regio-distribution. ........................................................................................... 143 

6.6.6 The roles of HFIP and TMSCl in the reaction.................................................................................. 147 

6.6.7 Mechanistical hypotheses. ................................................................................................................ 149 

6.6.8 Further Modifications of the (Hetero)-Arylated Indoles. ................................................................. 154 

6.6.9 Conclusions for the metal-free oxidative cross-coupling ................................................................. 155 

6.7 Unsuccessful reactions involving indole-based benziodoxolone reagents. ..................................... 156 

6.7.1 Target reactions. ............................................................................................................................... 156 

6.7.2 Metal free and Lewis Acid Mediated transformations ..................................................................... 157 

6.7.3 Organometallic and Metal-catalyzed transformations ...................................................................... 162 

7. Conclusions of Part II ............................................................................................................................ 165 

Part III: Umpolung of Enamides and Enol Ethers Reactivities ................................................................ 167 

8. From the Umpolung of indoles to the Umpolung of enamides ............................................................. 167 

8.1 General introduction to enamines and enamides ............................................................................. 167 

8.2 General reactivity of enamides and aryl enol ethers ........................................................................ 170 

8.3 Electrophilic enamides and enol ethers ........................................................................................... 172 

8.3.1 In-situ Umpolung of enol ethers ....................................................................................................... 174 

9 Goal of the project .................................................................................................................................. 176 

10. Results and discussion for the synthesis of electrophilic enamides and enol ethers ........................... 177 

10.1 From IndoleBX to EnamideBX ..................................................................................................... 177 

10.2 Synthesis of N-vBX starting from pre-formed enamides .............................................................. 179 

10.2.1 Vinyl-phthalimide as starting material for the synthesis of umpoled enamides ............................. 179 

10.2.2 Borylated-vinyl amides as starting material for the synthesis of umpoled enamides ..................... 181 



 

 

xvi 

 

10.2.3 Taking advantage of EBX reagents ................................................................................................ 184 

10.2.4 Optimization process for the synthesis of EnamideBX 10.2.20a. .................................................. 185 

10.2.5 Scope of EnamideBX ..................................................................................................................... 188 

10.2.6 Scope of Enol-etherBX................................................................................................................... 190 

10.2.7 Late stage functionalization of drugs ............................................................................................. 191 

10.2.8 Computational analysis .................................................................................................................. 193 

10.2.9 Reactivity of N/O-vBXs ................................................................................................................. 197 

10.2.10 Control experiment and NMR analysis ........................................................................................ 199 

10.2.11 Conclusions of Enamide- and enol-reagents. ............................................................................... 199 

11. General conclusions ............................................................................................................................ 201 

12. Experimental part ................................................................................................................................ 205 

12.1 General methods ............................................................................................................................ 205 

12.2 Synthesis of hypervalent iodine reagents used as starting materials ............................................. 207 

12.3 Part I .............................................................................................................................................. 221 

12.3.1 Synthesis of starting materials allyl β-keto esters .......................................................................... 221 

12.3.2 Synthesis of α-cyano allyl β-keto esters. ........................................................................................ 228 

12.3.3 Decarboxylative asymmetric allylic alkylation of α cyano β keto esters ....................................... 233 

12.4 Part II ............................................................................................................................................. 239 

12.4.1 Synthesis of starting materials for the synthesis of IndoleBXs and PyrroleBXs ........................... 239 

12.4.2 Synthesis of IndoleBXs and PyrroleBXs ....................................................................................... 248 

12.4.3 Preparation of β-Phenyliodonioindole Tetrafluoroborate (6.1.10salt). .......................................... 269 

12.4.4 Synthesis of Starting Materials for the Rh-catalyzed C-H activation. ............................................ 270 

12.4.5 General Procedure for the Rh-Catalyzed Hetero-arylation via C-H activation. (GP9) .................. 273 

12.4.5 Synthesis of Starting Materials for the Ru C-H activation. (GP11) ............................................... 288 

12.4.5 Ru-catalyzed C – H activation of aryl-methoxamides .................................................................... 293 

12.4.5 Synthesis of 11b-methoxy-7-methyl-6,6a,7,11b-tetrahydro-5H-indolo[2,3-c]isoquinolin-5-one 

6.3.7b. ........................................................................................................................................................ 298 

12.4.6 Synthesis of the starting materials for C2-IndoleBX Reagents ...................................................... 299 

12.4.7 Synthesis of C2-IndoleBX Reagents .............................................................................................. 308 

12.4.8 Control experiments of the  metal-free oxidative cross-coupling with electrophilic C2-IndoleBXs 

and C3-IndoleBXs ..................................................................................................................................... 314 

12.4.9 Scope of the metal-free oxidative cross-coupling with electrophilic C2-IndoleBXs and C3-

IndoleBXs .................................................................................................................................................. 315 

12.4.10 Products modifications ................................................................................................................. 333 

12.4.11 Other products .............................................................................................................................. 336 

12.5 Part III ........................................................................................................................................... 337 

12.5.1 Synthesis of 2-acetoxy-2-(1,3-dioxoisoindolin-2-yl)ethyl 2-iodobenzoate 10.2.3a and 2-acetoxy-1-

(1,3-dioxoisoindolin-2-yl)ethyl 2-iodobenzoate 10.2.3b. .......................................................................... 337 

12.5.2 N-vBXs and O-vBX ....................................................................................................................... 338 

12.5.2 Products modifications ................................................................................................................... 352 

12.5.3 Control experiment ..................................................................................................................... 359 



 

 

xvii 

 

13. Annexes ............................................................................................................................................... 361 

13.1 Spectra of new compounds ............................................................................................................ 361 

Part I .......................................................................................................................................................... 362 

Part II ......................................................................................................................................................... 391 

Part III ....................................................................................................................................................... 530 

13.2 Crystals of new compounds........................................................................................................... 567 

13.3 Curriculum Vitae ........................................................................................................................... 571 

 

 

  



 

 

xviii 

 

  



 

 

xix 

 

Abbreviations, acronyms and symbols 
 

3c-4e 

 

3-Center-4-electron 

Å Angstrom 

ABX Azidobenziodoxolone 

Ac Acetyl 

AcOH Acetic acid 

ADBX Azidodimethylbenziodoxole 

Aq. Aqueous 

Ar Aryl 

9-BBN 9-Borabicyclo[3.3.1]nonane 

BF3
.Et2O Boron trifluoride etherate 

Bn Benzyl 

Boc Tert-butyloxycarbonyle 

Br Broad 

Bu Butyl 

BuLi Buthyl lithium 

BuOH Butanol 

tBuOMe Tert-butyl methyl ether 

Bz Benzoyl 

°C Degrees centigrade 

Calcd Calculated 

Cat. Catalytic 

Cbz Carboxybenzyl 

CBX Cyanobenziodoxolone 



 

 

xx 

 

CDBX Cyanodimethylbenziodoxole 

COD Cyclooctadiene 

Cp Cyclopentadienyl 

Cp* 1,2,3,4,5-Pentamethylcyclopentadienyl 

mCPBA Meta-chloroperbenzoic acid 

 NMR chemical shift in ppm 

d Doublet 

DCE Dichloroethane 

DCM Dichloromethane 

DFT Density functional theory 

DMF N,N-Dimethylformamide 

DMSO Dimethyl sulfoxide 

EBX Ethynylbenziodoxolone  

e.e. Enantiomeric excess 

Equiv. Equivalent 

EDG Electron donating group 

Et Ethyl 

Et2O Diethyl ether 

EtOH Ethanol 

EWG Electron withdrawing group 

g Gram 

hrs Hours 

HMBC Heteronuclear Multiple-Bond Correlation 

HPLC High pressure liquid chromatography 

HRMS High resolution mass spectroscopy 



 

 

xxi 

 

HSQC Heteronuclear single-quantum correlation spectroscopy 

HTIB Hydroxy(tosyloxy)iodobenzene 

Hz Hertz 

IBX 2-Iodoxybenzoic acid 

L Ligand 

LED Light-emitting diode 

m Multiplet 

m Meta 

m/z Mass per electronic charge 

M Molarity 

Me Methyl 

MeOH Methanol 

Mes Mesitylene 

mg Milligram 

mL Milliliter 

L Microliter 

mmol Millimol 

m.p. Melting point 

Ms Methanesulfony 

MW Molecular weight 

 Frequency (cm-1) 

N.D. Not determined 

NEt3 Triethylamine 

NMR Nuclear Magnetic Resonance 

o Ortho 



 

 

xxii 

 

p Para 

Ph Phenyl 

Phe Phenylalanine 

PhI Iodobenzene 

PhIO Iodosylbenzene 

PhICl2 Iodosobenzene dichloride 

PIDA Diacetoxy(iodobenzene) 

PIFA [Bis(trifluoroacetoxy)iodobenzene] 

ppm Parts per million 

Pr Propyl 

Rf Retention factor 

r.t. Room temperature 

RNA Ribonucleic acid 

s Singlet 

Sat. Saturated 

SET Single-electron transfer 

t Tert 

T Temperature 

TBAF Tetra-n-butylammonium fluoride 

TBS Tert-butyldimethylsilyl 

TBDMS Tert-butyldimethylsilyl 

TBDPS Tert-butyldiphenylsilyl 

TESOTf Triethylsilyl trifluoromethanesulfonate 

Tf Trifluoromethanesulfonyl 

TFA Trifluoroacetic acid 



 

 

xxiii 

 

TFE Trifluoroethanol 

TfO Triflate 

TfOH Triflic acid 

TfOTMS Trimethylsilyl trifluoromethanesulfonate 

THF Tetrahydrofuran 

TIPS Triisopropylsilyl 

TIPS-EBX 1-[(Triisopropylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one 

TMG 1,1,3,3-Tetramethylguanidine 

TMS Trimethylsilyl 

TMSCl Trimethylsilyl chloride 

TMS-EBX 1-[(Trimethylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one 

Tol Toluene 

Tos tosyl 

pTsOH Para-toluenesulfonic acid 

 

 

 

 

 

 

 

 

 

 

 



 

 

xxiv 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



General Introduction on Hypervalent Iodine Reagents 

 

1 

 

General Introduction on Hypervalent Iodine Reagents 

1. Introduction 

1.1 Concept of Umpolung 

In the last four decades, the number of methodologies available to organic chemists has considerably 

increased. However, several synthetical problems still have to be addressed.  

The portfolio of synthetic disconnections can be further increased by the development of new 

reactions. The classic approach for the construction of C–C bonds has been based on the concept of 

“logical disconnection”, firstly introduced by E. J. Corey.1 A common limitation encountered during 

the retro-synthetical planning of many pharmaceuticals or natural compounds is the mismatch 

between two partners bearing similar reactivity. In fact, the “logical formation” of C–C or C–X bonds 

limits considerably to synthetic originality and versatility.  

The answer for this problem was to conceptualize new types of disconnection as an alternative to the 

ones based on the intrinsic reactivity. In particular, the idea relying on the reversal of the normal 

reactivity of functional groups is called "Umpolung"; this German term, literally meaning "reversed 

polarity" has been conceptualized by Seebach2 in 1979 and has been adopted by chemists.3  

The normal polarity of functional groups is then reversed by using special reagents, either generating 

the umpoled synthon in situ, or by synthesizing stable reagents for further use. This strategy allowed 

chemists to have a complementary approach when planning the synthesis of complex frameworks. 

The Umpolung approach would scramble the alternating sequence of donor (d) and acceptor (a) 

carbons on the chain With the inversion of reactivity, the a and d centers are reversed. As a result, 

alternative disconnections are possible, and in the case of multiple C–Heteroatom bonds in a carbon 

chain, bonds can also be formed between two nucleophiles or two electrophiles, previous Umpolung 

of one of the two partners. (Figure 1.1.1). 

The synthesis of both 1,3- and 1,2-hydroxyketones will be considered. In fact, 1,3-heteroatom 

substituted carbon skeletons are easy to access, as a consequence of the natural polarization of 

molecules. Classic retrosynthetic lectures suggest to break the carbon chain in correspondence of a 

d-a sequence bond; in this case the logical disconnection is to break the Cδ-–Cδ+. The retro-synthons 

                                                 
1 Corey, E. J.; Cheng, X. M. The logic of Chemical Synthesis; J. Wiley: New-York, 1989. 
2 Seebach, D., Angew. Chem. Int. Ed. 1979, 18, 239. 
3 a) Seebach, D.; Kolb, M. Chem. Ind. 1974, 687. b) Seebach, D.; Corey, E. J. J. Org. Chem 1975, 40, 231. 
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would then correspond to a ketone and an aldehyde, matching in reactivity for an Aldol reaction 

(scheme 1.1.1 - a). However, this logic is not adaptable for the synthesis of 1,2-hydroxyketones, as it 

would require a nucleophilic attack of the hydroxyl group on a nucleophilic carbon, resulting in a 

mismatch. The Umpolung of one of the partners is then mandatory. In this case, the reactivity of the 

hydroxy group can be inverted, from nucleophile to electrophile, with a specific reagent of choice 

(scheme 1.1.1 - b).4  

 
Figure 1.1.1 The concepts of logical disconnections and Umpolung in retrosynthetic analysis. 

  

                                                 
4 For selected examples of the classical Umpolung reagent please see chapter 1.2. 
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1.2 Umpolung Reagents: from the cyanide ion to hypervalent iodine reagents 

Even before the definition of the Umpolung concept, reagents able to reverse the natural reactivity 

of functional groups were largely employed in organic synthesis. In figure 1.2.1 are reported some 

selected examples of classical Umpolung reagents. 

 

Figure 1.2.1 Selected examples of classical Umpolung reagents. 

The canonical Umpolung reagent is the cyanide ion 1.2.1; in the cyanide ion, the carbon would be 

expected to be electrophilic, as it is bonded with a more electronegative nitrogen. Yet, the negative 

charge is delocalized on the carbon, thus generating a chemical ambivalence, exploited for the 

reactions in which the cyanide ion is a catalyst, such as the Benzoin condensation.5 Another reagents 

commonly used to invert the polarity of carbonyls are NHCs 1.2.2. N heterocyclic carbenes. As for 

cyanides, the NHCs possess a chemical ambivalence, due to their 6 electron N-C-N center, in which 

the sp2-lone pair act as a donor, and the empty p-orbital as an acceptor.6 A natural NHC contained in 

biological organisms is the Thiamine 1.2.3, active group of the TPP (thiamine pyrophosphate). 

Enzymes efficiently use TPP to promote the decarboxylation of Piruvate.7 Furthermore, dithianes 

1.2.4 are a popular type of Umpolung, also this used to revert the reactivity of carbonyls, generating 

an acyl anion in the place of an acyl cation (scheme 1.2.1).  

 

Scheme 1.2.1 Carbonyls as nucleophiles using dithiane Umpolung. 

This approach has been successfully expanded in the concept of anion relay chemistry, in which a 

negative charge of an anionic functional group is transferred on the carbon framework to another 

group, allowing a secondary transformation.8 And last, but not least, hypervalent iodine reagents e 

have recently gained popularity as mild and convenient Umpolung reagents. Their peculiar reactivity 

is to be ascribed to the electronics of the I(III) center. 

                                                 
5 Lapworth, A. CXXII. J. Chem. Soc. Trans. 1904, 85, 1206–1214. 
6 Huynh, H. V. Chem. Rev. 2018, 118, 9457–9492. 
7 Das, M. L.; Koike, M.; Reed, L. J. Proc. Natl. Acad. Sci. U. S. A. 1961, 47, 753–759. 
8 Smith,  A.B.; Wuest, W.M. Chem. Commun. 2008, 45, 5883–5895. 
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1.3 Hypervalent Iodine reagents: orbitals and general overview 

1.3.1 The general properties of Iodine 

Iodine is the heaviest, most polarizable, softest halogen of group 17 in the periodic table, and it 

belongs to the main group, p-block elements. It possesses a valence pn-1 configuration, a high 

electronegativity (2.66 on the Pauling scale) and the lowest reduction potential of the halogen series. 

Its mode of bonding differs from the one of other elements belonging to the p-block; as it is both a σ- 

and π-donor, it is placed at the weak-field end of the spectrochemical series. Iodine commonly occurs 

in organic compounds at its monovalent state, with –I oxidation state (monovalent form). The typical 

bond dissociation energy for weak monovalent C–I bonds is around 55 Kcal/mol. However, iodine 

also possess other oxidations states, that variate from +III, +V to +VII, and the chemical bonds formed 

with more electropositive elements tend to contain a higher degree of covalency (figure 1.3.1). The 

structures containing iodine in these particular oxidation states are commonly referred as 

“polyvalent”, as they exceed the number of valences allowed by the traditional Lewis-Langmuir’s 

“octet rule”.  

 
Figure 1.3.1 a) Periodic table taken from the Getty database, copyright belonging to the Getty Foundation b) Crystals of molecular 

iodine, copyright belonging to Encyclopedia Britannica c) Gay Lussac seminal discovery of ICl3 1.3.3 d) Conrad Willgerodt first 

synthesis of hypervalent organo-iodine 1.3.5. 

Hypervalent iodine compounds date their initial discovery back to 1814, when Gay Lussac isolated 

the crystals of inorganic ICl3 1.3.3. Then Willgerodt, a German chemist, in 1886 isolated for the first 

time an organic hypervalent iodine compound: PhICl2 1.3.5.9-10 Willgerodt then proceeded to isolate 

nearly half a thousand hypervalent compounds, many of them still in use today. 

                                                 
9 Willgerodt, C. C. J. Prakt. Chem. 1886, 33, 154. 
10 Stang, P. J.; Zhdankin, V. V. Chem. Rev. 1996, 96, 3. 
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1.3.2 From monovalent to polyvalent iodine: an in-dept structural discussion 

Formally, hypervalence is a valence shell expansion; the concept was introduced by Musher in 196911 

and re-presented by Martin in the '80s.12-13 The focal point of this concept is that the polyvalent atom 

center of these structures is stabilized by the ligands to reach a ground-state minimal energy. 

Moreover, Martin introduced the concept of polyvalent compounds as organo-nonmetallic reagents, 

in which the carbon-non metal bond is able to produce a pattern of reactivity similar to the one of 

classic organometallic reagents.12 Two possible explanations were theorized for the ability of p-block 

elements to exceed the octet rule:  

1. the participation of higher-lying d MOs, causing dsp3 or d2sp3 hybridization;  

2. the formation of a highly ionic orbital.  

However, nowadays it is generally accepted that d-orbitals are not involved in the formation of 

polyvalent reagents and that the hypervalent bonding is better conceptualized by frontier molecular 

orbital theory. The idea for the modern “hypervalent bond” was independently proposed by 

Pimentel14 and Rundle.15 

Hypervalent iodine tends to offer a particular mode of bonding due to the overlap of its 5p orbital 

with the orbitals of the associated ligands. In case of Iodine(III), the two ligands (L) form a linear L-

I-L bond, conceptualized in a three-center, four-electron bond (3c-4e). This bond is longer, weaker 

and more polarized than a covalent one, and it is referred as “hypervalent”. By association, this name 

is attributed to all the compounds of polyvalent iodine, thus christened “hypervalent iodine reagents”.  

Polyvalent iodines are classified into three main classes according to IUPAC literature: λ3-, λ5- and 

λ7-iodanes.16 A further differentiation comes from the Martin-Arduengo N-X-L classification,17 for 

which trivalent iodanes may possess either a 8-I-2 or a 10-I-3 structure (A-B, figure 1.3.2). N stands 

for the number of valence electrons around the iodine, and L for its number of ligands. The first 

species is commonly denominated hypervalent iodonium salts, while the second one is typical of 

organic iodanes (or iodosyl reagents). Iodonium salts formally do not belong to the hypervalent 

                                                 
11 Musher, J. I. Angew. Chem., Int. Ed. Engl. 1969, 8, 65.   
12 Martin, J. C. Science 1983, 221, 509.   
13 Cahill, P. A.; Dykstra, C. E.; Martin, J. C. J. Am. Chem. Soc. 1985, 107, 6359.   
14 Pimentel, G. C. J. Chem. Phys. 1951, 19, 446.   
15 Rundle, R. E. Surv. Prog. Chem. 1963, 1, 81.   
16 Ammermüller, F.; Magnus, G. 1833, "Ueber eine neue Verbindung des Jods mit Sauerstoff, die 

Ueberjodsäure".Annalen der Physik und Chemie 104, 514. 
17 Perkins, C. W.; Martin, J. C.; Arduengo, A. J.; Lau, W.; Alegria, A.; Kochi, J. K. J. Am. Chem. Soc. 1980, 102, 7753. 
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species as it has eight valence electron and it formally respects the octet rule. However, they are 

commonly referred as part of the polyvalent reagents family as the electron on the anionic salt are 

taken in account for the final electron count. Also belonging to the trivalent iodine sub-class are the 

compounds with 12-I-4 configuration (C). Structures with a 10-I-4 or 12-I-5 denomination are 

commonly referred as pentavalent iodanes (D-E), while the heptavalent iodine can either assume a 

14-I-6 or a 14-1-7 configuration (F-G, figure 1.3.2).  

 
Figure 1.3.2 Typical structures of polyvalent iodine compounds according to the Martin-Arduengo classification. 

As the topic of this thesis is the synthesis and reactivity of novel λ3-Iodanes, in the next paragraph 

their structure will be discussed in detail. 

λ3-Iodonium salts present a distorted trigonal bipyramidal geometry and a strong ionic bond with their 

paired anion. λ3-Iodanes also present a pseudo-trigonal bipyramidal geometry, with the axial position 

occupied by two weakly bonded ligands, usually heteroatoms, and the equatorial ones by the least 

electronegative ligands (the non-bonding electron pair is usually found in the equatorial position 

(figure 1.3.3 - left). The non-hybridized orbital “5p” links the apical ligand and generates the 3-

centers-4-electron “hypervalent” bond that connects the three co-linear atoms. In cyclic structure this 

bond is characterized by a “T-shape” (180°, figure 1.3.3 – center). The negative charge is accumulated 

on the two apical ligands, while the central iodine is relatively positively charged, with an electron-

poor character, and is bound via a covalent bond to the least electronegative ligand. This is due to the 

fact that the HOMO of the bond contains a node at the central iodine; its extra electron pair are 

allocated in the 5s2 orbital, and the electron density is relocated on the apical ligands. More 

specifically, the interaction of the filled 5p orbital of the central iodine atom and the half-filled orbitals 

of two ligands induces the formation of three MOs: bonding, nonbonding, and antibonding (figure 

1.3.3 - right). 
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Figure 1.3.3 Martin Arduengo classification for iodonium salts A and organoiodosyl B, with a focus on the pseudo-trigonal 

bipyramidal geometry of λ3-Iodanes and frontier orbitals of the 3c-4e orbital. 

Moreover, the ligands around the iodine center have a trans-relationship with each other, similar to 

the trans-relationship of ligands bound to a metal center. This phenomenon is called “trans effect” 

and was firstly discovered by Chernyaev for the organometallic complexes of transition metals.18 By 

definition, the trans effect is the labilization of ligands that are characterized by a trans relationship 

in respect to a metal center. Trans-ligands also have an influence on the ground state of the 

organometallic complex, thus influencing its stability and bond lengths. This thermodynamic and 

electronic effect is particularly encountered in case of square planar complexes.19  

Calculations by Shustorovich20-21 indicated that the weakening of L-I and the strengthening of I-L’ 

will occur monotonically and will lead to an increased donor ability of L. For linear L-I-L’ structures, 

the σ-L bond influence is transmitted through the 5pσ orbital of the iodine atom, and so the nature of 

the influence is inductive. Various crystals of hypervalent iodine reagents were studied and engaged 

in isodesmic reaction22 to find that the mutual ligand trans-effect deeply influences their stability. 

Complexes with a mixed combination of large and small ligands in the axial positions are more stable 

(1.3.6, figure 1.3.4) than the homo-combinations of two strong or two weak ligands (1.3.8 and 1.3.9); 

otherwise, symmetric ligands are allowed if they present a moderate trans-influence (1.3.7). 

Heterocyclic λ3-iodanes exhibit higher stability, with the carbon atom on the equatorial position and 

the heteroatom on the axial connected through a five-membered ring (1.3.10, figure 1.3.4).23-24  

                                                 
18 Kauffman, G. B. J. Chem. Educ. 1977, 54, 86. 
19 Hartley, F. R. Chem. Soc. Rev. 1973, 2, 163. 
20 Shustorovich, E. M.; Buslaev, Y. A. Inorg. Chem. 1976, 15, 1142. 
21 Shustorovich, E. M. J. Am. Chem. Soc. 1978, 100, 7513. 
22 Ochiai, M.; Sueda, K.; Miyamoto, T.; Kiprof, P.; Zhdankin, V. V. Angew. Chem., Int. Ed. 2006, 45, 8203. 
23 Sajith, P. K.; Suresh, C. H. Inorg. Chem. 2012, 51, 967. 
24 Sajith, P. K.; Suresh, C. H. Inorg. Chem. 2013, 52, 6046. 
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Figure 1.3.4 Examples of stable and instable λ3-iodanes in relation to the trans-effect. 

In heterocyclic λ3-iodanes, the overlapping between the lone electron pairs of the iodine and the π 

MOs of the aryl ring is greatly increased compared to the acyclic reagents (figure 1.3.5).  

From the reactivity standpoint, this enhanced stabilization also increases the energy required for a 

reductive elimination process, thus justifying the empiric observation that acyclic salts are less stable 

yet more reactive than their cyclic counterparts. On a different side, the often unwanted reduction of 

Iodine(III) to Iodine(I) is not favored25-26  

 

Figure 1.3.5 π-Overlapping of acyclic iodanes and cyclic iodanes. 

Finally, as the hypervalent bond has a highly polarized character, secondary bonds interactions of 

electrostatic nature, between donors and the electrophilic iodine center, are important for its structural 

chemistry. This secondary bonding is conceptually similar to supramolecular hydrogen-bonding, but 

it involves heavy atoms with directional preferences and a strong electrostatic component. The 

secondary bonding is often responsible for the self-assembly in supramolecular complexes and 

crystals formation at the solid state.27-28  

                                                 
25 Sun, T.-Y.; Wang, X.; Geng, H.; Xie, Y.; Wu, Y.-D.; Zhang, X.; Schaefer III, H. F. Chem. Commun. 2016, 52, 5371–

5374. 
26 T.-Y.; Wang, X.; Geng, H.; Xie, Y.; Wu, Y.‐D.; Zhang X.; Schaefer III, H. F. Chem. Commun. 2016, 52, 5371.   
27 A. Landrum, G.; Goldberg, N.; Hoffmann, R.; M. Minyaev, R. New J. Chem. 1998, 22, 883–890. 
28 Yudasaka, M.; Shimbo, D.; Maruyama, T.; Tada, N.; Itoh, A. Org. Lett. 2019, 21, 1098–1102. 
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1.3.3 Reactivity pattern of hypervalent iodine compounds 

As discussed in previous chapter 1.3.2, the reactivity of hypervalent iodine compounds is often 

associated to the one of transition metal intermediates. These compounds exhibit two pivotal 

behavior: 

1. Ligand exchange around the iodine center. In general, a fundamental aspect for the reactivity 

of organometallic complexes is the ligand isomerization preceding the reductive elimination 

step. The cis-trans isomerization is also important for hypervalent iodine structures, and is 

essential for the ligand exchange around the iodine center and the apical coupling. Ligand 

exchange is a rapid reversible process due to a low-energy barrier.29 

2. Hypernucleofugality. Hypernucleofuges are functional groups with high leaving group 

tendency. As λ3-iodanes bear an electron-poor core, the reduction to their monovalent iodine 

derivatives is favored. This tendency has been parameterized in case of aryl iodonium salts: 

it was calculated that their leaving ability is 106 times higher than aryl-triflates.30 

Two pathways are considered for this process: an associative and a dissociative one. In the first case, 

a nucleophile attacks the electrophilic iodine and initiates the process, resulting in a tetracoordinated 

anion specie I bearing a distorted square planar geometry (scheme 1.3.1).31 Then, cis-trans 

isomerization leads to II, with the most electronegative ligands in the axial positions. Finally, ligand 

elimination restores the trigonal-bipyramidal complex.  

 
Scheme 1.3.1 Associative pathway for the ligand exchange with nucleophiles on λ3-iodanes. 

 

The dissociative pathway starts with ligand elimination and the formation of a dicoordinated 

iodonium cation species III. Nucleophilic attack then re-establish the bipyramidal intermediate with 

the most electronegative ligand in axial position. 

                                                 
29 Wirth, T. Topics in Current Chemistry; Springer 2003, 224. 
30 Okuyama, T.; Takino, T.; Sueda, T.; Ochiai, M. J. Am. Chem. Soc. 1995, 117, 3360. 
31 For selected references, see: (a) Edwards, A. J. J. Chem. Soc., Dalton Trans. 1978, 1723. (b) Kajigaeshi, S.; Kakinami, 

T.; Moriwaki, M.; Tanaka, T.; Fujisaki, S. Tetrahedron Lett. 1988, 29, 5783. 
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Scheme 1.3.2 Dissociative pathway for the ligand exchange with nucleophiles on λ3-iodanes. 

The trigonal bipyramidal geometry is a fundamental characteristic of λ3-iodanes; it is influenced by 

orbital interations, with a precise spatial orientation of the ligands around the iodine center. As for 

metallorganic complexes, the ligands can isomerize between apical and equatorial position, via a 

pseudo-rotation mechanism. As the ligand exchange cannot occur with the original trigonal 

bipyramidal geometry, the apical and equatorial ligands synchronously pseudo-rotate around the 

iodine center, assuming a square pyramidal structure.32  The mechanism has been described by Berry 

in 1960 (scheme 1.3.3).33  

 
Scheme 1.3.3 The pseudorotation mechanism of λ3-iodanes. 

After the ligand exchange, reductive elimination or ligand recombination ensures the formation of 

the coupled ligand product.34  

λ3-Iodanes are also used in SET (single electron transfer) processes. As the bond dissociation energies 

for iodine compounds are low, homolytic reactions are feasible under photochemical or thermal 

conditions. These processes are usually encountered when the ligands on the iodine center are 

chlorine, oxygen or nitrogen. A similar SET mechanism involves the formation of cation-radical 

intermediates. This is the typical mechanism for homo- and cross-coupling involving heterocyclic-

based iodanes (scheme 1.3.4).35-36-37 

 

                                                 
32 Moberg, C. Angew. Chem., Int. Ed. 2011, 50, 10290. 
33 For the seminal report, see: Berry, R. S. J. Chem. Phys. 1960, 32, 933.  
34 For selected references, see: (a) Reich, H. J.; Peake, S. L. J. Am. Chem. Soc. 1978, 100, 4888. (b) Ochiai, M.; Oshima, 

K.; Masaki, Y. J. Chem. Soc., Chem. Commun. 1991, 869. (c) Kida, M.; Sueda, T.; Goto, S.; Okuyama, T.; Ochiai, M. 

Chem. Commun. 1996, 1933. 
35 Kita, Y.; Tohma, H.; Inagaki, M.; Hatanaka, K.; Yakura, T. Tetrahedron Lett. 1991, 32, 4321.  
36 Kita, Y.; Tohma, H.; Hatanaka, K.; Takada, T.; Fujita, S.; Mitoh, S.; Sakurai, H.; Oka, S. J. Am. Chem. Soc. 1994, 116, 

3684. 
37 Dohi, T.; Ito, M.; Yamaoka, N.; Morimoto, K.; Fujioka, H.; Kita, Y. Tetrahedron 2009, 65, 10797. 
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Scheme 1.3.4 λ3-iodanes in radical reactions: mechanism 

Finally, λ3-iodanes can be converted to carbenes when treated with a strong base. The α-proton of the 

hypervalent iodine center is highly acidic and its elimination results in carbene generation (scheme 

1.3.5).38 Ochiai and coworkers reported seminal works for the application of iodonium salts generated 

carbenes39-40 

 

Scheme 1.3.5 Examples of carbene formation mechanism with λ3-iodanes. 

 

1.3.4 Examples of cyclic hypervalent iodine structures 

In general, λ3- iodonium salts present a higher reactivity than cyclic iodanes and have been applied 

in catalysis more frequently,41 especially in case of metal-catalyzed arylations or alkenylations. 

Cyclic λ3-iodanes are more stable and less prone to decomposition; their enhanced stability enables 

their use as “group transfer reagents”.42-43 Amongst the many different groups, two are relevant for 

my thesis: benziodoxolones and benziodoxole. The main difference resides on the nature of the 

stabilizing backbone: for benziodoxolones it is a carboxylate moiety, while benziodoxoles usually 

present a gem-dimethyl or gem-hexafluorodimethyl framework. In the first group it is possible to find 

hydroxy-, acetoxy-, chloro-benziodoxolones, generally used as iodine precursors for the synthesis of 

group transfer reagents (1.3.11-1.3.13 – figure 1.3.6). Togni’s reagent 1.3.14 also belongs to the 

group, and it has been used in countless methodologies.44 Fluorine, azides and nitriles can be found 

as electrophilic groups in reagents 1.3.15-1.3.17. Hypervalent iodine also allows for the Umpolung 

of alkynyl groups. Alkyl-EBX 1.3.18 and TIPS-EBX 1.3.19 represent of the class of ethynyl-

benziodoxolones. Also vinyl groups can be successfully installed on the iodine, as for Phenyl-

vinylBX 1.3.20; finally Ph-EBX 1.3.21 is amongst the reagent of choice for reactions involving SET 

                                                 
38 Ochiai, M.; Takaoka, Y.; Nagao, Y. J. Am. Chem. Soc. 1988, 110, 6565. 
39 Ochiai, M.; Kunishima, M.; Tani, S.; Nagao, Y. J. Am. Chem. Soc. 1991, 113, 3135. 
40 Ochiai, M.; Sueda, T.; Uemura, K.; Masaki, Y. J. Org. Chem. 1995, 60, 2624. 
41 For selected references from the Gaunt’s group see: (a) (1) Chan, L.; McNally, A.; Toh, Q. Y.; Mendoza, A.; Gaunt, 

M. J. Chem. Sci.2015, 6, 1277–1281. (b) Collins, B. S. L.; Suero, M. G.; Gaunt, M. J. Angew. Chem. Int. Ed.2013, 52, 

5799. (c) Walkinshaw, A. J.; Xu, W.; Suero, M. G.; Gaunt, M. J. J. Am. Chem. Soc.2013, 135, 12532–12535. (d) Holt, 

D.; Gaunt, M. J. Angew. Chem. Int. Ed. 2015, 54, 7857. (e) Zhang, F.; Das, S.; Walkinshaw, A. J.; Casitas, A.; Taylor, 

M.; Suero, M. G.; Gaunt, M. J. J. Am. Chem. Soc. 2014, 136, 8851. 
42 Zhdankin, V. V.; Kuehl, C. J.; Krasutsky, A. P.; Bolz, J. T.; Simonsen, A. J. J. Org. Chem. 1996, 61, 6547. 
43 Zhdankin, V. V.; Kuehl, C. J.; Krasutsky, A. P.; Bolz, J. T.; Mismash, B.; Woodward, J. K.; Simonsen, A. J. 

Tetrahedron Lett. 1995, 36, 7975. 
44  Eisenberger, P.; Gischig, S.; Togni, A. Chem. – A Eur. J. 2006, 12, 2579–2586. 
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processes. Benziodoxole reagents present a higher stability range and lower reactivity than 

benziodoxolones. Acetoxy-, fluorine and chlorine-benziodoxoles 1.3.22-1.3.24 are frequently used 

as starting materials for the synthesis of more complex derivatives. In case of azido- ADBX 1.3.2, 

the enhanced stability is a plus, as it increases the stability profile of the reagent. Also the cyano- 

reagent 1.3.26 was prepared. The gem-hexafluorodimethyl scaffold is here represented by alkynyl 

reagent 1.3.19. 

Figure 1.3.6 Selected examples of cyclic λ3- iodanes. 

Nowadays polyvalent iodine compounds are used for the formation of C-C and C-heteroatom bonds; 

since 2009 (scheme 1.3.6)45 our group successfully proved their effectiveness in the direct 

alkynylation of electron-rich heterocycles such as indoles, thiophenes and furan. 46-47 Remote 

positions on heterocycles were also alkynylated via a domino approach.48 Oxy and amino 

alkynylation of olefins were achieved through Pd-catalysis.49 Carbonyls,50 thiols,51 phoshinates52 and 

                                                 
45 Hari, D. P.; Caramenti, P.; Waser, J. Acc. Chem. Res. 2018, 51, 3212–3225. 
46 For selected references, see: (a) Brand, J. P.; Waser, J. Angew. Chem. Int. Ed. 2010, 49, 7304. (b) Brand, J. P.; Chevalley, 

C.; Scopelliti, R.; Waser, J. Chem. – Eur. J. 2012, 18, 5655. (c) Brand, J. P.; Waser, J. Org. Lett. 2012, 14, 744. (d) 

Brand, J. P.; Chevalley, C.; Waser, J. Beilstein J. Org. Chem. 2011, 7, 565. 
47 Li, Y.; Waser, J. Beilstein J. Org. Chem. 2013, 9, 1763. 
48 For selected references, see: a) Li, Y.; Brand, J. P.; Waser, J. Angew. Chem. Int. Ed. 2013, 52, 6743. b) Li, Y.; Waser, 

J. Angew. Chem. Int. Ed. 2015, 54, 5438.  
49 For selected references, see: a) Nicolai, S.; Erard, S.; González, D. F.; Waser, J. Org. Lett. 2010, 12, 384–387. b) 

Nicolai, S.; Piemontesi, C.; Waser, J. Angew. Chem. Int. Ed. 2011, 50, 4680–4683. 
50 For selected references, see: a) Fernández González, D.; Brand, J. P.; Mondière, R.; Waser, J. Adv. Synth. Catal.   

2013, 355, 1631. b) Vita, M. V.; Mieville, P.; Waser, J. Org. Lett. 2014, 16, 5768. 
51 Frei, R.; Wodrich, M. D.; Hari, D. P.; Borin, P.-A.; Chauvier, C.; Waser, J. J. Am. Chem. Soc. 2014, 136, 16563. 
52 Chen, C. C.; Waser, J. Chem. Commun. 2014, 50, 12923. 
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sulphones53 were all alkynylated under metal-free conditions. Ethynyl-benzodioxolones were also 

used as radical traps for the alkynylation of oxo- and amino- acids54 and the fragmentation-

alkynylation cascade of cyclic oxime ethers.55 Finally, a gem-oxyalkynylation of diazo-substrates was 

achieved both in racemic and enantioselective version via copper catalysis.56  

 
Scheme 1.3.6 A general view of the various alkynylative methodologies developed in the group. 

Moreover, also the reactivity of azido-reagents (scheme 1.3.7) was exploited for the azidation of silyl-

enol ethers57 and the divergent access to (1,1) and (1,2)-azidolactones.58 Recently, our group reported 

the synthesis of a new class of azido-based hypervalent iodine reagents with an improved safety 

profile.59  

                                                 
53 Chen, C. C.; Waser, J. Org. Lett. 2015, 17, 736. 
54 Le Vaillant, F.; Courant, T.; Waser, J. Angew. Chem. Int. Ed. 2015, 54, 11200. 
55 Le Vaillant, F.; Garreau, M.; Nicolai, S.; Gryn’ova, G.; Corminboeuf, C.; Waser, J. Chem. Sci. 2018, 9, 5883–5889. 
56 For selected references, see: a) Hari, D. P.; Waser, J. J. Am. Chem. Soc. 2016, 138, 2190–2193. b) Hari, D. P.; Waser, 

J. J. Am. Chem. Soc. 2017, 139, 8420–8423. 
57 Vita, M. V.; Waser, J. Org. Lett. 2013, 15, 3246. 
58 Alazet, S.; Le Vaillant, F.; Nicolai, S.; Courant, T.; Waser, J. Chem. – A Eur. J. 2017, 23, 9501–9504. 
59 Alazet, S.; Preindl, J.; Simonet-Davin, R.; Nicolai, S.; Nanchen, A.; Meyer, T.; Waser, J. J. Org. Chem. 2018, 83, 

12334–12356. 
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Scheme 1.3.7 A general view of the various azidation methodologies developed in the group. 

 

Finally, CBX 1.3.17 was employed in the cyanation of thiols, 60  of oxo- and amino- acids,61 the 

synthesis of hydantoines62 and, as described in this report, β-ketoesters (scheme 1.3.8).  

 

Scheme 1.3.8 A general view of the various cyanation methodologies developed in the group. 

As this thesis mainly revolved in the development of new Umpolung strategies applied to nitriles, 

electron-rich heterocycles such as indoles and pyrroles and enamines, an in-dept discussion is needed. 

The relative electrophilic cyano-, heterocyclic- and vinyl-reagents, their syntheses and applications 

can be found in chapter 1.4, 1.5 and 1.6 of this thesis.  

                                                 
60 Frei, R.; Courant, T.; Wodrich, M. D.; Waser, J. Chem. – Eur. J. 2015, 21, 2662. 
61 Le Vaillant, F.; Wodrich, M. D.; Waser, J. Chem. Sci. 2017, 8, 1790–1800. 
62 Declas, N.; Le Vaillant, F.; Waser, J. Org. Lett. 2019, 21, 524–528. 
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1.4 Nitrile-based Hypervalent Iodine Reagents 

Nitriles are among common functional groups used for drugs functionalization: not only they are 

precursors of amines, amides, heterocycles, but they also present notable versatility for medicinal 

chemistry in virtue of their biocompatibility, robustness and resistance to almost all metabolic 

pathways. Being hydrogen bond acceptors and bearing a strong dipole moment, they are considered 

hydroxy and carbonyl bio-isosters as they interact similarly in physiological environment63. In this 

vast class of compounds, enantioenriched α-cyano ketones can be commonly found as precursors for 

molecules such as β-amino acids, anti-Parkinson candidates such as Atipamezole64-65 and 

Exiguaquinol,66 a natural product presenting interesting biological properties (figure 1.3.1). 

 
Figure 1.4.1 Selected examples of molecules containing derivatives of α-cyano ketones. 

 

1.4.1 Electrophilic cyano-reagents 

The cyano group usually has nucleophilic properties. It is generally used in combination with 

electrophiles, and NaCN, KCN67  or TMSCN68 can be found amongst the most used reagents for this 

purpose. However, when nucleophilic synthons such as enols or thiols have to be cyanated, a 

mismatch ensues (figure 1.4.2, a). The development of electrophilic synthons for cyanides allowed 

the Umpolung of the nitrile, and allowed a new type of reactivity, in combination with nucleophiles. 

Amongst the non-iodine based electrophilic nitriles, N-centered reagents such as 1.4.5-1.4.7 (figure 

1.4.2, b) are used but afford a narrow scope.69 For many years, classic halogen cyanides 1.4.8 had 

                                                 
63 Fleming, F. F.; Yao, L.; Ravikumar, P. C.; Funk, L.; Shook, B. C. J. Med. Chem. 2010, 53, 7902. 
64 Pertovaara, A.; Haapalinna, A.; Sirviö, J.; Virtanen, R. CNS Drug Rev. 2005, 11, 273. 
65 Frutos, R. P.; Gallou, I.; Reeves, D.; Xu, Y.; Krishnamurthy, D.; Senanayake, C. H. Tetrahedron Lett. 2005, 46, 8369–

8372.  
66 de Almeida Leone, P.; Carroll, A. R.; Towerzey, L.; King, G.; McArdle, B. M.; Kern, G.; Fisher, S.; Hooper, J. N. A.; 

Quinn, R. J. Org. Lett. 2008, 10, 2585. 
67 For selected references, see: a) Zhu, Y.Z. ; Cai, C. ; Eur. J. Org. Chem. 2007, 2401; b) Sundermeier, M.; Zapf, A.; 

Beller, M.; Sans, J. Tetrahedron Lett. 2001, 42, 6707. 
68 For selected references, see: a) Sundermeier, M.; Mutyala, S.; Zapf, A.; Spannenberg, A.; Beller, M. J. Organomet. 

Chem. 2003, 684, 50. b) Still,  W. J.; Watson, I. Synth. Commun. 2001, 31, 1355. 
69 For selected references, see: (a) Song, F.; Salter, R.; Chen, L. J. Org. Chem. 2017, 82, 3530. (b) Ayres, J. N.; Ashford, 

M. W.;Stöckl, Y.; Prudhomme, V.; Ling, K. B.; Platts, J. A.; Morrill, L. C. Org. Lett. 2017, 19, 3835. 
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been an effective reagent for electriphilic cyanation, but their inherently high toxicity, handling 

difficulties and frequent side reactivity led to a new research for alternative cyanating reagents of 

choice.70-71 Tosyl-based nitrile source 1.4.9 improved the scope of electrophilic cyanation,72 but the 

demand of milder, easy to access and effective reagents was high. 

 
Figure 1.4.2 Selected examples of electrophilic cyano reagents. 

Taking advantage of hypervalent iodine’s high reactivity and selectivity: cyanoiodonium salts 

could be prepared in situ, starting from nucleophilic TMS-cyanide and an aryl-iodonium precursor.73-

74 Stable salts of cyano-iodonium were reported during the 90’s by Zdhankin and coworkers. They 

published the synthesis of Aryl(cyano)iodonium Triflate 1.4.11,75 1-cyano-1,2-benziodoxol-3-(1H)-

one CBX76 1.3.17 and 1-cyano-3,3-dimethyl-3-(1H)-1,2-benziodoxol CDBX 1.3.26.18 

                                                 
70 Goldberg, K.; Clarke, D. S.; Scott, J. S. Tetrahedron Lett. 2014, 55, 4433. 
71 Zhu, C.; Xia, J.-B.; Chen, C. Org. Lett. 2014, 16, 247. 
72 For selected references, see: (a) Cui, J.; Song, J.; Liu, Q.; Liu, H.; Dong, Y. Chem. Asian J. 2018, 13, 482. (b) Chaitanya, 

M.; Anbarasan, P. Org. Biomol. Chem. 2018, 16, 7084. 
73 Dohi, T.; Morimoto, K.; Takenaga, N.; Goto, A.; Maruyama, A.; Kiyono, Y.; Tohma, H.; Kita, Y. J. Org. Chem. 2007, 

72, 109. 
74 Shen, H.; Zhang, X.; Liu, Q.; Pan, J.; Hu, W.; Xiong, Y.; Zhu, X. Tetrahedron Lett. 2015, 56, 5628. 
75 Zhdankin, V. V.; Scheuller, M. C.; Stang, P. J. Tetrahedron Lett. 1993, 34, 6853. 
76 Zhdankin, V. V.; Kuehl, C. J.; Krasutsky, A. P.; Bolz, J. T.; Mismash, B.; Woodward, J. K.; Simonsen, A. J. 

Tetrahedron Lett. 1995, 36, 7975. 
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1.4.2 Electrophilic cyanoation of carbonyls 

As seen in the introductory section of this chapter, α-cyano carbonyl-derived structures are relevant 

framework. However, only few synthetic pathways afforded this type of connectivity; this is due to 

the inherent nucleophilicity of both the nitrile moiety and the α-positions of the carbonyl itself.  

In particular three important applications for these reagents (scheme 2.3.1) were published 

independently: Chen and coworkers77 developed an efficient method for the electrophilic cyanation 

of indanone based β-ketoesters. Interestingly, only CBX 1.3.17 gave the expected α-cyano ketone 

derivatives, whereas CDBX 1.3.26 afforded hydroxy compounds (scheme 1.4.1, equation a). This 

result could be due to the decomposition of the hypervalent iodine reagent in presence of water and 

not to the decomposition of the product. In 2015, Waser78 reported the asymmetric version of this 

reaction by employing Cinchona Alkaloids-based phase transfer catalysts; cyanated derivatives were 

obtained in good yields but low enantioselectivity (scheme 1.4.1, equation b). An important 

improvement in terms of enantioselectivity was then reported by Zheng;79 the combination of PTC 

catalyst and tBu functionalized CBX 1.4.16 afforded the cyanated indanones in excellent yields and 

enantioselectivities. tBu-functionalized CBX 1.4.12 possesses enhanced solubility in organic media. 

The tert-butyl moiety seemed essential in order to reach high enantioselectivities, as its solubility was 

maintained also at low temperatures (scheme 1.4.1, equation c). 

                                                 
77 Wang, Y.-F.; Qiu, J.; Kong, D.; Gao, Y.; Lu, F.; Karmaker, P. G.; Chen, F.-X. Org. Biomol. Chem. 2015, 13, 365. 
78 Chowdhury, R., Schörgenhumer, J., Novacek, J., Waser, M., Tetrahedron Lett., 2015, 56, 1911. 
79 Chen, M.; Huang, Z.-T.; Zheng, Q.-Y. Org. Biomol. Chem. 2015, 13, 8812. 
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Scheme 1.4.1 Seminal reports of α-cyanation on β-ketoester substrates using cyano-based hypervalent iodine reagents. 

 

Cyano reagent 1.3.17 was also used in our group for the electrophilic cyanation of thiols.60 

Finally, in this thesis, an enantioselective synthesis of chiral homoallylic nitriles using a 

cyanation- decarboxylative asymmetric allylation sequence will be described (see results and 

discussion of Part I).80 All-carbon cyanated quaternary centers installed on indanone substrates were 

obtained in excellent yield and enantioselectivity.  

 

  

                                                 
80 Vita, M. V.; Caramenti, P.; Waser, J. Org. Lett. 2015, 17, 5832. 
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1.5 Heterocyclic-based Hypervalent Iodine Reagents 

 

1.5.1. Heterocyclic Hypervalent Iodonium salts. 

A significant step in the development of Indole’s Umpolung with the aid of hypervalent iodine 

reagents was achieved by Neiland and coworkers81-82 in 1974; as highlighted in scheme 1.5.1  the 

desired indole-based iodonium salt was obtained by treatment of NH-indole with an excess of KOH 

and PIDA to generate an extreme unstable and explosive betaine intermediate. This method is still 

the sole possibility to synthesize the class of NH-unsubstituted indole-based hypervalent iodine salts. 

The free NH is required for the synthesis and many functional groups are not tolerated under the 

reaction’s conditions. The synthesis requires to work at lower temperatures, as the betaine 

intermediates may self-detonate at room temperature. Moreover, the final reagents tend to decompose 

at 25 °C. Moreover, the reagents have to be protected from any light as they promptly decompose. 

The synthesis method is also extremely risky, as the intermediate has to be filtered and maintained at 

0 °C or it could detonate (scratching the filter could also cause immediate detonation).  

 
Scheme 1.5.1 Synthesis of the first indole-based iodonium salt developed by Neiland and coworkers. 

The first report involving the reagents did not include any application, but focused only on the 

exchange of the counter ion present on the iodine(III) center. Another method, including studies on 

the reactivity of these reagents, was reported by Kost and coworkers.83,84 They reported an unselective 

C2:C3 halogenation of the reagents, via nucleophilic displacement by nucleophilic halogen (scheme 

1.5.2). 

 
Scheme 1.5.2 Nucleophilic displacement of activated iodine with halogens developed by Kost and coworkers. 

                                                 
81 Karele, B. Y.; Treigute, L. é.; Kalnin’, S. V.; Grinberga, I. P.; Neiland, O. Y. Chem. Heterocycl. Compd. 1974, 10, 

189–192. 
82 Neilands, O. Chem. Heterocycl. Compd. 2003, 39, 1555–1569. 
83 Budylin, V. A.; Ermolenko, M. S.; Chugtai, F. A.; Kost, A. N. Chem. Heterocycl. Compd. 1981, 17, 1088–1090. 
84 Budylin, V. A.; Ermolenko, M. S.; Chugtai, F. A.; Sharbatyan, P. A.; Kost, A. N. Chem. Heterocycl. Compd. 1981, 17, 

1095–1097. 
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It was just at the end of the 80s that Moriarty and coworkers.85 also reported an application of the 

salts, albeit limited. The reagents were mixed with stoichiometric amounts of organolithium reagents 

at lower temperatures. The scope was limited, as only MeLi, nBuli and PhLi worked, and in moderate 

yields (scheme 1.5.3). The major side-product of the reaction was the C3-iodo-indole, derived from 

the decomposition of the reagent itself. Moriarty hypothesized that the reaction proceeds via a SET 

pathway, with the aryl C-I bond breaking preferentially in order to generate the more stable aryl 

radical. As indole C3-radical intermediates are more disfavored than the aryl ones, the method 

presented an narrow scope. 

 
Scheme 1.5.3 Nucleophilic functionalization of indole-based iodonium salts with organolithium nucleophiles. 

It was only in 2011 that another indole-based hypervalent iodine reagent was synthesized and 

successfully applied in catalysis by the group of Suna.86 In this report Suna and coworkers perform 

an acetoxylation of highly substituted and deactivated pyrroles and indoles via azole iodonium 

intermediate. The hypervalent iodine reagent was generated in acetic acid by PIDA, but was stable 

only in AcOH-d4 solution at r.t. Adding of a catalytic amount of Pd(II) acetate allowed the 

acetoxylation of the azoles (scheme 1.5.4). 

 
Scheme 1.5.4 Acetoxylation of azoles developed by Suna and coworkers. 

The same group later reported another application of the indole-based iodonium salt; in this case the 

azidation of a similar unsymmetrical λ3 iodanes intermediates was reported(scheme 1.5.5).87 The 

iodonium intermediate had to be stabilized by electron-withdrawing groups on the C2 and C5 carbons, 

losing general applicability. The undesired radical fragmentation, observed by Moriarty, towards 

iodo-indole derivatives was shunned by the presence of Cu(I) catalyst; this control allowed the 

azidation of the indole instead than on the aryl deriving from the benziodoxolone core. As the azido-

                                                 
85 Moriarty, R. M.; Ku, Y. .; Sultana, M.; Tuncay, A. Tetrahedron Lett. 1987, 28, 3071–3074. 
86 Lubriks, D.; Sokolovs, I.; Suna, E. Org. Lett. 2011, 13, 4324–4327. 
87 Lubriks, D.; Sokolovs, I.; Suna, E. J. Am. Chem. Soc. 2012, 134, 15436–15442. 
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indoles were unstable, two derivatization were applied: one relied on click chemistry conditions and 

the second one on the reduction of the azide to amine via reducing work-up conditions  

 
Scheme 1.5.5 Azidation of in-situ generated electrophilic azoles and products modifications. 

Finally, the latest report from Suna showed the amination88 of the iodonium intermediate, also in this 

case catalyzed by Cu(I) (scheme 1.5.6). The process involved again the deactivated and functionalized 

salts, as no reagent was synthesizable in absence of stabilizing groups. 

 
Scheme 1.5.6 Amination of in-situ generated electrophilic azoles with di-substituted amines. 

Finally, a pyrrole hypervalent iodonium salt was also reported in 2016 by Morimoto and coworkers.89 

Unfortunately, a very limited number of reagents were synthesized and then applied in iterative 

coupling with aryl nucleophiles. Only phenyl pyrroles and methylpyrroles were applied (one example 

of the latter). Only the C2-regioisomer was synthesized, the C3-regioisomer was never reported. The 

reactivity window for this reaction was narrow, as the aryl nucleophile had to be extremely electron-

rich; moreover the pyrrole-based reagents could not have substituents on the core. Finally, the 

methodology did not present a major innovation, as the same product are synthesizable via simple 

cross coupling from boronic acid starting materials in better yields (scheme 3.2.7). 

 
Scheme 1.5.7 Oxidative cross-coupling with pyrrole-based iodonium salts developed by Morimoto and coworkers. 

                                                 
88 Sokolovs, I.; Lubriks, D.; Suna, E. J. Am. Chem. Soc. 2014, 136, 6920–6928. 
89 Morimoto, K.; Ohnishi, Y.; Koseki, D.; Nakamura, A.; Dohi, T.; Kita, Y. Org. Biomol. Chem. 2016, 14, 8947–8951. 
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A smart application of indole iodonium reagents was reported by the group of Togo90 in 2015. They 

applied the Suna’s reagents, in a 1,3 migration amination and halogenation process. In this case the 

amine migrated from the iodine to the C2 carbon; the driving force behind this migration was the 

decrease of electron density on the C2, induced by the EWG-group. Bromine then inserted on the C3 

position giving the di-substituted indole derivatives (scheme 1.5.8).  

 
Scheme 1.5.8 Bromo-amination of indoles developed by Togo and coworkers. 

The same group in 2017 synthesized a large variety of indole-based de-activated reagents91 (scheme 

1.5.9) and patented them. These reagents relies on electron-withdrawing group installed on the 

nitrogen (usually Pivalate) and on the benzyl ring of the indole. Triflimidates were used to as counter-

ion to stabilize the reagents.  

 

Scheme 1.5.9 Hypervalent iodonium salts by Togo and coworkers. 

All these new heterocyclic (aryl)-iodonium imides were not applied in catalysis, but just presented as 

new reagents. Other heterocycles such as pyrroles, thiophenes and quinolines were reported (8 

examples in total), but they had to be completely protected in all other position other than the one 

activated by the iodine, in order to stabilize the reagent as well as to reduce unwanted side reactivity. 

Finally, the last example involving indole iodonium salt is in the context of a total synthesis: Liu and 

coworkers92 employed the salts in a copper catalyzed cascade asymmetric cyclization (scheme 

1.5.10). In this case the reagent is the unsubstituted one derived from Neiland procedure, as the final 

indole had to be unsubstituted. 

                                                 
90 Moriyama, K.; Ishida, K.; Togo, H. Chem. Commun. 2015, 51, 2273–2276. 
91 Ishida, K.; Togo, H.; Moriyama, K. Chem. – Asian J. 2016, 11, 3583–3588. 
92 Liu, C.; Yi, J.-C.; Liang, X.-W.; Xu, R.-Q.; Dai, L.-X.; You, S.-L. Chem. – Eur. J. 2016, 22, 10813–10816. 
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Scheme 1.5.10 Approach towards hexahydropyrroloindolines by Liu and coworkers. 

In all these reports, it emerges that the azole-based iodonium salts are mostly unstable, they need 

EWGs and often require dangerous methods for their synthesis. 
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1.6 Vinyl-based Hypervalent Iodine Reagents 

While hypervalent iodine reagents in toto have a rich history and have been known since the second 

half of 20th century, alkenyl-derived hypervalent compounds were relatively unknown until the ‘80s. 

Vinyl-λ3 iodanes can be differentiated in two main categories: alkenyl iodonium salts and 

benziodoxol(on)es (figure 1.6.1). The nature of the substituents on the olefin is also relevant for the 

inherent stability of the iodane itself, and it can either be an alkyl-, aryl- or an heteroatom-based 

functional group. 

 
Figure 1.6.1 Reactivity mismatch and match for nucleophiles in combination with alkenyl synthons 

Vinyl-λ3 iodanes generally presents the same properties as other hypervalent iodine compounds, and 

in addition, they tend to exist in equilibrium as iodonium ions and as halogen-bridged dimers, if 

dissolved in a solution containing halogen nucleophiles (scheme 1.6.1). 

 

Scheme 1.6.1 Equilibrium of alkenyl-iodonium salts between monomers and aggregates, promoted by halogen nucleophiles 

In general, alkenyl- λ3 iodanes presents two main mode of activation under metal-free conditions: 

1. Carbene formation: as the pKa of the olefin’s proton is lowered by the electronwithdrawing 

nature of the hypervalent iodine, milder bases are able to promote proton-abstraction and 

release a free alkylidene carbene. The carbene can form solvent-alkylidene complex or react 

with an appropriate nucleophiles or electrophiles (scheme 1.6.2, a); 

2. E2 reaction with loss of stereo-configuration: the hypervalent iodine is fragmented in its 

carbocation by solvolysis and elimination of the phenyl-iodine. The nucleophile then attacks 

the carbocation. The elimination is also facilitated by ligand rotation around the pivot iodine 

center: the ligand on the iodine tends to orientate as far as possible from the olefin substituent, 
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favoring elimination and attack on the nucleophile from the opposite side of the olefin and 

releasing phenyl iodine as by-product (scheme 1.6.2, b). 93 

 

Scheme 1.6.2 Examples of metal-free fragmentation of alkenyl iodonium salts 

 

Moreover, they find application in Heck- and Sonogashira-type reactions and transition-metal-

catalyzed cross-couplings. In these cases, the hypernucleofuge properties of the hypervalent iodine 

center facilitates ligand exchange and also oxidative addition on transition-metal centers. In the next 

section some of the vinyl-iodonium salts and vinyl-benziodoxolones will be introduced, with a certain 

regard for the heteroatom-vinyl reagents. Alkenyl-iodonium salts are relatively stable at room 

temperature, but if heated up, they can undergo thermal decomposition.94  

 

1.6.1 Synthesis of Alkenyl-Iodonium Salts 

The dissociation energy of vinylic C-H bond is around 111 kcal/mol and is deemed too high for direct 

C-H activation and iodine insertion under mild conditions compatible with a I(III)-precursors. For 

this reason, the olefin precursor has to be activated by an appropriate functional group, able to 

promote ligand exchange on the electrophilic iodine center, with the mechanism mentioned in chapter 

1.3. A common approach is to prepare silyl-, boronic esters- and tin-alkenes precursors with a defined 

olefin geometry and a iodonium precursor such as iodosylbenzene 1.6.1 (scheme 1.6.3, a),95  PIDA 

1.3.796 (scheme 1.6.3, b) or Stang’s reagent 1.6.2 (scheme 1.6.3, c).97 The ligand exchange can be 

                                                 
93 Hinkle, R. J.; Thomas, D. B. J. Org. Chem. 1997, 62, 7534. 
94 (a) Pirkuliev, N. S.; Brel, V. K.; Zefirov, N. S. Russian Chem. Rev. 2000, 69, 105. (b) Varvoglis, A. The Organic 

Chemistry of Polycoordinated Iodine; VCH Publishers, Inc.: New York, 1992.  
95 For selected references, see: (a) Ochiai, M.; Sumi, K.; Takaoka, Y.; Kunishima, M.; Nagao, Y.; Shiro, M.; Fujita, E. 

Tetrahedron 1988, 44, 4095. (b) Chen, D. W.; Ochiai, M. J. Org. Chem. 1999, 64, 6804. (c) Ochiai, M.; Sueda, T.; 

Noda, R.; Shiro, M. J. Org. Chem. 1999, 64, 8563. 
96 For selected references, see: (a) Ochiai, M.; Toyonari, M.; Nagaoka, T.; Chen, D. W.; Kida, M. Tetrahedron Lett. 1997, 

38, 6709. (b) Fujita, M.; Lee, H. J.; Okuyama, T. Org. Lett. 2006, 8, 1399. 
97 For selected references, see: (a) Hinkle, R. J.; Stang, P. J. Synthesis (Stuttg) 1994, 313. (b) McNeil, A. J.; Hinkle, R. J.; 

Rouse, E. A.; Thomas, Q. A.; Thomas, D. B. J. Org. Chem. 2001, 16, 5556. 
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performed at neutral conditions or promoted by an appropriate Lewis Acid such as BF3.Et2O. In all 

cases, the desired iodonium salts were obtained in good to excellent yields (scheme 1.6.3 – a,b,c). 

 
Scheme 1.6.3 Alkenyl-iodonium salts syntheses from activated alkene precursors. 

 

1.6.2 Synthesis of (Heteroatom)-Alkenyl Iodonium Salts 

A different strategy for the synthesis of alkenyl iodonium salts rely on the attack of an appropriate 

nucleophile on an alkynyl iodonium precursor. This approach is based on the observation that β-

carbon of the alkynyl is activated by the electron-deficient 4c-3e iodine center and thus is more 

susceptible towards nucleophilic attack. Secondary interaction between the nucleophile and the 

hypervalent iodine are responsible for the Z-geometry of the products (Z is referred to the relation 

Heteroatom-I(III)).  

Halogens-derivatives (scheme 1.6.4 - a),98 sulfonate-derivatives (scheme 1.6.4 - b)99 and carboxylate-

derivates (scheme 1.6.4 - c)100 alkenyl iodonium reagents were obtained in good yields and high 

stereoselectivity. 

                                                 
98 Ochiai, M.; Kitagawa, Y.; Toyonari, M.; Uemura, K.; Oshima, K.; Shiro, M. J. Org. Chem. 1997, 62, 8001. 
99 For selected references, see: (a) Ochiai, M.; Oshima, K.; Masaki, Y. Tetrahedron Lett. 1991, 32, 7711. (b) Zawia, E.; 

Hamnett, D. J.; Moran, W. J. J. Org. Chem. 2017, 82, 3960. (c) Zawia, E.; Moran, W. J. Molecules 2016, 21, 1073. 
100 For selected references, see: (a) Ochiai, M.; Kitagawa, Y.; Yamamoto, S. J. Am. Chem. Soc. 1997, 119, 11598. (b) 

Ochiai, M.; Nishi, Y.; Hirobe, M. Tetrahedron Letters 2005, 46, 1863. 
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Scheme 1.6.4 (Hetero)Alkenyl-iodonium salts syntheses from alkynyl-iodonium salts. 
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1.6.3 Selected examples of alkenyl iodonium salts reactivity 

In this section are reported some selected examples of reactivity involving vinyl-iodonium salts and 

nucleophiles in metal-free as well as transition metal catalyzed cross-couplings. Thanks to their high 

reactivity, alkenyl-iodonium salts have been used in combination with heteroatom-based nucleophiles 

to obtain boron- 1.6.17,101 oxygen- 1.6.18,102 nitrogen- 1.6.19 and 1.6.20,103 halides- 1.6.21,99a,104 

silicon- 1.6.22,102a sulfur- 1.6.23,95a,99a and phosphorous- 1.6.24 alkenyl derivatives102b,105 (scheme 

1.6.5). Different mechanistic pathways are envisaged for these transformation, as the geometry of the 

olefin products is not stereodefined and often the products are recovered in variable E:Z mixtures. 

Also ligand coupling, and addition–elimination have been proposed for the alkenylation of 

heteroatom nucleophiles. 

 
Scheme 1.6.5 Functionalization of vinyl iodonium salts with heteroatom-nucleophiles. 

                                                 
101 Guan, T.; Yoshida, M.; Hara, S. J. Org. Chem. 2007, 72, 9617.  
102 Papoutsis, I.; Spyroudis, S.; Varvoglis, A. Tetrahedron 1998, 54, 1005–1012. 
103 For selected references, see: (a) Kitamura, T.; Stang, P. J. Tetrahedron Lett. 1988, 29, 1887. (b)  Zefirov, N. S.; Koz, 

A. S.; Kasumov, T.; Potekhin, K. A.; Sorokin, V. D.; Brel, V. K.; Abramkin, E. V.; Zhdankin, V. V.; Stang, P. J. J. 

Org. Chem. 1992, 57, 2433. c) Papoutsis, I.; Spyroudis, S.; Varvoglis, A. Tetrahedron 1998, 54, 1005. 
104 For selected references, see: a) Ochiai, M.; Oshima, K.; Masaki, Y. J. Am. Chem. Soc. 1991, 113, 7059. Ochiai, M.; 

Sumi, K.; Nagao, Y.; Fujita, E. Tetrahedron Lett. 1985, 26, 2351. c) Hara, S.; Guan, T.; Yoshida, M. Org. Lett. 2003, 

5, 573-574. 
105 Thielges, S.; Bisseret, P.; Eustache, J. Org. Lett. 2005, 7, 681. 
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Alkenyl-iodonium salts were also employed in metal-catalyzed cross-coupling reactions. Compared 

to monovalent aryl iodide, 3-iodanes are “harder” electrophiles, and their LUMO is lower in energy, 

allowing a facile oxidative addition for metals. For this reason, milder conditions are allowed for the 

palladium-catalyzed carbonylation affording 1.6.4 in good yield (scheme 1.6.6).106  

 
Scheme 1.6.6 Mild palladium-catalyzed alkoxycarbonylation of alkenyl iodonium salts. 

Vinyl alkynyl ketones,107 unsaturated ketones108 and dienes109 were also synthesized from alkenyl-

iodonium salts via Palladium-catalysis. 

Finally, alkenyl-iodonium salts were also found to be compatible with Cu-catalysis, as they were 

employed in many transformations, mainly by Gaunt and co-workers. As a selected example, here in 

scheme 1.6.7, it is reported a copper-catalyzed electrophilic carbotriflation of alkynes for the synthesis 

of triflate di-yines 1.6.29.110 The desired products were obtained with high regioselectivities and (Z)-

geometry of the olefin.  

 
Scheme 1.6.7 Electrophilic carbotriflation of alkynes via Cu-catalysis. 

The same group then reported other methodologies involving alkenyl iodonium salts and copper-

catalysis, for example: electrophilic carbo-vinylation of allylic amides111 and oxy-alkenylation of 

homoallylic alcohols.112 

1.6.4 Synthesis of Vinyl-benziodoxolone (vBX) Reagents 

Recently, the group of Olofsson reported a practical synthesis of alkenylbenziodoxolone reagents 

(scheme 1.6.8).114 This reaction employed commercially available 2-iodobenzoic acid 1.6.5 and aryl-

vinyl-boronic acid precursors. m-Chloroperbenzoic acid and triflic acid as were used as mild oxidant 

to generate an aryl-iodonium intermediate, ligand exchange with the boron-vinyl nucleophile on the 

                                                 
106 Kang, S. K.; Yamaguchi, T.; Ho, P.‐ S.; Kim, W.‐ Y.; Ryu, H.‐ C. J. Chem. Soc. Perkin Trans. 1 1998, 841.  
107 Kang, S. K.; Lim, K.‐ H. Synthesis (Stuttg) 1997, 874.  
108 Kang, S. K.; Yamaguchi, T.; Hong, R.‐ K.; Kim, T.‐ H.; Pyun, S.‐ J. Tetrahedron 1997, 53, 3027.  
109 For selected examples, see: (a) Moriarty, R. M.; Epa, W. R.; Awasthi, A. K. J. Am. Chem. Soc. 1991, 113, 6315.     

(b) Kang, S.‐ K.; Lee, H.‐ W.; Jang, S.‐ B.; Ho, P.‐ S. J. Org. Chem. 1996, 61, 4720. 
110 Suero, M. G.; Bayle, E. D.; Collins, B. S. L.; Gaunt, M. J. J. Am. Chem. Soc. 2013, 135, 5332. 
111 Cahard, E.; Bremeyer, N.; Gaunt, M. J. Angew. Chem., Int. Ed. 2013, 52, 9284.  
112 Holt, D.; Gaunt, M. J. Angew. Chem., Int. Ed. 2015, 54, 7857.  
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iodine center, followed by carboxylate ring closing in basic conditions would deliver the class of 

derivatives .  

 
Scheme 1.6.8 One-pot synthesis of alkenylbenziodoxolone reagents. 

1.6.5 Synthesis of (Hetero)vinyl-benziodoxolone (X-vBX) Reagents 

The first synthesis of heterovinyl benziodoxolones was reported by Kitamura et al.113 in 1999. Azido-

vBX derivatives 1.6.33 were accessed from pre-formed isolated iodonium salts with sodium azide as 

the nucleophile of choice; 18-crown-6 ether was found necessary as additive, moreover, the reaction 

mainly work with alkyl-functionalized alkynyl frameworks (scheme 1.6.9). This new class of reagents 

was later re-christened vBX reagents by Oloffson.114  

 
Scheme 1.6.9 Synthesis of the N3-vBX starting from alkynyl(aryl)iodonium salt. 

In 2014, our group reported51 a comprehensive study on the base-promoted thio-alkynylation of 

alkynyl benziodoxolones. As the reaction was extremely fast at room temperature and the low 

solubility of both counterparts did not allow for experiments at low temperatures, a reaction was 

performed with a catalytic amount of TMG on methyl-EBX 1.3.18a, and thio-vBX derivative 1.6.6 

was isolated in an encouraging 20% yield (scheme 1.6.10).  

 
Scheme 1.6.10 Preliminary results for the synthesis for S-vBX reagents. 

After our discovery, no reports regarding either the synthesis or application of hetero-vBX surfaces. 

It was just in 2016 that Yoshikai and co-workers reported the synthesis of a new class of (E)-Carboxy-

                                                 
113 Kitamura, T.; Fukuoka, T.; Fujiwara, Y. Synlett 1996, 7, 659.  
114 Stridfeldt, E.; Seemann, A.; Bouma, M. J.; Dey, C.; Ertan, A.; Olofsson, B. Chem. Eur. J. 2016, 22, 16066. 
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vBXs via palladium-catalysis (scheme 1.6.11).115 The reaction afforded the desired products with 

high regio- and stereo-selectivity. Interestingly, the geometry of the product suggests not a direct β-

attack of the nucleophile, but the formation of a metalla-allene intermediate, responsible of the 

migration of R1 from the β- to α-position. Both R1 and R2 can either be alkyls, aryls, heteroaryls, thus 

generating a trisubstituted stereodefined electrophilic vinyl-acetate. 

 
Scheme 1.6.11 Palladium-catalyzed synthesis of alkenylbenziodoxolones from alkynyl-benziodoxoles. 

With the same methodology and by only changing the ratio to a 2:1 of ethynyl-benziodoxole 1.3.19 

and carboxylic acid and additional acetylene could be installed on the reagent, thus generating the 

class of stereodefined tetrasubstituted (alk-1-en-3-ynyl)benziodoxoles (scheme 1.6.12).116  

 
Scheme 1.6.12 Preparation of (alk-1-en-3-ynyl)-benziodoxoles from alkynyl-benziodoxoles. 

 

During the preparation of this thesis, Miyake and co-workers independently reported a regio- and 

stereoselective synthesis of (Z)-2-iodovinyl-phenyl-ethers (scheme 1.6.13).117 The addition of 

phenolate to Phenyl-EBX substrates formed a O-vBX intermediate that collapsed in the presence of 

blue LED irradiation and afforded the iodo-enamide ethers. It should be mentioned that the O-vBX 

reagent was isolated only in a single case, for mechanism investigations, and in low yield. Moreover, 

the reaction only worked in presence of Ph-EBX and was not reported with alkyl substrates (only one 

example with R1 = tBu). 

                                                 
115 Wu, J.; Deng, X.; Hirao, H.; Yoshikai, N. J. Am. Chem. Soc. 2016, 138, 9105. 
116 Wu, J.; Xu, K.; Hirao, H.; Yoshikai, N. Chem. Eur. J. 2017, 23, 1521. 
117 Liu, B.; Lim, C.-H.; Miyake, G. M. J. Am. Chem. Soc. 2018, 140, 12829. 
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Scheme 1.6.13 Synthesis of stereodefined Z-2iodovinyl ethers via photoredox catalysis. 

 

1.6.6 Selected examples of vinyl-benziodoxolone (vBX) reactivity 

vBX reagents have been engaged in several metal-catalyzed reactions. Nachtsheim and co-workers 

used vBX reagents in the iridium-catalyzed C-H vinylation of 2-vinyl-anilines 1.6.39 (scheme 

1.6.14).118 1,3-Dienes 1.6.40 were accessed in good to excellent yields and with excellent (Z)-

selectivity for the olefin derived from the starting material. The olefin geometry transferred from the 

reagent was also conserved. 

 
Scheme 1.6.14 Ir-catalyzed C-H vinylation of 2-vinylanilines. 

Yoshikai’s eagents were employed in several metal-catalyzed reactions, such as Stille, Buchwald and 

Sonogashira cross-couplings.115 Employing aryl stannane 1.6.8 and palladium(II) catalyst, in 

combination with benziodoxole 1.6.7, the phenylvinyl pivalate derivative 1.6.9 was obtained in 

excellent yield (scheme 1.6.15 - a). On the other hand, reagent 1.6.10 was engaged in the Sonogashira 

reaction with trimethylsilylacetylene 1.6.11 and trimethylamine. The enyne derivative 1.6.12 (scheme 

1.6.14 - b) in very good yield. Notably, all the cross-coupling products were accessed with complete 

retention of the (E)-configuration. 

                                                 
118 Boelke, A.; Caspers, L. D.; Nachtsheim, B. J. Org. Lett. 2017, 19, 5344. 
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Scheme 1.6.15 Selected cross-coupling reactions: Stille and Sonogashira applied to pivalate-decorated vinyl benziodoxolones. 

Recently, Leonori and co-workers described a visible-light-mediated radical cascade using 

photocatalyst 1.6.13 (scheme 1.6.16).119 vBX 1.3.20 was employed as an efficient SOMOphile radical 

trap to generate vinylated derivatives.  

 
Scheme 1.6.16 vBX as radical trap in radical cascade developed by Leonori and coworkers. 

  

                                                 
119 Davies, J.; Sheikh, N. S.; Leonori, D. Angew. Chem., Int. Ed. 2017, 56, 13361. 
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vBX 1.3.20 was also used a radical trap for the photocatalyzed radical fragmentation developed in 

our group (scheme 1.6.17).55 In this example, substrate 1.6.14 is fragmented at the level of C-N bond. 

Cyano-vinylated derivative 1.6.16 is accessed in moderate yield and slight erosion of the olefin’s 

stereodefinition.  

 

Scheme 1.6.17 vBX as radical trap in radical fragmentation cascade developed by Waser and coworkers. 

Finally, vBX 1.3.20 was also used in the metal-free electrophilic vinylation of sulfonate anions 

(scheme 1.6.18). Starting from substrate 1.6.17, product 1.6.18 was obtained in moderate yield.120 

 

Scheme 1.6.18 vBX as vinylating reagent for the metal free electrophilic vinylation developed by Waser and coworkers. 

 

  

                                                 
120 Amos, G.E.; Nicolai, S:; Gagnebin, A.; Le Vaillant, F.; Waser, J. J. Org. Chem. 2019, 84, ASAP. 

(DOI:10.1021/acs.joc.9b00050 ) 

https://pubs.acs.org/doi/10.1021/acs.joc.9b00050
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Part I: Synthesis of Enantioenriched α-Allyl-cyano Ketones 

2. Asymmetric α-functionalization of carbonyl compounds with hypervalent 

iodine reagents 

Building a C–C bond in a stereoselective way is one of the most desired transformations in organic 

chemistry. When developing an asymmetric functionalization in the α-position of a carbonyl, several 

parameters such as stereoselectivity and regioselectivity have to be addressed. The main drawbacks 

are: racemization of the compound due to tautomerization of the acidic α-proton, lack of chemo-

selectivity between C- and O-alkylation and competition between thermodynamic and kinetic 

pathways in case of carbonyls with two different acidic α-protons. Moreover, controlling the 

geometry of tetrasubstituted enolates (necessary to obtain quaternary stereocenters) is much more 

difficult than for the trisubstituted ones. Several methods have been proposed, many of them are based 

on chiral auxiliary strategy121 (usually highly selective but not straightforward because of the 

installation as well as removal of the chiral auxiliary itself). Organocatalytic methods,122 in 

combination with hypervalent iodine reagents, relying on phase transfer and chiral amine catalysts 

were also reported. Phase transfer catalysis has been broadly studied, due to its inexpensive and mild 

reagents and simple experimental procedures. The use of an enantiopure optically active phase 

transfer catalyst may afford enantioenriched compounds.123  

 

  

                                                 
121 (a) Christoffers, J.; Mann, A. Angew, Chem Int. Ed. 2000, 39, 2752. (b) Evans, D. A.; Britton, T.C.; Dorow, R.;  

Dellaria, J.F. J. Am. Chem. Soc. 1986, 108, 6395. 
122 Fernández González, D.; Benfatti, F.; Waser, J. ChemCatChem 2012, 4, 955. 
123 For some selected examples see: (a) Shirakawa, S.; Maruoka, K. Angew. Chem. Int. Ed., 2013, 52, 4312. (b) O' Donnell, 

M. J.; Wu, S.; Tetrahedron: Asymmetry 1992, 3, 591. (c) Hajos, Z.G.; Parrish, D.R.; J. Org. Chem. 1974, 39, 1615. d) 

Dolling, U. H.; Davis, P.; Grabowski, E. J. J. J. Am. Chem. Soc. 1984, 106, 446. e) Ooi, T.; Maruoka, K.; Angew. Chem. 

Int. Ed. 2007, 46, 4222. f) Belokon, Y.N.; Kochetkov, K. A.; Churkina, T.D.; Ikonnikov, N.S.; Chesnokov, A.A.; 

Larionov, O. V.; Parmar, V.S.; Kumar, R.; Kagan, H. B. Tetrahedron Asymmetry 1998, 9, 851. g) Ohshima, T.; 

Shibuguchi, T.; Fukuta, Y.; Shibasaki, M. Tetrahedron 2004, 60, 7743. 



Part I: Synthesis of Enantioenriched α-Allyl-cyano Ketones 

 

 

36 

 

2.1 α-Alkynylation of β-ketoesters 

Considering the high importance of carbonyl compounds, two entire PhD’s theses of the group were 

dedicated to the topic. In 2010 (scheme 2.1.2) Davinia Fernandez reported the first ethynylation of 

keto, cyano and nitro esters with EBX.124 Unfortunately, the enantioselectivities were low and, in the 

following years asymmetric versions were improved independently in our group125 and by Vesely126 

and coworkers. Then, in 2014, Maruoka and coworkers127 reported the synthesis of spiro-furanones 

via phase-transfer-catalyzed alkynylation. 

 
Scheme 2.1.1 Previous work on electrophilic alkynylation mediated by PTC and in combination with hypervalent iodine reagents 

  

                                                 
124 Fernández González, D.; Brand, J. P.; Waser, J. Chem. – Eur. J. 2010, 16, 9457. 
125 Fernández González, D.; Brand, J. P.; Mondière, R.; Waser, J. Adv. Synth. Catal. 2013, 355, 1631. 
126 Kamlar, M.; Putaj, P.; Veselý, J. Tetrahedron Lett. 2013, 54, 2097. 
127 Wu, X.; Shirakawa, S.; Maruoka, K. Org. Biomol. Chem. 2014, 12, 5388. 
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2.2 The decarboxylative asymmetric allylic alkylation approach 

As seen in the previous chapter, it is possible to obtain enantioenriched alkykylated β-ketoesters via 

PTC in good yiels and enantioselectivities. However, the synthesis of an enantioenriched tertiary α-

alkynyl-ketone was still elusive, as the proton in alpha to the ketone is acidic and epimerization 

ensues, losing the enantioenrichment. Since the racemic alkynylation of β-ketoesters was an efficient 

process, the next logical step was to develop a reaction able to introduce a chiral center exploiting the 

carboxylate group and introduce a synthetically useful alkenyl group.  

2.2.1 A brief historical background 

For an historical background: Saegusa and Tsuji envisioned to incorporate the allyl group in the final 

product by transferring it from the ester moiety. Allylic ester substrates were subjected to oxidative 

addition from Pd(0), leading to the extrusion of the allylic group and  elimination of CO2. The 

resulting enolate then attacked the allylic palladium complex, via either inner or outer sphere delivery. 

The allylated derivative was then obtained after β-hydride elimination of the catalyst (scheme 

2.2.1).128 

 
Scheme 2.2.1 Historical background for the Tsuji-Trost reaction. 

The first example of palladium catalyzed allylic alkylation for the formation of quaternary 

stereocenters was reported by Kagan, albeit with very low enantioselectivities.129 However, the first 

example of a decarboxylative asymmetric allylic alkylation was reported by Trost and coworkers.130 

Thanks to the introduction of chiral diphosphine ligands on palladium, the desired compounds were 

obtained in high yields and excellent enantioselectivities. The concept was then applied to a wide 

range of different substrates, ranging from allyl enol carbonates, reported by Stoltz131 in 2004, to allyl 

β ketoesters132. Of particular importance for the purposes of this thesis is the work of Stoltz and 

                                                 
128 Tsuda, T.; Chujo, Y.; Nishi. S.I.; Tawara, K.; Saegusa, T. J. Am. Chem. Soc, 1980, 102, 6381. 
129 Fiaud, J.C. ; Hibon De Gournay, A.; Larcheveque, M.; Kagan, H.B. J. Organomet. Chem. 1978, 154, 175. 
130 Trost, B.M.; Radinov, R.; Grenzer, E.M. J. Am. Chem. Soc. 1997, 119, 7879. 
131 Behenna, D. C.; Stoltz, B.M. J. Am. Chem. Soc. 2004, 126, 15044. 
132 Mohr, J.T.; Behenna, D.C.; Harned A.M.; Stoltz, B.M. Angew. Chem. Int. Ed. 2005, 44, 6924. 
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coworkers.133 This method allows the synthesis of enantioenriched α-allylated amino-methyl ketones 

as an all-carbon quaternary center (scheme 2.2.3). 

 
Scheme 2.2.2 DAAA for the syntesis of enantioenriched α-allyl-amonometyl-ketones. 

2.2.2 Development of DAAA on alkynyl and azido β-keto-esters 

Inspired by the previously mentioned work by Trost and Stoltz, Maria Victoria Vita, during her PhD 

thesis, developed the first decarboxylative asymmetric allylation on β-keto ester in presence of the 

alkynyl group on the α position (scheme 2.2.3). This strategy served to build polycyclic carbocycles 

in just three step starting from accessible substrates.134  

 
Scheme 2.2.3 Electrophilic alkylnylation and DAAA for the synthesis of enantioenriched α-allyl-alkynyl ketones 

Once completed the work, the next task was to apply the same approach for the synthesis of 

enantioenriched α-allylazido ketones. Also in this case, the first step was the electrophilic azidation 

of β-ketoesters. A seminal work for this method was reported by Gade135 and coworkers (scheme 

2.2.4 - a). Also our group contrbuted to the methodology, by developing a method for the electrophilic 

azidation of β-ketoesters installed on cyclic indanones frameworks and acyclic silyl enol ethers 

(scheme 2.2.4 - b).136 

                                                 
133 Numajiri, Y.; Pritchett, B. P.; Chiyoda, K.; Stoltz, B. M. J. Am. Chem. Soc. 2015, 137, 1040. 
134 Vita, M. V.; Mieville, P.; Waser, J. Org. Lett. 2014, 16, 5768. 
135 Deng, Q. H.; Bleith, T.;Wadepohl, H.; Gade, L. H. J. Am. Chem. Soc. 2013, 135, 5356. 
136 Vita, M. V.; Waser, J. Org. Lett. 2013, 15, 3246. 
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Scheme 2.2.4 Electrophilic azidations on ketoester and silyl enol ether substrates with hypervalent iodine reagents. 

Once the starting material were prepared, the decarboxylative asymmetric allylation protocol 

developed for the synthesis of enantioenriched α-allyl-alkynyl ketones was tested and found 

compatible with the azido substrates. The protocol was optimized by Dr. Maria Victoria Vita for the 

synthesis of enantioenriched α-allyl-azido ketones in good yields and enantioselectivities. Several 

indanone-based derivatives were obtained; electron-donating groups such as methoxy- and methyl 

were easily tolerated (substrates 2.2.2a-2.2.2c, scheme 2.2.5). Halogens such as F-, Cl-, and Br- were 

preserved and did not engaged in the transformation. In any case, no side products deriving from 

unwanted oxidative addition of the catalyst on the halogens were detected (entries 2.2.2e, 2.2.2g, 

2.2.2i and 2.2.2j). Electron-withdrawing groups on the indanone scaffold such as CF3- did not 

excessively hamper the reaction, as the desired product 2.2.2h was obtained in moderate yield and 

enantioselectivity. Finally when a more hindering silyl-decorated allylic ester was used as substrate, 

product 2.2.2k was obtained in moderate yield but excellent enantioselectivity. 
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Scheme 2.2.5 DAAA on azido β-ketoesters 
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2.3 Goal of the project 

In order to obtain enantioenriched quaternary α-cyanoketones we planned to perform an electrophilic 

cyanation on indanone based compounds, followed by decarboxylative asymmetric allylic alkylation 

(scheme 2.3.1). 

 
Scheme 2.3.1 retrosynthetic approach 

Convenient methods for the electrophilic cyanation on indanone-based β-ketoesters have been already 

reported by Chen, Waser and Zheng.137 It is worth mentioning that all these methods are depending 

on the β-ketoester moiety, the electrophilic cyanation doesn't work on simple ketones or enol ethers. 

So for the synthesis of our desired substrates our goal was to apply the existing conditions on allyl β-

ketoesters. We then planned to develop an enantioselective DAAA on the obtained cyano β-

ketoesters, in order to obtain enantioenriched β cyano ketone derivatives. This method would allow 

us to access enantioenriched derivatives with an all-carbon quaternary center bearing synthetically 

useful allyl and cyano groups. Another advantage of our method would be the possibility of remove 

the useless ester function and install the allyl in one step. 

  

                                                 
137 See paragraph 1.3 
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2.4 Results and discussions 

2.4.1. Synthesis of β-keto esters. 

Based on the knowledge acquired from the α-alkynylation and azidation of β-keto ester developed by 

Davinia Fernandez and Maria Victoria Vita, indanone based β-keto esters were chosen as substrates 

for the cyanation and the subsequent decarboxylative allylation. These cyclic β-allyl keto esters 

present are more reactive, when compared to the acyclic ones.  Indanones with an ester group in α 

position present a keto-enol equilibrium that is shifted towards the enol form due to the induction of 

both the aromatic ring as well as the ester group. The ratio of the two tautomers is variable for each 

substrate and depends on the presence of electronwithdrawing/donating groups on the indanone core.  

The class of starting materials was prepared following a slight modification of the protocol reported 

by Compernolle and coworkers.138 The indanone substrates were acylated under basic conditions 

with the allylic carbonate of choice (scheme 2.4.1).  

 
  Scheme 2.4.1 Synthesis of allylic β-ketoesters substrates via aldol reaction of indanone on the allyl carbonate of choice. 

2.4.2. Electrophilic cyanation 

As mentioned above, a procedure for the cyanation on indanone based β-ketoesters had been already 

published by other groups at the time of this work. This protocol could be successfully applied also 

to differently substituted indanones. The authors reported lower yields when performing the reactions 

under air: α-hydroxylated compounds were obtained under these conditions. To avoid this problem 

(probably due to some moisture contained in the solvent) the reaction was executed under dry 

conditions. The hypervalent reagent 1.3.17 was used in 1:1 ratio with the starting material 2.4.3, as 

we saw that it was not degraded and fully recovered when added in excess.  

As shown in scheme 2.5.2, the yields are high except for entries g, h and i (after prolonged reaction 

time up to 36 hours): in these cases the unreacted starting material was fully recovered. We 

hypothesize that the steric hindrance of the allyl group, or the presence of an halogen able to 

                                                 
138 Emelen, K. V.; De Wit, T.; Hoornaert, G. J.; Compernolle, F. Tetrahedron, 2002, 58, 4225. 
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coordinate with active catalytic species decreases the rate of the reaction. In general the reaction is 

scalable (up to 2 grams), clean and fast (for entries a-d we reached full conversion in less than 3 

hours). 

 

Scheme 2.4.2 Scope of the electrophilic cyanation on indanone based ketoesters. 

Unfortunately the reaction did not work with linear substrates, even upon addition of 1 equivalent of 

Lewis acids (ZnOTf2) and bases (NaH, KOtBu TMG, DBU…). 

 

2.4.3. Optimization of the decarboxylative asymmetric allylic alkylation for Allyl-α-cyano-β-

ketoester. 

As the DAAA has been studied and optimized for many dfferent substrates, the nature of its key 

parameters has been extensively studied. Based on the knowledge aquired during the optimization 

the azido substrates, the outcome of the palladium catalyzed DAAA is highly dependent on the choice 

of solvent, due to the ion-pair, formed between the enolate and the palladium allyl intermediate, and 

its state of aggregation. A screening of the solvent (table 2.4.1) was initially performed, in general 

the yields shifted from moderate to good. We observed shorter reaction’s time compared to the azido 

substrates: 1 hour instead of twelve. The only solvent that did not afford any conversion was toluene 
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(entry 1). This is possibly due to the low solubility of the substrate. In general the ethers gave good 

enantioselectivities. Diethyl ether (entry 2) afforded slightly higher ee's than isopropyl ether, 

butylether and diphenyl ether (entries 3,4 and 5). MTBE (entry 6) gave acceptable enantioselectivity. 

At first, Et2O was chosen as the solvent because of the high yield obtained, but unfortunately it did 

not give reproducible results later on, so for the second optimization, MTBE was selected as the 

solvent of choice.  Although the reactivity proved to be excellent, the ee dropped considerably 

switching from ethers to 1,4-dioxane (entry 7), THF (entry 8), DCM (entry 9) and acetonitrile (entry 

10). 

Table 2.4.1: screening of the solvent for the decarboxylative asymmetric allylic alkylation for substrate 

2.4.5a 

 

Entry Solvent Yield%a ee%a 

1 Toluene n.r. - 

2 Et
2
O 98 61-78b 

3 iPr2O 99 71 

4 nBu
2
O >99 67 

5 Ph
2
O 94 49 

6 MTBE 93 70 

7 dioxane 94 39 

8 THF 99 68 

9 DCM 95 50 

10 CH
3
CN 82 45 

a) Substrate 2.4.4a (0.037 mmol), Pd[(Cinnamyl)Cp] (10 mol%), 2.4.L1 (11 mol%) and solvent (0.4 M) at 25 °C. 

Isolated yield after flash chromatography is given, the ee are measured with chiral HPLC. b) Not reproducible. 

We then discovered that the enantioselectivity is not affected by the temperature (table 2.5.2). In case 

of -20 °C (entry 1) the reaction's time increased up to three hours, but the selectivity was not 

improved. The same result was obtained at 0 °C (entry 2). The reaction presented a good 
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enantioselectivity at room temperature (entry 3), but when the temperature was raised up to 40 °C, 

the enantiomeric excess slightly decreased to 57% (entry 4). For this catalysis, the temperature is not 

correlated to the enantioselectivity, and to simplify the protocol the following reactions have been 

performed at room temperature. 

Table 2.4.2: screening of the temperature for the decarboxylative asymmetric allylic alkylation for 

substrate 2.4.5a. 

 

Entry Temperature Yield% ee %a 

1 -20°C 97 57 

2 0°C 98 59 

3 r.t 98 61 

4 40°C >99 57 

a)Substrate 2.4.4a (0.037 mmol), Pd[(Cinnamyl)Cp] (10 mol%), 2.4.L1 (11 mol%) and Et2O (0.4 M). Isolated yield 

after flash chromatography is given, the ee are measured with chiral HPLC. 

As previously demonstrated for the azide project, the choice of ligand heavily affected the 

enantioselectivity. Pfaltz’s PHOX ligand 2.4.L5 (entry 1, table 2.5.3), widely used in Tsuji-Trost 

decarboxylative allylation, afforded racemic products. The Trost ligands, already widely applied for 

this kind of transformation,139 gave good results for the azido-substrates. They were then tested in 

diethyl ether: 2.4.L4 and 2.4.L3 (ANDEN Trost and Diphenyl Trost) were poorly selective, while the 

DACH 2.4.L2 and its derived DACH NAPHTYL 2.4.L1 gave better e.e.’s. 

  

                                                 
139 Trost, B.M.; Radinov, R.; Grenzer, E.M. J. Am. Chem. Soc. 1997, 119, 7879. 
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Table 2.4.3: screening of the ligand for the decarboxylative asymmetric allylic alkylation for substrate 

2.4.5a. 

 

Entry Ligand Yield% ee %a 

1 Pfaltz 2.4.L5 94 0 

2 Dach 2.4.L2 92 23 

3 Dach Naphtyl 2.4.L1 98 61 

4 Anden 2.4.L4 94 31 

5 DiPhenyl 2.4.L3 >99 47 

a)Substrate 2.4.4a (0.037 mmol), Pd[(Cinnamyl)Cp] (10 mol%), 2.4.L1 (11 mol%) and Et2O (0.4M) at 25 °C. Isolated 

yield after flash chromatography is given, the ee are measured with chiral HPLC. 

 
Figure 2.4.1 Ligands screened for the decarboxylative asymmetric allylic alkylation for substrate xx 

When comparing this optimization process with the one of the azides, two main differences stands 

out:  

a) the complete independency from the temperature (the outcome in this case is exactly the same at 

40°C as well as -20°C), while in case of the azido substrates better enantioselectivities were obtained 

at lower temperatures;  

b) the reaction’s rate is considerably higher, as the reaction on substrate is completed in 4 hours  while 

for the azido compounds usually required >12 hours.  
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We then tried to offer an explanation for these two empirical observation; the only difference in the 

two sustrates is the nature of the functional group on the nuceophilic enolate intermediate. We started 

by considering the size; the azide moiety is similar to the nitrile in terms of dimension, both are small 

and linear. However the electronics are quite different, as the cyanide is more electron-withdrawing 

than the azido group, and it may influence the nucleophilic properties of the enolate. Because of this 

the enolate is more reactive and faster to attack the Pd-allyl complex from both faces, losing 

selectivity. The process is so fast that the selectivity cannot be improved even by lowering the 

temperature. We then revolved to the optimization of other parameters  

As reported by Stoltz and coworkers in 2011,140 the concentration of the reaction is an important 

factor. Based on this report we then screened different concentrations (table 2.4.4). 

Table 2.4.4: screening of concentration for the decarboxylative asymmetric allylic alkylation for 

substrate 2.4.5a. 

 

Entry Concentration Yield% ee %a 

1 0.04 M 98 59 

2 0.1 M 98 61 

3 0.3 M 93 55 

4 0.4 M 98 61 

5 0.5 M 91 41 

6 1 M 91   49 

a) Substrate 2.4.4a (0.037 mmol), Pd[(Cinnamyl)Cp] (10 mol%), 2.4.L1 (11 mol%) and Et2O (X M) at 25 °C. Isolated 

yield after flash chromatography is given, the ee are measured with chiral HPLC. 

Unfortunately also modifying this parameter was not influential (table 2.4.4, entries 1-4); lower ee’s 

were observed at higher concentrations. (table 2.4.4 entries 5-6). Additionally, altering the 

catalyst/ligand ratio (table 2.4.5, entries 1-5) decreased both the yield and the enantioselectivity.  

                                                 
140 Behenna, D. C.; Mohr, J. T.; Sherden, N. H.; Marinescu, S. C.; Harned, A. M.; Tani, K.; Seto, M.; Ma, S.; Novák, Z.; 

Krout, M. R.; McFadden, R. M.; Roizen, J. L.; Enquist, J. A.; White, D. E.; Levine, S. R.; Petrova, K. V.; Iwashita, A.; 

Virgil, S. C.; Stoltz, B. M. Chem. – Eur. J. 2011, 17, 14199. 
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Table 2.4.5: ratio of catalyst:ligand for the decarboxylative asymmetric allylic alkylation for substrate 

2.4.5a. 

 

Entry Pd(mol%):Ligand(mol%) Yield% ee %a 

1 2.5/2.75 Not completeb - 

2 5/5.5 92 47 

3 5/10 97 43 

4 5/20 93 49 

5 10/11 98 61 

a)Substrate 2.4.4a (0.037 mmol), Pd[(Cinnamyl)Cp] (X mol%), 2.4.L1 (X mol%) and Et2O (0.4 M) at 25 °C. Isolated 

yield after flash chromatography is given, the ee are measured with chiral HPLC. b) No complete conversion after 48 

hours. 

We then moved our attention to the esters: most probably the simple allyl moiety was not sterically 

hindered enough to afford good ee’s as seen in Maria Victoria Vita’s work on azides. Therefore we 

focused our efforts into optimizing the reaction conditions on the methylallyl substrate. A second 

screening of solvents (table 2.5.6) gave moderate enantioselectivity in case of Toluene (entry 1), then 

diethyl ether (entry 2) gave similar enantioselectivities as MTBE (entry 3). However since in case of 

unsubstituted allyl substrates we had problems of reproducibility, MTBE was the chosen solvent. 

Methyl-cyclopenthyl ether as solvent (entry 4) increased the yield but the ee dropped considerably. 

These results suggested that the ideal solvent has to be an ether, as the enantioselectivity drops in case 

of more polar solvents (see entries 5-9).  

Table 2.4.6: screening of the solvent (methylallyl substrate) for the decarboxylative asymmetric allylic 

alkylation for substrate 2.4.5b. 
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Entry Solvent Yield% ee %a 

1 Toluene 86 68 

2 Et
2
O 71 79 

3 MTBE 89 78 

4 Methyl-Cyclopentyl ether 94 53 

5 THF 84 60 

6 DCM 77 70 

7 DMF 80 42 

8 DMSO 78 29 

9 CH
3
CN 82 61 

a)Substrate 2.4.4b (0.035 mmol), Pd[(Cinnamyl)Cp] (10 mol%), 2.4.L1 (11 mol%) and solvent (0.4 M) at 25 °C. 

Isolated yield after flash chromatography is given, the ee are measured with chiral HPLC. 

Also in this case, varying the temperature did not improve the enantioselectivity, with the best result 

still being obtained at room temperature (entry 3 - table 2.4.7). Quite surprisingly,  significantly lower 

ee's were obtained at -10 °C and 0 °C (entries 1-2), while the enantioselectivity at 40 °C did not shift 

excessively from the one obtained at room temperature. 

Table 2.4.7: screening of temperature (methylallyl substrate) for the decarboxylative asymmetric allylic 

alkylation for substrate 2.4.5b. 

 

Entry Temperature Yield% ee %a 

1 -10°C 84 57 

2 0°C 83 59 

3 r.t. 89 78 

4 40°C 82 74 

a)Substrate 2.4.4b (0.035 mmol), Pd[(Cinnamyl)Cp] (10 mol%), 2.4.L1 (11 mol%) and MTBE (0.4 M). Isolated yield 

after flash chromatography is given, the ee are measured with chiral HPLC. 

When we screened ligands we saw that Stoltz ligand (table 2.4.8, entry 1), and Dach Ligand (entry 

2) did not give better enantioselectivity than Dach Naphtyl ligand (entry 3). The Anden and the 

Diphenyl gave worst enantioselectivities as well (entries 4-5). An attempt to increase the ee’s by 

modifying the properties of the ligand; we focused on the steric hindrance and type of coordination 

supported (table 2.4.8 was performed by employing TADDOL based backbones (they give 
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monodentate coordination), as their effectiveness has been already demonstrated in Pd0 catalyzed C-

H activations (figure 2.4.2).141  

Table 2.4.8: screening of the ligands (methylallyl substrate) for the decarboxylative asymmetric allylic 

alkylation for substrate 2.4.5b. 

 

Entry Ligand Yield% ee %a 

1 2.4.L5 86 1 

2 2.4.L2  83 48 

3 2.4.L1 89 78 

4 2.4.L4 84 40 

5 2.4.L3 82 41 

6 2.4.L6 95 1 

7 2.4.L7 n.rb - 

8 2.4.L8 90 38 

9 2.4.L9 85 25 

a)Substrate 2.4.4b (0.035 mmol), Pd[(Cinnamyl)Cp] (10 mol%), L (11 mol%) and MTBE (0.4 M) at 25 °C. Isolated 

yield after flash chromatography is given, the ee are measured with chiral HPLC. b) No complete conversion after 48 

hours. 

In the case of ligand 2.4.L6 and 2.4.L7 we obtained excellent yields but low selectivity. We then 

switched to bulkier ligands 2.4.L8 and 2.4.L9, but also in this case the ee’s did not improve (2.4.L7 

did not give any conversion at all). 

 

                                                 
141 a) Pedroni, J.; Cramer, N. Chem. Commun.2015, 51, 17647. b) Pedroni, J.; Cramer, N. Angew. Chem. Int. Ed. 2015, 

54, 11826. c) Pedroni, J.; Boghi, M.; Saget, T.; Cramer, N. Angew. Chem. Int. Ed. 2014, 53, 9064. d) Saget, T.; Cramer, 

N. Angew. Chem. Int. Ed. 2013, 52, 7865. e) Saget, T.; Cramer, N. Angew. Chem. Int. Ed. 2012, 51, 12842. 
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Figure 2.4.2 Screening of the ligands (Taddols) 

As previously mentioned, we ultimately screened different concentrations, and we were delighted to 

see a substantial increase of the enantioselectivity when decreasing the molarity of the reaction. 

Switching from 0.4 M to 0.01 M allowed to obtain 86% of ee without affecting the yield. This result 

can be ascribed to the fact that lower concentrations actually favour a selective inner-sphere attack of 

the nucleophilic enolate on the electrophilic allyl-palladium intermediate. Further dilutions only 

resulted in lower selectivity (table 2.4.9). 

Table 2.4.9: screening of the concentration (methylallyl substrate) for the decarboxylative asymmetric 

allylic alkylation for substrate 2.4.5b. 

 

Entry Concentration Yield%   ee %a 

1 0.001 M 92 60 

2 0.005 M 92 59 

3 0.01 M 83 86 

4 0.033 M 84 84 

5 0.04 M 85 81 

6 0.1 M 83 81 

7 0.4 M 89 78 

8 1M 79 72 

a)Substrate 2.4.4b (0.035 mmol), Pd[(Cinnamyl)Cp] (10 mol%), 2.4.L1 (11 mol%) and MTBE (X M) at 25 °C. Isolated 

yield after flash chromatography is given, the ee are measured with chiral HPLC. 
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Studies on the ratio between catalyst and ligand did not afford any improvements (table 2.4.10, entries 

1-5). 

Table 2.4.10: ratio of catalyst:ligand (methylallyl substrate) for the decarboxylative asymmetric allylic 

alkylation for substrate 2.4.5b. 

 

Entry Catalyst/Ligand (mol%) Yield% ee %a 

1 2.5/2.75 n.rb - 

2 5/5.5 n.rb 86 

3 5/10 91 83 

4 5/20 86 85 

5 10/11 89 86 

a)Substrate 2.4.4b (0.035 mmol), Pd[(Cinnamyl)Cp] (X mol%), 2.4.L1 (X mol%) and MTBE (0.01 M) at 25 °C. Isolated 

yield after flash chromatography is given, the ee are measured with chiral HPLC. b) No complete conversion after 48 

hours. 

We then wondered if by using directly a Pd0 source the ee’s could be improved; we observed that in 

case of Pd2dba3(entry 1, table 2.4.11), a palladium 0 coordinated with olefin based ligands, the 

enantioselectivity was lowered to 77%, but when lower  catalytic system/substrates moles ratio was 

used, the enantioselectivity improved to 88% (entry 2) and 89% (entry 3). 
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Table 2.4.11: ratio of catalyst:ligand.(methylallyl substrate) for the decarboxylative asymmetric allylic 

alkylation for substrate 2.4.5b. 

 

Entry Palladium Source Yield% ee %a 

1 Pd(dba)
2
 10% - Dach Naphtyl 11 % 90 77% 

2 Pd
2
(dba)

3
 5% - Dach Naphtyl 11 % 89 88% 

3 Pd2(dba)3 2.5% - Dach Naphtyl 5.5% 87 89% 

a)Substrate 2.4.4b (0.035 mmol), Pd source (X mol%), 2.4.L1 (X mol%) and MTBE (0.01 M) at 25 °C. Isolated yield 

after flash chromatography is given, the ee are measured with chiral HPLC. 

 

2.4.4 Scope of the decarboxylative asymmetric allylic alkylation of α-cyano-β-ketoesters. 

With these optimized conditions, it was possible to perform the enantioselective allylic alkylation on 

the α-cyano-β-ketoester indanone substrates. With a C5-OMe functional group, derivatives 2.4.5a-

2.4.5b were obtained with good enantioselectivities, both with allyl and methylallyl esters as starting 

materials (scheme 2.5.3, entries 2.4.4a, 2.4.4b). We also observed good ee's in presence of C5-Me 

2.4.5c or no substituents on the indanone, as for 2.4.5d. Electron withdrawing groups in position 5 

(entry 2.4.5e) and 6 (entry 2.4.5f). The presence of halogens both on the indanone core an on the allyl 

did not diminish the yield. Other allyl substrates were also screened: when methyl was replaced by a 

phenyl (scheme 2.5.3, entry 2.4.5h), product 2.4.5h was obtained with a good enantioselectivity, 

further improved when the phenyl was replaced by an silyl enol ether and a chlorine (entry 2.4.5g and 

2.4.5i). 
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Scheme 2.4.3 Scope of the decarboxylative asymmetric allylic alkylation. 

 

The S configuration of the product was confirmed by harvesting the crystal of product 2.4.5d 

 
Figure 2.4.3 ORTEP structure of 2.4.5d 
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2.4.5 Products modifications 

Finally, we performed modifications of the CN group (scheme 2.4.4). Enantioenriched β-

aminoketone 2.4.6 was obtained from compound 2.4.5b by hydrogenation of the cyanide bond in 

presence of a platinum catalyst.142 β-amidoketone 2.4.7 was obtained from compound 2.4.5f through 

hydratation of the nitrile, the water necessary to achieve this transformation was accessed in situ from 

the dehydration of aldoximes.143 

 

Scheme 2.4.4 Products functionalization. 

In conclusion, the first decarboxylative asymmetric allylic alkylation of α-cyano-β-ketoesters for the 

synthesis of enantioenriched α-allyl-cyano ketones was developed. The desired compounds were 

accessed in good yields and enantioselectivities. The process was found to be dependent from the 

choice of solvent and the concentration. The method was mild, functional group tolerant and the 

substrate scope satisfyingly variegated.  

  

                                                 
142 Cusack, K.; Scott, B.; Arnold. L.; Ericsson A. BASF U.S. Patent 2003/153568 A1, August 14, 2003. 
143 Kim, E. S.; Kim, H. S.; Kim, J. N. Tetrahedron Lett. 2009, 50, 2973. 
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Part II: Umpolung of the Reactivity of Indoles and Pyrroles 

3. From nucleophilic to electrophilic indoles and pyrroles: a 

serendipitous discovery  

3.1 Heterocyclic functionalization 

The functionalization of heterocycles via electrophilic substitution is selective for the C2 position of 

the 5 membered pyrrole/furan/thiophene and for the C3-carbon for their bicyclic counterparts. 

Whereas the target of the project was to introduce a functional group of the remote positions (figure 

3.1.1), the task is less straightforward. Two important examples of selective C7 activation of indoles 

were reported by Hartwig144 and Lei145 and required special directing groups on the nitrogen (Silyl 

and Pivaloyl-based) able to direct the metalation on the less reactive C7. 

 
Figure 3.1.1 Feasibility of C-H functionalization on heterocycles. 

An alternative is constituted by domino approach: in this case the heterocycle is built starting from 

non-heterocyclic precursors.  

3.2 The Domino approach to build remotely functionalized heterocycles with 

Hypervalent Iodine Reagents 

A first method for the alkynylation of carbons belonging to remote positions on the heterocyclic 

scaffolds was reported by our group in 2011. One pot reaction with TIPS-EBX via dual catalysis was 

developed to access C3-alkynylated indoles; Au(III) was required to allow the cyclization and Au (I) 

was subsequently added to perform the insertion of the alkynyl group.146 

Then in 2013 our group developed the first domino alkynylation on aryl-ketoallenes to access C3-

alkynylated furans (scheme 3.2.1, a). The same approach was applied again by Dr. Yifan Li for the 

Pt(II)-catalyzed synthesis of C5/C6 alkynylated indoles starting from conveniently alkylated pyrroles 

(scheme 3.2.1, b and c). Finally, in 2017, C3-alkynylated benzofurans and benzothiophene were 

accessed via a Au(III)-catalysis (scheme 3.2.1, d).  

                                                 
144 Robbins, D. W.; Boebel, T. A.; Hartwig, J. F. J. Am. Chem. Soc. 2010, 132, 4068. 
145 Xu, L.; Zhang, C.; He, Y.; Tan, L.; Ma, D. Angew. Chem. Int. Ed. 2016, 55, 321. 
146 Brand, J. P.; Chevalley, C.; Waser, J. Beilstein J. Org. Chem. 2011, 7, 565. 
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  Scheme 3.2.1 Previous work on Domino alkynylation by our group. 

 

3.3 Initial goal of the project  

Based on this seminal report, we then wondered if the Domino’s approach would have been useful 

also for the synthesis of remotely aminated/azidated heterocycles. Therefore, the initial goal of my 

project was the development of a Domino method involving cyano and azido transfer (scheme 3.3.1). 

However, as will be discussed in chapter 6, after some preliminary trials, the domino reactions did 

not afford the envisaged product, but a novel stable electrophilic indole reagent was formed instead. 

Scheme 3.3.1 Domino reaction on pyrrole with azido and cyano reagents. 
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4. Indole and Pyrrole Umpolung 

4.1 Selected examples for the relevancy of indoles and pyrrole 

Pyrroles and indoles are amongst the most frequently found electron-rich azoles.147 Their backbones 

can be found in pharmaceuticals,148 fragrances, agrochemicals and in natural bioactive compounds;149 

because of this prominence, they have been intensively studied since the 19th century. Indole motifs 

also find applications as starting materials for library design150 and identification of high-affinity 

ligands.151 The popularity of indole and pyrrole frameworks contributed to the development of 

countless methods for both synthesis,152 and functionalization methodologies relying on their innate 

nucleophilicity.153 

In particular, arylated pyrrole and indole are notable framework for top selling drugs such as 

Atorvastatin 4.1.1 and Fluvastatin 4.1.2,154 statin medications used to prevent cardiovascular diseases 

for patients at risk with high lipid levels. Interestingly, mixed bi-heterocycles 4.1.3 and 4.1.4 were 

also found to bear interesting biological activities as Pym Kinase inhibitors155 and anti-estrogen 

agents 156(figure 4.1.1 - a). 

Similar frameworks can also be found in complex natural compounds such as the Dictyodendrins 

family 4.1.5, interesting molecules with strong Telomerase inhibitor properties, and subjects of 

several interesting formal and total syntheses. Another famous example of indole-containing natural 

product with innate anti-tumoral properties is the Vinblastine 4.1.6, from the family of vinca 

alkaloids.157 Likewise, the Roseophilin158 4.1.7, an antibiotic isolated from Streptomyces 

griscovirides presents a furan-pyrrole subunit. Finally, the mixed bi-indoles motif is also represented, 

                                                 
147 Gordon W. Gribble. Indole Ring Synthesis: From Natural Products to Drug Discovery; Wiley. 
148 Horton, D. A.; Bourne, G. T.; Smythe, M. L. Chem. Rev. 2003, 103, 893–930. 
149 Ishikura, M.; Abe, T.; Choshi, T.; Hibino, S. Nat. Prod. Rep. 2013, 30, 694–752. 
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by Asteropusazole A 4.1.8,159 with a non-symmetrical indolo[3,2-a]carbazole skeleton accessed only 

via multi-step processes (figure 4.1.1 - b).160 

Fused aryl-indoles and mixed bi-indole can also be found embedded in polyaromatic structures such 

as photoelectronics 4.1.9 and hole transporting materials 4.1.10 (figure 4.1.1 - c).161 

 
Figure 4.1.1 Examples of Azole-based relevant top selling drugs and natural products. 

 

                                                 
159 Russell, F.; Harmody, D.; McCarthy, P. J.; Pomponi, S. A.; Wright, A. E. J. Nat. Prod. 2013, 76, 1989–1992. 
160 Zheng, X.; Lv, L.; Lu, S.; Wang, W.; Li, Z. Org. Lett. 2014, 16, 5156–5159. 
161 a) Shin Chang Ju, Kim Young Kwon, Kim Hyung Sun, Park Moo Jin, Seo Joo He, Yu Eun Sun, Choi Byoung Ki, H. 

K. Y. KR20150027937 (A) - Condensed compound and organic light emitting diode including the same. 

KR20130106306 20130904, 2015. b) Ryu, J. H.; Kim, C. W.; Kang, D. M.; Min, S. H.; Yoo, E. S.; Lee, P. K.; Jung, H. 

K. ORGANIC COMPOUND AND ORGANIC OPTOELECTRIC DEVICE AND DISPLAY DEVICE. KR2017/48094 

A, 2017 
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4.2 General reactivity of indoles and pyrroles 

As taught in introductory classes about heterocyclic reactivity, indoles and pyrroles are nucleophilic 

frameworks able to react with various electrophiles in both metal free and metal catalyzed reactions. 

For indole, the C3 carbon is more nucleophilic and reacts preferentially in nucleophilic aromatic 

substitutions, also because the benzene ring is able to conserve its aromaticity. Then re-aromatization 

eliminates the proton in C3 and reform the C2-C3 alkene (scheme 4.2.1 – a).  

 
Scheme 4.2.1 The classic reactivity of the indole framework. 

Also C2-functionalizations are possible, via nucleophilic aromatic substitution, when the C3 position 

is blocked by substituents). In this case, the attack can either happen directly at the C2 carbon, passing 

by de-aromatization of the benzyl ring, or the attack happens from the C3 and is followed by 1,2 shift 

of the group on the C2 (scheme 4.2.1 – b). Another possibility is the direct C-H activation of the C2, 

especially in combination with transition metals and/or in presence of directing groups installed on 

the nitrogen. The same type of reactivity is presented by pyrroles, as shown in scheme 4.2.2. In this 

case the regioselective formation of C2-functionalized products is observed; however the innate 

selectivity is lower for pyrroles, when compared to indoles. The presence of a directing group or a 

pre-existing functionalization on the C2/C5 carbons opens the possibility to obtain a C3/C4 

derivatized product. 

 
Scheme 4.2.2 The innate reactivity of pyrrole nucleus. 

On the other side, reactions between external nucleophiles and electron-rich indoles and pyrroles are 

not possible, because of the reactivity’s mismatch (Scheme 4.2.3).  
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Scheme 4.2.3 Nucleophiles reacting with electron-rich indoles and pyrroles, a mismatched reactivity 

 

4.3 Arylation of Heteroaryls via C-H activation (C-X, C-H and metal free) 

4.3.1 Introduction  

Among the high number of derivatizations, intermolecular arylative methodologies deserve a special 

mention, because arylated pyrroles and indoles are widely found as backbones of natural compounds, 

pharmaceuticals and in applied chemical sciences such as optoelectrical materials.162 

In the past decades, the main methods for arylative functionalizations relied on cross-couplings; 

however, these methods are not atom-economical, as a considerable amount of waste is generated. 

Moreover the starting materials often required multi-step synthesis and specific functional groups to 

fit in a narrow window of reactivity.161 More recently, a certain interest arouse for direct C-H 

arylation, as an equally potent and more direct method for heterocyclic functionalizations. The 

reported methods rely on the inherent nucleophilicity163 of the electron-rich pyrrole and indole nuclei 

to enable direct transformations of the C-H bonds. However, the high electron-density of indoles and 

pyrroles can be an issue because of their sensitivity to general oxidative conditions, acids and high 

temperatures. Furthermore, the chemical nature of the aryl partner does matter for the outcome of the 

reaction:164 in case of indoles and pyrrole, the aryl has to be electron-poor to match the nucleophilicity 

of the correspondent heterocycle. In case of methods involving Pd(0) or Rh(I) the tolerance for 

functional groups such as halogens, boronic acids and stannanes is low, as these groups often engage 

in oxidative addition with the catalytic complex, leading to eventual yield erosion.  

Specifically for the indole and pyrrole nuclei: the regioselectivity between the C2:C3 position is a 

main issue, as several factors play a pivotal role in the metalation step for the arylation of azoles 

(scheme 4.3.1).  

                                                 
162 Cacchi, S.; Fabrizi, G. Chem. Rev. 2005, 105 (7), 2873–2920. 
163 Lakhdar, S.; Westermaier, M.; Terrier, F.; Goumont, R.; Boubaker, T.; Ofial, A. R.; Mayr, H. J. Org. Chem. 2006, 

71 (24), 9088–9095 
164 Gaunt, M. J.; Beck, E. M. In Topics in Current Chemistry - CH activation; Topics in Current Chemistry; Springer, 

2010; pp 85–121. 
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The considered factors are: 

1. The most nucleophilic carbon for indoles, favoring the electrophilic metalation, is the C3-

carbon, but the most acidic proton, on the carbon framework, is the one on the C2, this 

facilitating the insertion of the metal in the C-H bond; 

2. Viceversa the C2 position is the more nucleophilic in the case of pyrrole, although the 

difference from the C3 in terms of nucleophilicity is not large. 

Considered these two factors, different metalation pathways are possible: a deprotonative metalation 

pathway would go for the position bearing the most acidic proton, affording intermediate I (concerted 

metalation-deprotonation, scheme 4.3.1 - a). An electrophilic one will favor the most electron-rich 

position, generating intermediate III (scheme 4.3.1 - c). A Heck-type insertive metalation is also 

possible, albeit less frequent.  

 
Scheme 4.3.1 C2- or C3-preferential metallation on electron-rich indoles and pyrroles. 

However, a 1,2 metal shift can occur between positions C3 and C2, and the metal would shift to form 

intermediate II. This migratory tendency of the metal-complex could be justified by the higher 

stabilization provided by the nitrogen on the C2-carbon, united to the fact that the carbocation on the 

C3 would be less de-stabilized. Base promoted re-aromatization followed by reductive elimination 

would then deliver the final arylated products.  

By tuning the nature of the catalytic-system, the presence of specific additives such as carboxylate 

base and different nitrogen substituents, influence on the outcome in terms of regioselectivity would 
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be appreciated.165 Nevertheless, as the selectivity/mechanism is dependent from reactions conditions, 

it can be difficult to control the final ratio of regioisomers.  

Usually, carboxylate salts aid the insertion of the metal in C – H bonds; the faster C2-metalation via 

CMD (concerted metalation-deprotonation) generates a C2 σ-indole Pd(II) complex (scheme 4.3.2).  

 

Scheme 4.3.2 mechanism for CMD pathway on indole. 

 

Herein are described the most relevant examples of late transition metal catalyzed arylation of 

heterocycles; methods involving aryl-iodides or bromides and milder methods involving hypervalent 

iodine reagents will be described.  

4.3.2 Aryl-halogenides as electrophilic partners. 

In this paragraph are reported the most significant examples regarding C-H functionalizations of 

indoles involving aryl-halogenides and late transition metals. While C2-selective arylations of 

unsubstituted indoles has been more documented, fewer methodologies have been reported so far for 

C3-selective arylations.166 Moreover, the majority of these palladium catalyzed protocols requires 

free N-H on the indole and bromoarenes as coupling partners. While this might seems as an initial 

advantage, in case of target driven synthesis it could hamper the regio-selectivity of following 

transformations.  

For Pd(0)/Pd(II) a seminal study on tunable arylation of indoles was reported in 2005 by Sames and 

coworkers.167 In their study the regioselectivity was found to be dependent from: 

1. the substituent on the nitrogen atom;  

2. the bulkiness of ligands and/or the coupling aryls;  

3. the choice of the magnesium salt used in the process.  

                                                 
165 Seregin, I. V.; Gevorgyan, V. Chem. Soc. Rev. 2007, 36, 1173–1193. 
166 Lebrasseur, N.; Larrosa, I. In Advances in Heterocyclic Chemistry; Alan Katritzky, Ed.; Academic Press, 2012; 

Volume 105, pp 309–351. 
167 Lane, B. S.; Brown, M. A.; Sames, D. J. Am. Chem. Soc. 2005, 127, 8050–8057. 
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An initial C3 electrophilic metalation followed by migration to C2 position was the proposed 

reactivity pathway; bulky aryl-palladium complexes, used in combination with a TMEDA-Mg salt, 

complexed on free NH (scheme 4.3.2) and slowed the rate of the migration, favoring C3 arylation. In 

absence of this specific TMEDA-Mg additive, and with alkyl N-substituents, the favored product is 

the C2 one, due to nitrogen stabilization of the metal intermediate. The desired products were obtained 

with variable levels of selectivity, albeit the results obtained by the Mg-protocol were found not 

reproducible and retracted (scheme 4.3.3). Moreover, Sames’s Pd(0) catalyst required not only high 

temperatures and long reaction times, but also did not tolerate sensitive functional groups such as 

halogens.  

  

Scheme 4.3.3 Palladium catalyzed regioselective C2:C3 arylation of indoles with Magnesium salts. 

A more recent publication by Larrosa et al.168 introduced Ag(I) salts and carboxylate ligands as key 

additives in combination with electrophilic Pd to achieve an excellent C2 selectivity with iodo-arenes  

(scheme 4.3.4).  

 

Scheme 4.3.4 C2 arylation of indoles by Larrosa and coworkers. 

In general, catalytic systems employing Pd(0) or Pd(II) as catalysts are the most used for azole 

(hetero)-arylations.166 While in the reported examples the regioselectivity was controlled mainly by 

the intrinsic reactivity of the indole nucleus, examples involving pyrimidine-directing group and a 

different transition metal as catalyst were reported by the group of Ackermann (scheme 4.3.5 – 

general equation).169 In this case, with the pyrimidine installed on indole’s nitrogen, and acting as 

                                                 
168 Lebrasseur, N.; Larrosa, I. J. Am. Chem. Soc. 2008, 130, 2926–2927. 
169 Ackermann, L.; Lygin, A. Org. Lett., 2011, 13, 3332–3335. 
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directing group, the metal complex insert only on the C2 position. The CMD (concerted metalation-

deprotonation) is aided by a carbonate furnished by a Ag(I) salt. Of particular interest, given the bio-

chemical interest in arylated peptides, is a recent report by Ackermann et al.170 in which a ruthenium-

catalyzed C2 arylation was performed on a tryptophan substrate (scheme 4.3.5).  

 

Scheme 4.3.5 C2 arylation of indoles, with N-Pyrimidine acting as directing group. 

Another Rh(I) catalyzed protocol enabled a highly selective C2-arylation (scheme 4.3.6)171 on N-H 

unsubstituted indoles.  

  

Scheme 4.3.6 Rh(I) C2 arylation of indoles by Sames and coworkers. 

 

  

                                                 
170 Schischko, A.; Ren, H.; Kaplaneris, N.; Ackermann, L. Angew. Chem. Int. Ed. 2017, 56, 1576–1580. 
171 Wang, X.; Lane, B. S.; Sames, D. J. Am. Chem. Soc. 2005, 127, 4996–4997. 
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4.3.3 Hypervalent iodine reagents as electrophilic partners. 

As reported in the previous paragraph, the conditions required for the arylation of indoles often rely 

on: high temperatures and long times (typically >120 °C for a minimum of 12 hrs), strong bases, an 

inert atmosphere (argon/nitrogen) to avoid degradation of the catalytic system. In principle, working 

with metals at a higher oxidation state allows milder reactions' conditions. An interesting method in 

this sense was reported by Sanford and coworkers (scheme 4.3.7).172 In this case, iodonium salts xx 

were used as a convenient source of arenes.  

  

Scheme 4.3.7 Pd(II)-catalyzed C-H arylation of indoles by Sanford and coworkers.  

 

Control experiments were performed in the report and it was shown that, in presence of aryl-boronic 

acids the palladium catalyst was able to perform oxidative addition exclusively on the hypervalent 

iodine, due to its electrophilic “hard” nature. Oxidative addition with aryl-iodonium salts then led to 

the intermediate Pd(IV) complex, and after reductive elimination the desired C2 products were 

afforded with >20:1 selectivity independently from the nature of  the nitrogen substituents. A C3 

functionalized indole was obtained when the C2 carbon was blocked, albeit in low yields. Moreover, 

for the pyrrole substrate, 10 equivalents of hypervalent iodine reagents were required, and products 

were preferentially obtained in the C2-isomer.  

Finally, an elegant Cu(II)-catalyzed methodology coupling indoles and diaryl-iodonium salts has been 

reported by Gaunt and coworkers.173 in 2008 affording high regioselectivity and good yields. Also in 

this case the key factor for regioselectivity was the nature of the N-protecting group: N-Me and N-H 

gave preference for the C3-position while N-Ac switched the selectivity favoring the C2-position 

(scheme 4.3.8).  

                                                 
172 Deprez, N. R.; Kalyani, D.; Krause, A.; Sanford, M. S. J. Am. Chem. Soc. 2006, 128, 4972–4973. 
173 Phipps, R. J.; Grimster, N. P.; Gaunt, M. J. J. Am. Chem. Soc. 2008, 130, 8172–8174. 
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Scheme 4.3.8 Selective C2:C3 arylation of indoles by Gaunt and coworkers. 

Pyrroles were not mentioned in the report and eventually, when the methodology was applied in the 

total synthesis of Rhanizinicine,174 the arylative method was not selective (scheme 4.3.9).  

 
Scheme 4.3.9 Synthesis of Rhazinicine by Gaunt and coworkers. 

Therefore the NH-pyrrole had to be silylated with a bulky silane such as TIPS-, and the boron pinacol 

ester installed via Ir(I)-catalyzed borylation developed by the groups of Malezcka175 and Hartwig-

Miyaura.176 The substrate was then arylated via Suzuki cross coupling and deprotected. Just very 

recently a Rh(I)-catalyzed protocol for selective C3-arylation on pyrrole substrates was reported177, 

however reaction conditions were harsh (150 °C) and the yield decreased by enhancing the bulkiness 

of N-substituents. Moreover NH-pyrroles did not engage in the transformation and useful functional 

groups such as halogens were not compatible with the reaction’s conditions.  

                                                 
174 Beck, E. M.; Hatley, R.; Gaunt, M. J. Angew. Chem. Int. Ed. 2008, 47, 3004–3007. 
175 Cho, J.-Y.; Tse, M. K.; Holmes, D.; Maleczka, R. E.; Smith, M. R. Science 2002, 295, 305. 
176 Ishiyama, T.; Takagi, J.; Ishida, K.; Miyaura, N.; Anastasi, N. R.; Hartwig, J. F. J. Am. Chem. Soc. 2002, 124, 390–

391. 
177 Ueda, K.; Amaike, K.; Maceiczyk, R. M.; Itami, K.; Yamaguchi, J. J. Am. Chem. Soc. 2014, 136, 13226–13232. 
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A metal free arylation of indoles with hypervalent iodonium salts was later reported by Ackermann 

and coworkers (scheme 4.3.10).178 In absence of catalyst, the predominant functionalized position 

was the C3, with yields and regioselectivity influenced by the choice of solvent (DMF gave a 5:1 

regioselectivity) and hypervalent iodine reagents counteranion; the yields were also moderate (53-

72%). 

 
Scheme 4.3.10 Metal free C3 arylation of indoles by Ackermann and coworkers. 

4.3.4 C-H/C-H oxidative coupling 

While the methods reported in the previous chapters rely on aryl-halogenides or hypervalent iodine 

reagents as the source of electrophilic partners, C–H arylations not requiring pre-functionalization of 

neither the two partners involved in the reaction are an alternative to the classical cross-couplings. 

However, this approach is as interesting as challenging, as in addition to the issues of regioselectivity 

and reactivity, the formation of unwanted homocoupled products has also to be avoided. 

The reports of Fagnou and coworkers179,180 are groundbreaking excellent examples of catalytic 

dehydrogenative cross coupling between indole and unfunctionalized arenes (scheme 4.3.11). Three 

parameters were critical for reactivity, reproducibility and regioselectivity: the nature of N-protecting 

group, a large excess of arene partner (up to 30 equivalents, 60 equivalents are used for particular 

substrates, vide infra) and the oxidant. The presence of N-acetyl and N-pivaloyl groups was 

mandatory as unprotected indoles failed to react and N-methylindoles mainly self-dimerized under 

the reaction conditions. A combination of N-Piv and Ag(I) salt in combination with Pd(TFA)2 and 

pivalic acid afforded an excellent C2-regioselectivity (up to 41:1 with only traces of di-arylation) on 

both indole and pyrrole substrates (one position between the C2 or C5 carbon has to be 

prefunctionalized, otherwise di-arylated products are obtained). N-Ac protecting  group in 

combination with Cu(II), 3-Nitropyridine and CsOPiv afforded C3-arylated indoles (scope C3:C2 

regioselectivity from 2.8:1 to 11.2:1 with satisfactory yields; better regio-selectivities were obtained 

with lower catalyst loading, at the expense of the yield). 

                                                 
178 Ackermann, L.; Dell’Acqua, M.; Fenner, S.; Vicente, R.; Sandmann, R. Org. Lett. 2011, 13, 2358–2360. 
179 Stuart, D. R.; Villemure, E.; Fagnou, K. J. Am. Chem. Soc. 2007, 129, 12072–12073. 
180 Stuart, D. R.; Fagnou, K. Science 2007, 316, 1172. 
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Scheme 4.3.11 Pd(II)-catalyzed C2 or C3 oxidative arylation of indoles by Fagnou and coworkers. 

 

In 2010, Fan and coworkers181 described a selective C3-oxidative cross couplings between anilines 

and indoles with of PIDA as oxidant (scheme 4.3.12). The aniline was premixed with the PIDA before 

adding the indole and the catalyst. Interestingly, the C4-methyl of the aniline proved to be crucial for 

the transformation, as other groups failed to deliver the desired compound. The reactivity and 

regioselectivity are favored by the methyl-group, as it has been hypothesized that the PIDA is 

responsible for de-aromatic oxidation of the aniline ring, subsequently attacked by the electron-rich 

indole nucleus. 

 

Scheme 4.3.12 Cu(II)-catalyzed C3 oxidative arylation of indoles by Fan and coworkers. 

 

This methodologies are not limited to the intermolecular cross couplings, as recently Greaney and 

coworkers182 reported an efficient strategy for an intramolecular oxidative cross-coupling between 

indoles and arenes (scheme 4.3.13). However, an EWG group on the C3 is necessary to match the 

required electronics and favor the regioselective coupling at the C2-carbon. 

                                                 
181 Wang, L.; Han, Z.; Fan, R. Adv. Synth. Catal. 2010, 352, 3230–3234. 
182 Pintori, D. G.; Greaney, M. F. J. Am. Chem. Soc. 2011, 133, 1209–1211 
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Scheme 4.3.13 Cu(II)-catalyzed C2 oxidative arylation of indoles by Greaney and coworkers. 

In 2018, Antonchick and coworkers183 reported an aerobic oxidative cross-coupling for the synthesis 

of homo-coupled bi-heterocycles (scheme 4.3.14). This methodology had the significant 

improvement of not using a stoichiometric amount of oxidant, relying instead on the use of molecular 

oxygen as oxidant in combination with nitrosonium salts. In this case, substrates necessitated of an 

aryl substituent on either C2 or C3-carbons of the five membered ring to match electronics of the 

reaction. The reaction proceeds via a SET mechanism, and the oxidative potential of nitrosonium 

salts is often compared to the one of hypervalent iodine reagents. 

 
Scheme 4.3.13 Cu(II)-catalyzed C2 oxidative arylation of indoles by Greaney and coworkers. 

 

 

  

                                                 
183 Bering, L.; Paulussen, F.M.; Antonchick, A.P. Org. Lett. 2018, 20, 1978-1081. 
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4.3.5 Cross-couplings of iodo-indoles and bromo-indoles 

Here are reported some selected examples of cross-couplings involving iodo- and bromo-indoles, 

specifically for the formation of (hetero)arene-indole C–C bonds. These methodologies, usually 

Suzuki-type, involve nucleophilic partners such as aryl-boronic acids or zincates, palladium catalysts 

with a low oxidation state and generally require high temperatures. Amongst the attractivenes of this 

methods are the stability to moisture, air, low toxicity of boronic acids and easy removal of boron-

containing side products. The recent development of a more active catalyst allowed the coupling of 

nitrogen heterocycles, that generally had a low reactivity in coupling reactions. In scheme 4.3.15 is 

reported the seminal work of Fu and coworkers184 for the coupling of challenging aryl halides. 

 

Scheme 4.3.15 Pd(0)-catalyzed synthesis of bi-heteroarenes by Fu and coworkers. 

In scheme 4.3.16 is reported the Masuda borylation-Suzuki arylation sequence (MBSA) by Müller 

and coworkers.185 Several iodo-indoles were firstly converted in boronic ester derivatives, then 

coupled with others halogen-heteroaryls for the synthesis of mixed bi-hetero-arenes derivatives. The 

“halogen to boronic ester” passage was necessary to match the required electronics of the system. 

 

Scheme 4.3.16 Pd(0)-catalyzed C3 hetero-arylation of iodo-indoles by Müller and coworkers. 

A further generalization of the method was then reported by Zhou in 2014;186 several heteroaryl 

bromides were coupled with heteroaryl-boronic acids. While the reaction worked well for electron-

poor heteroaryls-boronic acids, for electron-rich substrates hydrolysis and decomposition issues 

arose. 

 
Scheme 4.3.17 Pd(0)-catalyzed synthesis of bi-heteroarenes by Zhou and coworkers. 

                                                 
184 Kudo, N.; Perseghini, M.; Fu, G.C. Angew. Chem., Int. Ed. 2006, 118, 1304-1306. 
185 Tasch, B. O.; Antovic, D.; Merkul, E.; Müller, T. J. Eur. J. Org. Chem. 2013, 4564-4569. 
186 Zou, Y.; Yue, G.; Xu, J.; Zhou, J. Eur. J. Org. Chem. 2014, 5901–5905. 
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In the previous examples, the regioselectivity of the activated position was maintained. In 2017, Yue 

and coworkers (scheme 4.3.18),187 reported a curious example of heterocycles-arene cross-coupling 

with complete 1,2 migration of the tetra-coordinated oxo-palladium complex to the more 

thermodynamically stabilized C2-position. It has been speculated that aryl steric hindrance and the 

specific ligand are influencing factor in the transformation. 

 

Scheme 4.3.18 Pd(0)-catalyzed synthesis of C2-arylated indoles by Yue and coworkers. 

 

  

                                                 
187 Yue, G.; Wu, Y.; Wu, C.; Yin, Z.; Chen, H.; Wang, X.; Zhang, Z. Tet. Lett. 2017, 58, 666-669. 
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4.4 The reactivity of electrophilic indoles and pyrroles 

4.4.1. Umpolung of Indoles and Pyrroles: State of the Art 

At the starting of this PhD thesis, very few successful examples of electrophilic indole and pyrrole 

synthons were reported.188 In this chapter are reported the obtained results of electrophilic indole-

based iodonium salts. Other Umpolung approaches will be discussed in this context. These reports 

can be divided in three categories: an Umpolung of indoles and pyrroles aided by the installation of 

electron-withdrawing groups on the C2-C3 bond (scheme 4.4.1, box A), the application of PIDA to 

promote an oxidative dearomative process (scheme 4.4.1, box B), and the in-situ synthesis of 

electrophilic indole via gold-catalyzed Domino cascade (scheme 4.4.1, box C). The latter two 

approaches involve a classic nucleophilic attack on a transient, highly electrophilic iminium 

intermediate and could be used for the synthesis of natural alkaloids.189  

 
Scheme 4.4.1 The three main classic approaches for Indole Umpolung 

4.4.2 Umpolung of azoles aided by non-removable electron-withdrawing groups. 

The in-situ umpolung of indoles can be aided by installing electron-withdrawing groups on the 

nitrogen. 1-Phenylsulfonylindoles are usually installed on the indole’s nitrogen to deplete the 

electron-density at the C3-carbon, favoring the attack of a nucleophilic reagent (scheme 4.4.2). The 

ketone moiety installed on the C2 position also helps further activating the C3 position, as the system 

recalls a Michael acceptor. Nucleophilic attack followed by re-aromatization to the indole is enabled 

by the loss of the ArSO2- group installed on the nitrogen and the proton on the C3 position.  

 

Scheme 4.4.2 Intramolecular nucleophilic substitution of electron-deficient indoles 

                                                 
188 Bandini, M. Org. Biomol. Chem. 2013, 11, 5206–5212. 
189 Loh, C. C. J.; Enders, D. Angew. Chem. Int. Ed. 2012, 51, 46–48. 
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This example is particularly relevant because the activating group is removed in-situ without the 

necessity of a deprotective step. The same principle was also applied by Gribble and coworker,190 in 

this case the activated position is the C2, as a nitro group is installed on the C3. The now extremely 

electrophilic position was then attacked by a malonate unit to generate a di-substituted indoline 

(scheme 4.4.3). Re-aromatization doesn’t occur as the negative charge generated in C3 after the 

functionalization is fastly protonated.  

 

Scheme 4.4.3 Intermolecular Michael reaction on nitro-indoles with ethyl-malonate 

Indoles de-aromatization processes has been exploited many times, as many natural products present 

the saturated C2-C3 connection, therefore, most of these combined functionalization de-

aromatization sequences have been frequently used in total synthesis.158  

Another de-aromative approach was reported by the Gribble group in 1999,191 in this case the 

hypervalent iodine is introduced as a stoichiometric oxidant, and the process is oxidative. The 

dimethyl-indole substrate in scheme 4.4.4 is activated by PIDA on the nitrogen. The electron-density 

at the C3 is depleted, and this carbon acquires electrophilic character. The intermediate was then 

trapped by an external nucleophile to form a C3-tetrasubstituted indolenine (scheme 4.4.4). 

 

Scheme 4.4.4 Metal free oxidative etherification of di-substituted indoles to form indolenine derivatives 

Finally, an interesting Au(I)-catalyzed domino cyclization was reported by Gagosz in 2011.192 The 

key-step involved a Au-carbene trapped by a nucleophile. In this reaction, the homopropargyl-aryl 

azide undergoes a Au(I)-catalyzed Schmidt reaction in which the intermediate α-imino gold carbene 

is trapped by an external nucleophile. The desired oxindole product is finally obtained via an 

intramolecular Claisen rearrangement that install the allyl group on the C2 position (scheme 4.4.5). 

                                                 
190  Pelkey, E.T.; Gribble, G. W. Synthesis, 1999, 1117. 
191 Pelkey, E. T.; Barden, T. C.; Gribble, G. W. Tetrahedron Lett. 1999, 40 (43), 7615–7619. 
192 Wetzel, A.; Gagosz, F. Angew. Chem. Int. Ed. 2011, 50, 7354–7358. 
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Scheme 4.4.5 Formal Umpolung of Indole via Au-carbene 
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5. Goal of the project 

After the introductory part on indoles arylation (chapter 4.3 and Umpolung (chapter 4.4 and chapter 

1), we noticed a gap in synthetic methodology. In fact, a plethora of methods for C–H activation and 

cross-coupling are reported in literature, but all of them are depending from the intrinsic 

nucleophilicity of the indole and pyrrole nuclei, and this usually results in regioselectivity issues. For 

these reasons, the development of an umpoled reactivity pattern, with nucleophilic arenes reacting 

with electrophilic indoles and pyrroles synthons would have synthetical advantages. 

At the conception of this project, few methodologies based on the reversal of reactivity of indoles 

have been reported (see chapter 4.3). These methods presents drawbacks in terms of feasibility and 

compatibility with substrates and functional groups. The strategy to generate an electrophilic indole-

based iodonium intermediate has been reported too, but is limited to specific substrates or generally 

requires the free NH on the heterocycle and/or specific nucleophiles.193 Moreover, in order to generate 

the desired hypervalent compound the presence of electron-withdrawing groups such as esters and 

halogens on the indole core was often required, and the compound immediately decomposed in the 

presence of bases and/or in polar solvents (figure 5.1). 

 

Figure 5.1 Indole iodonium reagent’s main drawbacks 

Another issue was the compatibility of useful groups like halogens, boronic acid/ester, esters: it’s 

generally known that catalytic processes with metals at a higher oxidation state metalsare milder and 

tolerant towards these functional groups. 

In summary: we needed to invert the normal reactivity of azoles to achieve exclusive regioselectivity 

in arylation while at the same time granting:  

1. chemoselectivity;  

2. tolerance of sensitive functional groups;  

3. generality for different nucleophilic arenes; 

4. a mild and user-friendly synthetic method; 

                                                 
193 See chapter 4. 
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As will be described in the next chapter, a serendipitous result allowed us to discovery a new class of 

electrophilic indole and pyrrole reagents. After the initial discovery, we assessed four criteria for the 

optimization process: (1) stability, (2) reactivity, (3) versatility, (4) easiness of preparation and 

eventually a scalable synthesis (figure 5.2). For the stability criterion we considered the existing 

cyclic arylbenziodoxolones: they present lower reactivity when compared to the noncyclic 

aryliodonium salts. The second criterion was related to the benziodoxolone core nature: when 

working with iodonium salts in nucleophilic displacement, a promiscuous reactivity can be expected, 

therefore the partners in a reaction have to be tuned carefully: with this new class of reagents we 

expected not only a high compatibility with the oxophilic metals such as Rhodium and Ruthenium 

(as they were already used in combination with ethynyl-benziodoxolones).  

 

Figure 5.2 a) General structure of the indolyl iodonium salts and its characteristic; b) design of the reagent in al its parts 

When designing the reagent we also considered the versatility in terms of functional groups. The 

reported iodonium salts needed either the free nitrogen, to aid the formation of the betaine 

intermediate, or the presence of electro-withdrawing groups such as esters and bromines, to stabilize 

the iodonium salt. The goal of this PhD thesis was to synthetize and optimize a class of electrophilic 

stable and customizable indole and pyrrole synthons: convenient. The second goal was to test the 

reactivity these new reagents for the C-H activation of nucleophilic substrates, both in metal-

catalyzed and metal-free processes 
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6. Results and Discussion 

6.1 Synthesis of Electrophilic Indole and Pyrrole Benziodoxolone Reagents 

6.1.1 Early discovery and assignation of the correct structure. 

The initial goal of this PhD thesis was to synthesize heterocycles functionalized in remote position 

via Domino’s approach. As a Pt-catalyzed protocol to access C5/C6 alkynylated indoles has been 

already developed in our group, we wondered if the same approach could have been replicated with 

azido reagents. However, when substrate 6.1.1 and reagent 1.3.26 were treated with a catalytic 

amount of Pt(II), under basic conditions in scheme 6.1.1, derivative 6.1.2 was not detected in the 

reaction mixture via HRMS and NMR analyses. 6.1.3 was detected instead. However, the seemingly 

etherified compound decomposed during purification.  

 

Scheme 6.1.1 Attempted Domino reaction and unexpected result.  

Intrigued by this result, we decided to repeat the reaction with commercially available methyl-pyrrole 

6.1.4a and –indole 6.1.7a; in fact, we wanted to assess if the new reactivity was a particular case to 

be ascribed only to the specific propargyl-group of pyrrole 6.1.1 or if the reactivity was general. 

Moreover, substrate 6.1.1 presented problems of stability and required a multi-step synthesis. When 

the reaction was repeated with methyl-pyrrole 6.1.4a (scheme 6.1.2), we were able to isolate a 1:1 

mixture of derivatives in almost quantitative yield. Methyl-indole 6.1.7a generated only one 

regioisomer in lower yield. At this point, we hypothesized a C–O bond formation between the 

hexafluoro-alcohol and the azole (structures 6.1.5a-b and 6.1.6a-b). However, suspicions regarding 

the structure of the compounds arose because of their extremely polar nature and low solubility in 

apolar aprotic solvents. An in-depth NMR full characterization analysis of 6.1.8-6.1.9 revealed a 

significant shift of singlet H-C2 and of C3-I from the reported values for 

hexafluoromethoxypropanyliodobenzene,194 C3-etherified indoles position,195,196  

 

                                                 
194 Togni, A.; Stolz, D.; Cvengroš, J. Synthesis (Stuttg). 2009, 16, 2818–2824. 
195 Zhou, S.; Wang, J.; Wang, L.; Chen, K.; Song, C.; Zhu, J. Org. Lett. 2016, 18, 3806–3809.  
196 Syu, S.; Lee, Y.-T.; Jang, Y.-J.; Lin, W. Org. Lett. 2011, 13, 2970–2973.  
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Scheme 6.1.2 Explorative reaction with commercially available substrates 6.1.14a-6.1.17a 

hexafluorodimethyl-derived benziodoxoles197 and (figure 6.1.1). The indole H-C2 signal at 7.51 ppm 

was in a  lower field than expected (figure 6.1.1); moreover, Iodane(III)-derived compounds can 

usually be differentiated from the corresponding iodines thanks to a characteristic 13C NMR shift of 

the C-I(III) bond, which moves about 20-30 ppm towards lower fields, fitting more with an iodine(III) 

character.198 The observed values of 81.7, 84.5 and 112.2 ppm were more in line proposed 

benziodoxole structure (figure 6.1.1). HMBC-NMR experiments allowed a  

 

Figure 6.1.1 Expected NMR peaks for products 6.1.8 and 6.1.9. 

 

full assignment of the signals:199 the 112.2 ppm signal belonged to the ArC-I(III) nucleus, the 84.2 

ppm one the C3-I(III) bond on the indole, supporting the hypervalent iodine structure hypothesis. 

HMBC correlation was observed between the H-Ar signals at 6.96 and 7.86 ppm and the quaternary 

carbon C(CF3)2 at 112.2 ppm (in orange, figure 6.1.2); finally, a correlation was observed between 

                                                 
197 Li, Y.; Brand, J. P.; Waser, J. Angew. Chem. Int. Ed. 2013, 52, 6743–6747. 
198 Cambeiro, X. C.; Ahlsten, N.; Larrosa, I. J. Am. Chem. Soc. 2015, 137, 15636–15639.  
199 For the full characterization of derivative 6.1.9 please see the experimental part 
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the C2-H signal at 7.54 ppm and the C3-I(III) ppm of the indole (in blue, figure 6.1.2), thus confirming 

the proposed structure .  

 

Figure 6.1.2 NMR assignation of IndoleBX reagent 1.6.9. 

As benziodoxole-based indole or pyrrole reagents were unprecedented, we decided to further improve 

their synthetic process and assess their properties and potential synthetic applications. 

 

6.1.2 The optimization process for the synthesis of C3-IndoleBX 6.1.10a 

The initial discovery reactions used azido reagent 1.3.26 as a iodine(III) precursor; unfortunately, 

azido benziodoxole present a certain degree of hazard and toxicity, as they free hydrazoic acid as 

byproduct. Moreover, the hexafluorodimethyl scaffold is not the most convenient of the iodane(III) 

series, as it requires multistep synthesis and expensive starting materials. For these reasons the 

optimization process initially focused on the screening of convenient and milder benziodoxole 

precursors. 

For the synthesis of IndoleBXs and PyrroleBXs we considered the previous syntheses of ethynyl-

benzodioxolones we thought the inherent nucleophilicity of azoles to be sufficient for their interaction 

with a preformed cyclic benziodoxolone such as 1- hydroxy-1,2-benziodoxol-3-(1H)-one 1.3.11 or 
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1- acetoxy-1,2-benziodoxol-3-(1H)-one 1.3.12. In table 6.1.1 is reported the optimization of 

benziodoxolone precursors and additives. We started with hydroxy-benziodoxolone 1.3.11, given its 

facile synthesis from commercially available sources; however the desired product was not obtained, 

either using a catalytic amount of TMSOTf (table 6.1.1, entry 1) or Zn(OTf)2 (table 6.1.1, entry 2). 

We then decided to use a better leaving group than the hydroxy one. As OAc- has better leaving 

properties than the hydroxy, we decided to test OAcBX 1.3.12. This strategy proved to be successful, 

as the desired product was obtained, albeit in lower yields, with a catalytic amount of Lewis Acid. 

The control experiment, performed in the sole presence of reagent 1.3.12, failed to afford any 

conversion; therefore the presence of a catalyst able to activate the cyclic benziodoxolone is necessary 

(table 6.1.1, entry 3). TMSOTf in catalytic amount provided a conversion of 16% (table 6.1.1, entry 

4).  

Table 6.1.1: Screening of additives for the synthesis of C3-IndoleBX 6.1.10a 

 

Entry Reagent Additive Yield%a 

1 HOBX 1.3.11 TMSOTf -b 

2 HOBX 1.3.11 Zn(OTf)
2
 -b 

3 AcOBX 1.3.12 - -b 

4 AcOBX 1.3.12 TMSOTf 16 

5 AcOBX 1.3.12 Zn(OTf)2 36b 

6 AcOBX 1.3.12 Cu(OTf)
2
 36c 

7 AcOBX 1.3.12 AgNTf
2
 -c 

8 AcOBX 1.3.12 AgF -c 

9 AcOBX 1.3.12 CsF -c 

10 AcOBX 1.3.12 TBAF -c 

a) Substrate 6.1.7a (0.100 mmol), reagents 1.3.11-1.3.12 (0.110 mmol), additive (20.0 mol%), and Et2O (0.05 M) at 25 

°C. Isolated yield after flash chromatography is given. b) No conversion: starting materials recovered. c) Complete 

decomposition of the hypervalent iodine reagents. 
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We then decided to explore different Lewis acid such as Zn(OTf)2 (table 6.1.1, entry 5) and Cu(OTf)
2 

(table 6.1.1, entry 6). In both cases we obtained an encouraging 36% yield. However, while in the 

presence of Zn(II) the unreacted starting material was recovered, Cu(II) provided decomposition of 

the starting material and the final product. This result is important, because it preliminarily suggests 

that the new reagents are activated by Copper. A silver additive such as AgNTf2 (table 6.1.1, entry 7) 

only resulted in the formation of a complex mixture and decomposition. Fluoride additives were 

employed, as the fluoride is able to attack the hypervalent iodine center and induce the opening of the 

cyclic benziodoxolone. Unfortunately, AgF, CsF and TBAF (table table 6.1.1, entries 8-9-10) failed 

to afford any conversion. Because of the low solubility of the starting material in diethyl ether, we 

decided to investigate different solvents: after a preliminary solubility test we identified THF and 

DCM as suitable media (table 6.1.2).  

Table 6.1.2: Solubility tests of the starting reagent 6.1.10a 

Entry Solvent Solubility 

1 CH
3
CN poor 

2 DCM Completely soluble 

3 THF Slightly soluble 

4 Dioxane Not soluble 

5 EtOAc Not soluble 

6 MeOH decomposition 

8 Et
2
O Slightly soluble 

 

We then performed the reaction employing different amounts of Zinc(II)Triflate: THF proved to be 

unsuitable for the transformation, as the desired product was not obtained in the presence of 10 mol%, 

20 mol% and 1 equivalent of the catalyst (table 6.1.3, entries 1-3).  
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Table 6.1.3: Screening of solvents and additive loading for the synthesis of C3-IndoleBX 6.1.10a 

 

Entry Solvent X mol% Zn(OTf)2 Yield%a 

1 THF 10 -b 

2 THF 20 -b 

3 THF 1 equiv. -b 

4 DCM 10 Full conversionc 

5 DCM 20 97 

6 DCM 1 equiv. decomposition 

a) Substrate 6.1.7a (0.100 mmol), AcOBX 1.3.12 (0.110 mmol), Zn(OTf)2 (X mol%), and solvent (0.05 M) at 25 °C. 

Isolated yield after flash chromatography is given. b) No conversion: starting materials recovered. c) 2 equiv. of OAcBX 

1.3.12 are needed. 

Conversely, DCM was the best solvent: when 10 mol% of the catalyst was used (table 6.1.3, entry 

4), the conversion was excellent but the reaction was slow (48 hours) and two equivalents of OAcBX 

1.3.12 were necessary to achieve completion. When 20 mol% of catalyst loading were used, the 

desired product was obtained in an excellent 97% yield (table 6.1.3, entry 5), but still traces of the 

indole were detected. Finally, 1 equivalent of the Lewis acid only resulted in massive decomposition 

and polymerization (table 6.1.3, entry 6), and the yield was not determined.  

6.1.3 Tentative mechanism for the synthesis of IndoleBX 6.1.10a 

In figure 6.1.3 it is reported a provisionary mechanism for the synthesis of C3-IndoleBX reagents. 

OAcBX 1.3.12 would be activated by zinc triflate, with the triflate attacking the hypervalent iodine 

center and the zinc(II) binding the carboxylate, leading to the formation of intermediate II. Then 

methylindole 6.1.7a would attack I to form intermediate II. If methylindole xx would attack from 

C3-carbon, intermediate IIA would form. Acetate assisted deprotonation-rearomatization of IIA 

would be followed by carboxylate attack on the iodine(III), eliminating acetic acid and forming 

product 6.1.10a (figure 6.1.3). As in our reaction we never observed the formation of C2-regioisomers 

IIB and IIIB, we discarded the eventual attack from the C2-carbon of methylindole. In principle, the 

attack from the C3 carbon is always energetically favored, as it would not break the aromaticity of 



Part II: Umpolung of the Reactivity of Indoles and Pyrroles 

 

85 

 

the benzyl ring. Therefore, we ruled out even the possibility of a C2-attack followed by 1-2H shift 

and intramolecular rearrangements.  

 

Figure 6.1.3 Mechanistical consideration for the formation of IndoleBX 6.1.10a. 

To definitely rule out pathway B, we prepared the C2-deuterium enriched substrate 6.1.7a and we 

performed the reaction. If pathway B would have been feasible, we should have observed at least a 

minimal erosion of the isotopic enrichment. As derivative 6.1.10aD was obtained with the same D-

enrichment percentage (scheme 6.1.3), the favored pathway seems to be the A one. 

 

Scheme 6.1.3 Synthesis of C2-Deuterium enriched-C3IndoleBX 6.1.10aD. 
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6.1.4 Scope of IndoleBX and PyrroleBX 

After the initial optimization we decided to scale up the synthesis of the reagent by employing the 

best developed conditions. As highlighted in scheme 6.1.4, IndoleBX 6.1.10a is synthesizable in 1 

mmol (89% yield) and 10 mmol (87% yield) mmol scale; the yield decreased as the scale was 

increased: this result was explained by the increased polymerization of the starting heterocycle (the 

reaction presented a dark violet color and polymerization/decomposition is detected on the TLC as 

well as in the NMR spectrum). 

 
Scheme 6.1.4 Scope of Indole-based Benziodoxolones 6.1.10a-6.1.10h on 1.0 mmol 

For the scope we screened differently substituted indoles (figure 6.1.4 - all reagent syntheses were 

performed on the 1.0 mmol scale); NH -IndoleBX reagent 6.1.10b was obtained from the N-TBS 

Indole precursor in presence of catalytic scandium(III)triflate, its yield a good 78%. The structure of 

reagent 6.1.10b was later confirmed by X-Ray analysis (figure 6.1.4): the observed structure matches 

with our initial hypotheses and the NMR data. Of particular importance is the length of the bond 

between I(III) and O: it is of 2.510-2.519 Angstrom, it is a very long coordination, however this data 

match the one reported by Zhdankin et al.200 in case of Aryl-BXs. Also in their case the solvent of 

crystallization played an important role for the the stabilization of the carboxylate crystal structure 

(O2-I2 interaction and hydrogen bonding between O3 and O5 shown in figure 6.1.4). The T-shape is 

                                                 
200 Merrit, E.A.; Olofsson, B. Eur. J. Org. Chem. 2001, 20, 3690-3694. 
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well visible and, additionally, the indole framework spatially orientates itself orthogonally to the 

benziodoxolone part. Hypothetically, this should reduce to the minimum the steric hindrance around 

the iodine center. 

  

Figure 6.1.4 X-Ray analysis of NH-IndoleBX 6.1.10b. 

Returning to the scope: a methyl substituent in the Indole C2 position was well tolerated and 6.1.10c 

was accessed in an excellent 91% yield. Functional group on the C5 carbon were also easily tolerated, 

as OMe-bearing reagents 6.1.10d was obtained in an excellent yield. Synthetically useful halogens 

such as F-, Cl- and I- were not removed under the reaction’s conditions, and reagents 6.1.10e, 6.1.10f 

and 6.1.10g were synthetized in good yields (range from 62% to 81% yield). Given the importance 

of boronic esters in cross couplings we thought that a benziodoxolone reagent bearing a boron 

pinacolate group would be useful for follow-up reactions: compound 6.1.10h was synthesized under 

normal conditions and obtained in a moderate 39% yield. We then moved to the synthesis of 

differently N-substituted indoles (figure 6.1.5). Also in this case the optimized procedure proved to 

be reliable, as N-alkylated products 6.1.10i-6.1.10k were obtained. Olefin and Phenyl containing N-

alkyl reagents 6.1.10i and 6.1.10j were successfully synthetized on the 1 mmol scale with good yields. 

Finally, the presence of a sterically hindering N-OTIPS alkyl allowed the synthesis of 6.1.10k in a 

moderate 60% yield. 
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Figure 6.1.5 Scope of N-substituted IndoleBX reagents. 

Reagents with a functionalized benziodoxolone cores were then synthesized: these products could be 

extremely interesting if applied in reactions in which the benziodoxole core is also transferred to the 

product or to modulate the oxidative potential. Desired compounds 6.1.10l and 6.1.10m were 

obtained in moderate yields with no need for re-optimization (figure 6.1.6). Different azoles were 

also employed and, although the yield was considerably lower than the other entries, the synthesis of 

AzaindoleBX 6.1.10n and CarbazoleBX 6.1.10o is an interesting proof of principle because it shows 

that our method could be applied to other heterocycles. 

  

Figure 6.1.6 Scope of other functionalized benziodoxoles 6.1.10l-6.1.10m and different azole-based reagents 

Once we completed the “representative” examples of Indole-Benziodoxolones, the benziodoxole 

class was also synthesized, as numerous catalytic processes involving hypervalent iodine are known 

to work preferentially with specific backbones.48 

 
Figure 6.1.7 Examples of IndoleDBX and IndoleHFDBX. 
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Starting from 3,3-dimethyl-1λ3-benzo[d][1,2]iodoxol-1(3H)-yl acetate 1.3.22 and applying the 

general optimized conditions, IndoleDBX 6.1.11 (figure 6.1.7) was obtained in a very good yield, 

albeit the compound is less stable than the reagents with the benziodoxolone core and slowly 

decomposes with time. For the hexafluoro-di-methyl backbone we resorted to 1-azido-3,3-

bis(trifluoromethyl)-3-(1H)-1,2-benziodoxole 1.3.26 as the precursor: good results were obtained in 

DCM (76% yield for reagent 6.1.9) after an initial attempt in Et2O (25% yield). We then revolved 

towards the synthesis of the “PyrroleBX class” (scheme 6.1.5). When the starting pyrrole bore a TBS 

nitrogen protecting group we observed a complete C3 regioselectivity for reagent 6.1.13a. This 

example is particularly interesting being the first example of a stable and isolable pyrrole-based 

hypervalent iodine reagent in absence of stabilizing functional groups. Additionally, when methyl-

pyrrole and benzyl-pyrrole where used as substrates, a mixture of C2:C3 linked reagents was 

obtained.  

  
Scheme 6.1.5 Scope of Pyrrole-based reagents. 

In both cases the regioisomers are separable via column chromatography and compounds 6.1.13b, 

6.1.13c, 6.1.13d and 6.1.13e were obtained. This is a very remarkable result, especially for C3 

regioisomers 6.1.13c and 6.1.13e, given the possibility to employ them separately in catalysis, without 

the need of special additives to tune the regioselectivity of the next step. Also for compound 6.1.13a 

we were able to obtain a crystal structure (figure 6.1.8).  The proposed structure for the C3 
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regioisomer was confirmed as well as, de facto, the correlation with the specific NMR C-I(III) 13C 

signal. 

 

Figure 6.1.8 X-Ray analysis of NH-PyrroleBX 6.1.13a. 

For the pyrrole C2 regioisomers, the C-I(III) 13C signal is significantly shifted to lower fields of about 

15 ppm; this is possibly due to the electronic effect of the neighboring nitrogen. For compound 

6.1.13a, the length of the bond between I(III) and O is about of 2.537 Angstroms; this coordination 

is very long, it is possibly due to the coordination of the carboxylate with a second molecule of the 

reagent and the solvent of crystallization (interactions O2A-I1 and hydrogen bonding O3-O1 shown 

in figure 6.1.8).  

Furthermore, the synthesis of PyrroleBXs with a functionalized aryl backbone was possible in the 

same fashion as for indole derivatives. Starting materials bearing two methoxy groups on the C4-C5 

carbons of the aryl backbone afforded products 6.1.13f and 6.1.13g (the C2:C3 regioisomers are 

separable via column chromatography), with a 1:2 C2:C3 ratio (figure 6.1.9). Moreover, we 

investigated the synthesis of reagents bearing a strong electron-withdrawing group on the reagent’s 

backbone: fluorine and nitro functionalities were selected due to their strong electron-withdrawing 

nature, the desired compounds 6.1.13h-6.1.13i and 6.1.13j-6.1.13k (the C2:C3 regioisomers are 

separable via column chromatography) were obtained with yields going from moderate to excellent 

(figure 6.1.9). Interestingly, the electronics and steric properties of the backbone are extremely 

important for the C2:C3 ratio on the pyrrole. 
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Figure 6.1.9 Examples of PyrroleBXs with a functionalized backbone. 

While on IndoleBXs this phenomena is not expressed, as only the C3 regioisomer is obtained, on the 

pyrrole-based reagents it is possible to see a general influence on the reaction’s regioselectivity. This 

tendency is confirmed also when the carboxylate framework of the benziodoxole is modified, as 

shown in figure 6.1.10: PyrroleDBXs 6.1.14a and 6.1.14b were obtained as an unseparable (yet) 

mixture of regioisomers: also in this case the preferred regioisomers was the C3 one. In case of the 

hexafluoro-di-methyl backbone, the desired Pyrrole(CF3)2DBXs 6.1.6a and 6.1.6b (the C2:C3 

regioisomers are separable via column chromatography) were accessed in an excellent yield.  

 
Figure 6.1.10 Examples of PyrroleDBXs 

As we have seen from the scope, the pyrrole reagents presents different degrees of C2:C3 regio-

distribution, depending on the sterical hindrance of the functional group installed on the nitrogen and 
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the presence of electron-donating or electron-withdrawing groups on the benziodoxole(on)e core. 

“Neutral” reagent 6.1.13b-c gives a 1:1 C2:C3 ratio. While the exclusive C3-selectivity for reagent 

6.1.13a can be explained by the sterical hindrance of the N-TBS (removed in situ), electronic factors 

are to be considered for the other results. As shown in figure 6.1.11, the highest C2:C3 ratio is 

observed in case of reagent 6.1.6j-k. In this case, the NO2- group is in para position to the iodine(III), 

and contributes to deplete of electrons the already electrophilic center. This impoverishment is 

balanced by the slightly higher nucleophilicity of the C2-carbon of the pyrrole nucleus. Vice versa, 

electron-donating groups such as OMe- and the dimethyl-scaffolds switch the regio-outcome more 

towards the C3. 

 

Figure 6.1.11 PyrroleBX reagents in order of C2:C3 distribution. 

Finally, thiophene- and dimethyl furan-benziodoxolone derivatives 6.1.15 and 6.1.16 were also 

synthesized according to our procedure. The yield is low, but encouraging (figure 6.1.12). 

 

Figure 6.1.12 other heterocycles-derived benziodoxolones. 
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We observed that the an electron-rich or neutral N-protecting group is necessary for the reaction, as 

electron-withdrawing groups such as Acetyl and Boc only afforded the desired compounds 6.1.17 

and 6.1.18 in traces. Finally, Tosylate and Ph groups did not allow the reaction to proceed. Similarly, 

C3-alkylated indole substrates did not allow the formation of a C2-IndoleBX regioisomer. Other 

heterocycles such as bromo-pyrroles, selenophene, benzofurans and benzothiophenes all failed to 

afford the desired reagents. On the opposite side, also too electron-abundant pyrroles such as 

derivative 6.1.29 failed to afford a stable benziodoxole (all in scheme 6.1.6). 

 

Scheme 6.1.13 Heterocycles unfit for the synthesis of Indole- and PyrroleBXs. 
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6.1.6 DSC analysis and safety profile of reagents 6.1.10a-6.1.13c. 

  

Figure 6.1.13 DSC thermogram of NMe-PyrroleBX 6.1.10a 

 

 

 

Figure 6.1.14 DSC thermogram of C3-NMe-PyrroleBX 6.1.13c 
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Figure 6.1.15 DSC thermogram of C2-NMe-PyrroleBX 6.1.13b 

 

6.1.7 Envisaged activation modes and reactivity of Indole- and PyrroleBXs. 

We then turned to the investigation on the reactivity of the new reagents. Based on the transformations 

developed for TIPS-EBX,201 four activation mode were selected (scheme 6.1.17): 

1) oxophilic transition metal catalyst such as Rh(III), Ru(II) and Ir(II), that have been used in 

combination with TIPS-EBX 1.3.19 in the context of metal-catalyzed alkynylation of aromatic and 

aliphatic substrates (scheme 6.1.17, A); 

2) Lewis Acid activation: in which the cyclic form of the benziodoxole reagent is converted in situ to 

the more reactive acyclic iodonium intermediate. Lewis Acids such as metal triflates and silyl 

halogenides are commonly used for this purposes (scheme 6.1.17, B); 

3) SET activation: in which the C-I(III) bond of the reagent is homolytically cleaved to generate the 

desired C3-Indole radical. However, this approach could present several problems of 

chemoselectivity, above all: the generation of an aryl-radical on the benziodoxolone core. This radical 

would be stabilized by the electron-withdrawing carboxylate, and its formation would be more 

favorable (scheme 6.1.17, C - for examples on unsuccessful reactions involving Indole- and 

PyrroleBXs please see chapter 6.7) 

                                                 
201 Please see the introductory chapter 
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4) direct nucleophilic attack: also in this case we envisaged chemoselectivity issues; being the 

benziodoxole the most electron-poor between the two transferable moieties, the nucleophile could 

preferably attack on the arene instead than on the heterocyclic core  (scheme 6.1.18, D - for examples 

on unsuccessful reactions involving Indole- and PyrroleBXs please see chapter 6.7). 

 

Scheme 6.1.17 The envisaged reactivity of the new Indole- and Pyrrole-based benziodoxoles 

 

 

6.1.8 Conclusions of C3-IndoleBX and PyrroleBX. 

To summarize: after careful isolation of an unexpected side product in an unproductive domino 

reaction, a new class of unprecedented azole-based cyclic hypervalent iodine reagents was 

successfully synthetized. The synthesis of the benchmark reagent 6.1.10a is scalable up to gram scale, 

the reagents are bench stable and obtained in a range of yields going from moderate to excellent. 

While the exclusive regioisomer for the Indole(D)BXs class is the C3, for the Pyrrole(D)BX a 

variable C2:C3 ratio was observed. N-alkyl groups were easily tolerated, as well as different 

substituents on the azole core. The nature of the benziodoxo(on)e was diversified, going from the 

classic carboxylate, to the dimethyl-alcohol (also present in the hexafluoro-di-methyl variant). The 

structure of these reagents was also confirmed by X-Ray analysis; DSC analysis confirmed the 

exothermic character.  
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6.2 Rh-catalyzed C-H functionalization on aryl-pyridines 

6.2.1 Conceiving of the reaction 

For several years our group investigated the reactivity of TIPS-EBX in catalysis,202,203 especially in 

combination with electron-rich heterocycles.204,197 Supported by the knowledge that high oxidation 

state metals such as Rh(III), Ir(III)205 and Ru(II)206 are compatible with cyclic hypervalent iodine in 

C-H activation processes,118 we asked ourselves if our reagents would have been compatible with the 

reported procedures. We identified aryl-pyridines 6.2.1 as suitable substrates to test the Rh-catalyzed 

C-H activation process, because of their use as benchmark substrate for Rh-catalyzed C-H activation 

processes;207 moreover the envisaged hetero-aromatic polycyclic products are intermediates for 

materials and optoelectronical devices208 usually obtained by traditional cross couplings in several 

steps. By applying Li’s69 conditions in combination with our substrate, we obtained the desired 

product 6.2.2a in a good 55% yield (scheme 6.2.1).  

 

Scheme 6.2.1 Rh(III)catalyzed C-H Activation of Aryl-pyridines. 

 

6.2.2 Optimization of the Rh(III)-catalyzed C-H indolization of aryl-pyridines 

Encouraged by our initial result (scheme 6.2.1), we started the optimization process by screening 

different organic solvents. In the class of chlorinated solvents, DCE (table 6.2.1, entry 2) was the best 

choice, as DCM provided only a 25% yield (table 6.2.1, entry 1). Protic solvents such as MeOH and 

EtOH (table 6.2.1, entries 3-4) failed to furnish the desired product 7.2, but an interesting 16% yield 

was reached with TFE (table 6.2.1, entry 5). Chlorobenzene, 1,2-chlorobenzene and toluene also 

lowered the general reactivity (table 6.2.1, entries 6-9).  

                                                 
202 Li, Y.; Hari, D. P.; Vita, M. V.; Waser, J. Angew. Chem. Int. Ed. 2016, 55, 4436-4454. 
203 Nicolai, S.; Piemontesi, C.; Waser, J. Angew. Chem. Int. Ed. 2011, 50, 4680–4683. 
204 Brand, J. P.; Charpentier, J.; Waser, J. Angew. Chem. Int. Ed. 2009, 48, 9346–9349. 
205 Xie, F.; Qi, Z.; Yu, S.; Li, X. J. Am. Chem. Soc. 2014, 136, 4780–4787. 
206 Boobalan, R.; Gandeepan, P.; Cheng, C.-H. Org. Lett. 2016, 18, 3314-3317. 
207 Swamy, T.; Subba Reddy, B. V; Grée, R.; Ravinder, V. ChemistrySelect 2018, 3, 47–70. 
208 Samsung Electronics Co., Ltd.; Cheil Industries Co., Ltd.;Patent:   KR2015/27937 A, 2015. 
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Table 6.2.1: Screening of solvents for the Rh(III)-catalyzed C-H indolization of aryl-pyridines     

 

Entry Solvent Yield%a 

1 DCM 25 
2 DCE 55 
3 MeOH - 
4 EtOH - 
5 TFE 16 
6 Chlorobenzene - 
7 1,2-Chlorobenzene - 
8 Toluene - 
9 DMF (110°C) 66 

a) Substrate 6.2.1a (0.100 mmol), IndoleBX 6.1.10a (0.120 mmol), [Rh(Cp*Cl2)]2 (5 mol%), Zn(OTf)2 (10 mol%) and 

solvent (0.1 M) at 25 °C. Isolated yield after flash chromatography is given. 

An interesting 66% yield was obtained with DMF, but heating the reaction up to 100 °C was required 

to ensure reactivity. Aiming to maintain mild conditions, we decided to keep DCE as the solvent, and 

we decided to investigate the role of the additives (table 6.2.2).  
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Table 6.2.2: Screening of additives for the Rh(III)-catalyzed C-H indolization of aryl-pyridines 

 

Entry Additive Yield%a 

1 - - 

2 Zn(OTf)
2
 55b 

3 Sc(OTf)
3
 56c 

4 K
2
CO

3
 28 

5 Zn(NTf
2
)
2
 56 

6 AgNTf
2
 - 

7 AgSbF
6

d 17 
8 NaOAc 69 
9 KOAc 37 
10 NaOPiv 72 
11 KOPiv 49 
12 CsOPiv 36 

a) Substrate 6.2.1a (0.100 mmol), IndoleBX 6.1.10a (0.120 mmol), [Rh(Cp*Cl2)]2 (5 mol%), additive (10 mol%) and 

DCE (0.1 M) at 25 °C. Isolated yield after flash chromatography is given. b) Incomplete conversion, remaining starting 

material completely recovered. c) Decomposition observed. d) T of the reaction is 50°C. 

First of all, the absence of any catalyst only resulted in no conversion (table 6.2.2, entry 1). As Lewis 

acids gave positive results for the synthesis of the reagents, we decided to use again  Zn(OTf)2 (table 

6.2.2, entry 2) and Sc(OTf)3 (table 6.2.2, entry 3), hoping to open the reagent and favour the oxidative 

addition of the metal. Unfortunately this led to a similar yield, accompanied by major decomposition, 

while in presence of Zn(III) the starting material as well as the reagent were recovered. Switching to 

a carbonate base such as K2CO3 (table 6.2.2, entry 4) decreased the yield to a low 28%, possibly due 

to the carbonate’s low solubility. We then decided to test Zn(NTf2)2 (table 6.2.2, entry 5), as we 

obtained the desired product in 56% yield, we started wondering about the role of the additive itself: 

not only as and activating agent for IndoleBX 6.1.10a, but also helping the formation of the active 

catalytic Rh(III) species. To confirm this hypothesis, we decided to screen Ag salt, as silver(I) is often 
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used in Rh(III) catalyzed reaction for this purpose. AgNTf2 did not afford (table 6.2.2, entry 6) any 

conversion (therefore confirming that NTf2 is not a good counter-ion to open our reagent); an 

interesting 17% yield was obtained with AgSbF6 (table 6.2.2, entry 7), thus suggesting that silver salts 

could be used in combination with a suitable base to help open the reagent as well as favor the CMD 

metalation on the starting material. Finally, we decided to screen acetate and carboxylate bases, 

reported to be particularly effective when paired with rhodium(III) in C-H activation catalyses.209 The 

nature of the carboxylate, as well as the choice of cation proved to be fundamental, with NaOAc and 

NaOPiv being the best results in the series (69% and 72% yield each, table 6.2.2, entries 8 and 10). 

Switching to potassium sensibly decreased the yields, as for KOAc and KOPiv (37% and 49% yield 

each, table 6.2.2, entries 9 and 11). The cesium effect did not play a role in the process, affording 

only 36% yield when CsOPiv was used (Table 7.2, entry 12). Finally, we decided to test a combination 

of NaOPiv and AgSbF6 and, with the standard 5 mol% amount of Rh(III) catalyst (table 6.2.3, entry 

9) we were delighted to observe a full conversion with 90% yield. Therefore, we decided to lower the 

amount of the catalytic system: 1.25 mol% of Rh(III) failed to induce conversion, even by increasing 

the temperature (table 6.2.3, entries 1-4), while a 2.5 mol% furnished an interesting 78% yield (table 

6.2.3, entry 6). No conversion was obtained when the amount of NaOPiv and AgSbF6 was lowered 

from 10 mol% to 5 mol% (table 6.2.3, entry 5). Heating the reaction to 50 °C and 80 °C allowed an 

improvement to 82% and 85% yield (table 6.2.3, entries 7 and 8). Finally, we decided to keep the 

optimized conditions highlighted on table 6.2.3, entry 7, (2.5 mol% [Rh(Cp*Cl2)2], 10 mol% AgSbF6, 

10 mol% NaOPiv at 50°C in DCE 0.1 M, 82% yield) as a good compromise between catalyst’s 

loading and mildness of the conditions. 

                                                 
209 Ackermann, L. Chem. Rev. 2011, 111, 1315–1345 
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Table 6.2.3: Screening of the catalyst: additive ratio at different T °C, for the Rh(III)-catalyzed C-H 

indolization of aryl-pyridines 

 

Entry Catalyst (mol%) Additive (mol%) T°C Yield%a 
1 [Rh(Cp*Cl2)2] (1.25)/AgSbF6 (2.5) NaOPiv (2.5) r.t. tracesb 

2 [Rh(Cp*Cl2)2] (1.25)/AgSbF6 (10) NaOPiv (10) r.t. tracesb 

3 [Rh(Cp*Cl2)2] (1.25)/AgSbF6 (10) NaOPiv (10) 40°C tracesb 

4 [Rh(Cp*Cl2)2] (1.25)/AgSbF6 (10) NaOPiv (10) 50°C 37b 

5 [Rh(Cp*Cl2)2] (2.5)/AgSbF6 (5) NaOPiv (5)  r.t. tracesc 

6 [Rh(Cp*Cl2)2] (2.5)/AgSbF6 (10) NaOPiv (10) r.t. 78 

7 [Rh(Cp*Cl2)2] (2.5)/AgSbF6 (10) NaOPiv (10) 50°C 82 

8 [Rh(Cp*Cl2)2] (2.5)/AgSbF6 (10) NaOPiv (10) 80°C 85 

9 [Rh(Cp*Cl2)2] (5)/AgSbF6 (10) NaOPiv (10) r.t. 90 

a) Substrate 6.2.1a (0.100 mmol), IndoleBX 6.1.10a (0.120 mmol), [Rh(Cp*Cl2)]2 (X mol%), NaOPiv (X mol%) and 

DCE (0.1 M) at 25 °C. Isolated yield after flash chromatography is given. b) The reaction time was 48 hours, hypervalent 

iodine decomposition was observed. 

 

6.2.3 Control experiments for the Indolization of Arenes via C-H activation.  

In order to assess the superiority of our reagents in catalysis compared to other indole-transfer 

reagents already known in cross-coupling reactions, we tested the latter under different sets of 

conditions. Substrates 6.1.7a, 6.2.3 and 6.2.4 are commercially available, while compound 6.1.10salt 

needed to be prepared and immediately used in the catalytic process. 

 

Figure 6.2.1 Substrates for control experiments 
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Substrates 6.1.7a, 6.2.4 and 6.1.10salt were tested under our optimized conditions (table 6.2.4, entries 

1-2, 4) at different temperatures (r.t.-50-60-110 °C): no conversion was observed. The hypervalent 

indolinium salt 6.1.10salt was also tested in presence of NaSbF6 (entry 3) as a different salt to promote 

the exchange of BF4
- counteranion with SbF6

-, but no conversion was observed. Substrates 6.2.3 and 

6.2.4 were then tested under established conditions for Pd-catalyzed cross couplings of C3-

halogenated indoles. 3- Bromo-N-methylindole 6.2.3 was tested under Hartwig Pd-catalyzed 

amination conditions210 (entry 5), carbonylative Sonogashira conditions211 (entry 6) and Heck 

conditions212 (entry 7): the desired product was never observed. Furthermore, when 3-Iodo-N-

methylindole 6.2.4 was tested under Suzuki and Sonogashira cross coupling conditions213 ( entries 8-

9) no product was detected.  

 

  

                                                 
210 Hooper, M. W.; Utsunomiya, M.; Hartwig, J. F. J. Org. Chem. 2003, 68, 2861–2873. 
211 Neumann, K. T.; Laursen, S. R.; Lindhardt, A. T.; Bang-Andersen, B.; Skrydstrup, T. Org. Lett. 2014, 16, 2216– 

    2219. 
212 Della Sala, G.; Izzo, I.; Spinella, A. Synlett. 2006, 1319–1322. 
213 Witulski, B.; Azcon, J.R.; Alayrac, C.; Arnautu, A.; Collot, V.; Rault, S. Synlett. 2005, 771–780. 
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Table 6.2.4: Control experiments. 

 

Entry X Catalyst (mol%) Additive (mol%) Solvent (M) Yield%a 

1 H (6.1.7a) 
[Rh(Cp*Cl2)2] 

(2.5)/AgSbF6 (10) 
NaOPiv (10) DCE (0.1 M) - 

2 I (6.2.3) 
[Rh(Cp*Cl2)2] 

(2.5)/AgSbF6 (10) 
NaOPiv (10) DCE (0.1 M) - 

3 
I(III) 

(6.1.10salt) 

[Rh(Cp*Cl2)2] 

(2.5)/NaSbF6 (10) 
NaOPiv (10) DCE (0.1 M) - 

4 
I(III) 

(6.1.10salt) 

[Rh(Cp*Cl2)2] 

(2.5)/AgSbF6 (10) 
NaOPiv (10) DCE (0.1 M) - 

5 Br (6.2.4) Pd(dba)2 (5)/ PPh3 (5) - Toluene (0.2 M) - 

6 Br (6.2.4) 
PdCl2 (5)/ XanthPhos 

(5) 
TEA (3 equiv.) Dioxane (0.2 M) - 

7 Br (6.2.4) 
Pd(OAc)2(20)/ P(o-

Tol)3 (20) 
TEA (3 equiv.) Toluene (0.2 M) - 

8 I (6.2.3) PdCl2PPh3 (5) 
CuI (10)/ TEA (3 

equiv.) 
DMF (0.1 M) - 

9 I (6.2.3) Pd(PPh3)3 (2.5) Na2CO3 (1 equiv.) DMF (0.1 M) - 

a) Substrate (0.100 mmol), Indole source (0.120 mmol), Catalyst (X mol%), Additive (X mol%) and Solvent (0.1 M) at 

50°-80°-110 °C. 

In table 6.2.5 oxidative methods were examined (table 6.2.5, entries 1,4),214 Shi conditions (table 

6.2.5 entries 2,5),215 and Fagnou conditions (table 6.2.5, entries 3,6);216 the desired compound was 

never observed.  

                                                 
214 J. Wencel-Delord, C. Nimphius, H. Wang, F. Glorius, Angew. Chem. Int. Ed. 2012, 51, 13001–13005. 
215 B.-J. Li, S.-L. Tian, Z. Fang, Z.-J. Shi, Angew. Chem. Int. Ed. 2008, 47, 1115–1118. 
216 D. R. Stuart, E. Villemure, K. Fagnou, J. Am. Chem. Soc. 2007, 129, 12072–12073. 
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Table 6.2.5: Control experiments (II) 

 

Entry Substrate 
Equiv. 

Arene 

Equiv. 

6.1.7a 

Catalyst 

(mol%) 

Additive 

(mol%) 

Solvent (M)/ 

T °C 
Yield%a 

1 

 

1 20 
[Rh(Cp*Cl2)2]  

(2.5) 

CsOPiv(20) 

 

PivOH (50) 

2.0 equiv. 

C6Br6 

2.2 equiv. 

Cu(OAc)2 

2Cl-p-xylene 

(0.33 M) 

140 °C 

- 

2 1 6.0 Pd(OAc)2(10) 

 

Cu(OTf)2 

(20) 

O2 1 atm. 

EtCOOH  

(0.2 M) 

120°C 

- 

3 60 1 Pd(TFA)2(5) 

 

3.0 equiv. 

Cu(OAc)2/6.0 

equiv. PivOH 

 

neat in arene 

(0.15 M) 
- 

4 

 

1 20 
[Rh(Cp*Cl2)2]  

(2.5) 

CsOPiv(20) 

 

PivOH (50) 

2.0 equiv. 

C6Br6/2.2 

equiv. 

Cu(OAc)2 

 

2Cl-p-xylene 

(0.33 M) 

140 °C 

- 

5 1 6.0 Pd(OAc)2(10) 
Cu(OTf)2 

(20) 

O2 1 atm. 

EtCOOH  

(0.2 M) 

120 °C 

- 

6 60 1 Pd(TFA)2(5) 

 

3.0 equiv. 

Cu(OAc)2 

6.0 equiv. 

PivOH 

 

neat in arene 

(0.15 M) 

110 °C 

- 

a)Reaction performed on 0.1 mmol of the limiting reagent; substrate (X mmol), Indole 8a (X mmol), Catalyst (X mol%), 

Additive (X mol%) and Solvent (X M) at T °C.  
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Finally, in Table 6.2.6 are reported control experiments employing conditions suitable for hypervalent 

iodine reagents such as Kita conditions (table 6.2.6, entry 1),217 Sanford conditions (table 6.2.6, entry 

2),218 and Daugulis conditions (table 6.2.6, entry 3);219 the desired compounds was not observed also 

in this case; All conditions screened in table 6.2.5 and table 6.2.6 failed to afford the desired product, 

thus demonstrating the unique reactivity of our reagents. 

Table 6.2.6: Control experiments (III) 

 

Entry Substrate Equiv. 
Equiv. 

6.1.10a 

Catalyst 

(mol%) 

Additive 

(mol%) 

Solvent (M)/ 

T °C 
Yield%a 

 

1 

 

1.5 1 - 

2.0 equiv. 

TMSBr 

 

HFIP (0.1 M) - 

2 1 1.5 Pd(OAc)2 (5) 
 

- 

MeCOOH 

(0.1 M)/110 

°C 

- 

3 

 

1 5 Pd(OAc)2 (5) - 
MeCOOH  

(1.5 M)/90 

°C 

- 

a)Reaction performed on 0.1 mmol of the limiting reagent; substrate (X mmol), Indole source 6.1.10a (X mmol), Catalyst 

(X mol%), Additive (X mol%) and Solvent (X M) at T °C 

  

                                                 
217 Y. Kita, K. Morimoto, M. Ito, C. Ogawa, A. Goto, T. Dohi, J. Am. Chem. Soc. 2009, 131, 1668–1669. 
218 D. Kalyani, N. R. Deprez, L. V. Desai, M. S. Sanford, J. Am. Chem. Soc. 2005, 127, 7330–7331. 
219 O. Daugulis, V. G. Zaitsev, Angew. Chem. Int. Ed. 2005, 44, 4046–4048. 
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6.2.4 Scope of the Rh(III)-catalyzed C-H indolization of aryl-pyridines  

Encouraged by the improved results in the optimization process, we scaled up the reaction to 0.3 

mmol on the benchmark substrate 6.1.10a, and we obtained a final yield of 82% of product 6.2.2a 

(scheme 6.2.2). We then started investigating the scope of the reagents, starting with IndoleBX 

6.1.10b (NH unprotected). By adding MeOH (2:1 ratio with DCE, Molarity unaltered) to help 

solubilize the hypervalent iodine reagent, the desired compound 6.2.2b was obtained with a good 

74% yield. The pyrrole-based reagents were also tested and gave the desired products 6.2.2c and 

6.2.2d in good yields (Scheme 7.1.2, T °C raised to 90 °C); NH-pyrrole reagent afforded 6.2.2e in a 

similar way to product 6.2.2b (MeOH added as before). Similarly, the arylation selectivity with 

pyrroles was very high and related the carbon activated by the reagent. Different reagents bearing 

electron-donating and electron-withdrawing groups on the indole’s C5 were also tested in the 

transformation: compound 6.2.2f was obtained with a very good yield of 89%, and halogens were 

tolerated giving derivatives 6.2.2g, 6.2.2h, and 6.2.2i (yields 73%-81%). Remarkably the boron 

pinacolate group did not engage with the catalyst and product 6.2.2j was obtained in a moderate yield. 

The reaction also worked efficiently with substituted phenyl-pyridines; the nature of the functional 

groups did not affect the yield of 6.2.2k, 6.2.2l and 6.2.2m and 6.2.2n was obtained in excellent yield. 

When an N-pyrimidine protected indole was employed as substrate, the functionalized product 6.2.5 

was obtained in good yield providing a pseudo-dimerized indole whose linking junction is C2-C3’ to 

the starting material. Naphthoquinoline substrate afforded 6.2.6 with comparable yield under the same 

conditions. More hindered substrate/reagents or compound bearing multiple chelating groups needed 

an increase of temperature to 80 °C to engage in the transformation For examples, aryl-pyrimidines 

and aryl-pyrazoles reacted well at 80 °C and afforded products 6.2.6 and 6.2.8 in good yields. N-

benzylated pyrrole reagents yielded 6.2.9 and 6.2.10.. The increase of temperature was essential to 

obtain derivative 6.2.11 (78%), as nitriles tend to chelate the palladium and poison the catalytic 

process at lower temperatures. Also sterically hindered N-alkylated compound 6.2.12 was accessed 

in a good yield.  
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Scheme 6.2.2 Scope of the Rh(III)-catalyzed C-H activation on arenes with Indole- and PyrroleBXs. 

For the synthetically useful quinoline N-oxide the temperature was eventually raised to 100°C and 

the functionalized quinolone 6.2.13 (figure 6.2.2) was obtained in a moderate yield. The hydration of 

the quinoline N-oxide is a known decomposition pathway already observed in Cheng’s C-H activation 

of quinoline N-oxide with TIPS-EBX.206 In his case, to solve the decomposition problem, he 

employed the monomeric [RhCp*MeCN3]SbF6 to lower the temperature of the reaction to r.t. 
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Figure 6.2.2 From quinoline N-oxides to indolized quinolones. 

We then tested our conditions on a biologically relevant substrate. We were particularly interested by 

purines,220 as they are potent antitumoral agents. By applying the standard indolization conditions we 

were able to obtain product 6.2.14 in an interesting yield (figure 6.2.3).  

 

Figure 6.2.3 The purine indolized product 6.2.14. 

As the final experiment, we decided to run a reaction with 2 equivalents of IndoleBX 6.1.10a to 

investigate an eventual formation of di-indolized derivative. Pyridin-aryl-carboxylate was chosen as 

the substrate, and product 6.2.15 was obtained in 53% yield (figure 6.2.4). 

  

Figure 6.2.4 Rh(III)-catalyzed di-indolization product derived from electron-poor carboxylate aryl pyridine. 

  

                                                 
220 Heidelberger, C. Annual Review of Pharmacology, 1967, 7, 101-124. 
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Since the quinolone products are interesting and relevant for pharmaceutical purposes, a small trial 

re-optimizing the reaction has been done and is reported here (scheme 6.2.3). 

 

Scheme 6.2.3 C-H activation on quinoline N-oxides under new conditions. 

The C-H activation conditions were then re-optimized221 for the quinoline N-oxide substrate, to 

preserve the N-oxide functional group. By employing 15 mol% of Zn(OTf)2 and performing the 

reaction in MeOH at 80 °C, the desired 6.2.16a were obtained with a moderated yield, leaving the 

directing group moiety un-altered. The reaction was tolerant towards electron-donating groups such 

as methoxy and methyl (scheme 6.2.3, 6.2.16b-6.2.16c) as well as electron-withdrawing ones like 

fluorine and phenyl (6.2.16d-6.2.16e). 

In total, 14 reagents were easily applied in catalysis; they provided the desired compounds in 

exclusive selectivity and from good to excellent yields. Amongst all the available reagents, 6.1.10c, 

6.1.10i and 6.1.10k afforded the desired compounds but in extremely low yields due to: mixed 

reactivity as the rhodium carbometallated on the olefin (6.1.10i) and high steric hindrance of the C2-

methyl and the N-alkyl group (6.1.10c and 6.1.10k). Azaindole 6.1.10n and carbazole 6.1.10k based 

reagents failed to react under these conditions. 

                                                 
221 The re-optimization protocol was optimized by Dr. Erwann Grenet and can be found in  

    Grenet, E.; Das, A.; Caramenti, P.; Waser, J. Beilstein J. Org. Chem. 2018, 14, 1208–1214. 
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Figure 6.2.5 Non-working reagents in the Rh(III)-catalyzed C-H activation of aryl-pyridines. 

Likewise, the substrates herein reported: N-phenylacetamide 6.2.17, 2-phenyl-4,5-dihydrooxazole 

6.2.18, 3-phenylisoxazole 6.2.19 and (E)-1,2-diphenyldiazene 6.2.20 (figure 6.2.6) did not engage in 

the transformation under the optimized conditions and were entirely recovered. 

 
Figure 6.2.6 Non-working substrates in the Rh(III)-catalyzed C-H activation of aryl-pyridines. 
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6.2.5 Preliminary results with amides as directing groups 

While aryl-pyridines are useful compounds for applied science, they are generally used as “proof of 

principle substrates”, as further functionalizations of the directing group are not easily feasible. We 

then revolved our attention to more synthetically advantageous moieties such as pivaloxy-amides: 

this directing group is widely used in catalysis, simple to install and easily transformable. 

Inspired by Loh and coworkers,222 we slightly altered the protocol and applied it to our reagent. 

However, the reaction mainly resulted in decomposition of the starting material, namely in hydrolysis 

of the pivaloxy-amide 6.2.21. The desired compound 6.2.22 was never found in the reaction mixture; 

although hydrolyzed derivative 6.2.23 was detected and its conversion estimated by comparison with 

the recovered starting material (table 6.2.5). As the decomposition was high and the catalysis not 

easily optimizable, we resorted to a different system for the C-H activation of arenes with modifiable 

directing groups (see paragraph 6.3). 

Table 6.2.5: Pivaloxy amide as directing group in the Rh-catalyzed C-H activation 

 

Entry Solvent Conversion A/B% 

1 MeOH -/46 b 

2 EtOH -/30 b 

3 TFE -/15 b 

4 DCM -/-b 

5 DCE -/-b 

6 dioxane -/-b 

a) Substrate 6.2.21 (0.100 mmol), IndoleBX 6.1.10a (0.110 mmol), [Rh(Cp*Cl2)]2 (5.0 mol%), CsOAc (10 mol%) and 

MeOH (0.1 M) at 80 °C. NMR conversion respect to the starting material, the compound was not isolated and 

decomposed on the column. b) The reaction time was 16 hours, starting material and decomposition was observed. 

                                                 
222 Feng, C.; Loh, T.-P. Angew. Chem. Int. Ed. 2014, 53, 2722–2726. 
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6.2.6 Conclusions for the Rh-catalyzed C-H indolization of arenes 

In conclusion, a new Rh(III)-catalyzed C-H activation of arenes was developed in combination with 

electrophilic indoles and pyrroles. In total, 30 novel, unprecedented derivatives were successfully 

synthesized and characterized. As the developed conditions were mild and tolerant of many functional 

groups, halogens and boronic esters were preserved and did not engage in the transformation. 

Moreover, the method allowed diversification also in the directing group of choice: pyrimidines, 

pyrazoles and quinoline N-Oxides successfully coordinated the metal and favored the C-H activation 

at the ortho-position. The products cannot be obtained via other traditional cross-coupling methods. 

Preliminary results with pivaloxy amides as directing groups were obtained; however, to overcome 

the low efficiency, a new process was developed in combination with Ru(II)-catalyst and is described 

in chapter 6.3.  
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6.3 Ru-catalyzed C-H functionalization on aryl-methoxamides 

6.3.1 Early results 

After our initial attempts with Rh-catalyzed C-H activation on arene-pivaloxy amides (chapter 6.2.6), 

we decided to test the conditions reported in the seminal work of Cheng and coworkers.206 Not only 

did we want to explore the feasibility of this transformation, but also to test the compatibility of 

IndoleBX with Ru(II)-catalysts. We started our investigation by applying similar conditions to the 

Cheng’s one, and we were delighted to observe the desired product 6.3.2a in an encouraging 43% 

yield (scheme 6.3.1). 

 
Scheme 6.3.1 Ru(II)-catalyzed Indolization of aryl-methoxyamides 

 

6.3.2 Optimization of the Ru(II)-catalyzed C-H indolization of aryl-pyridines     

When starting the optimization of Ru(II)-catalyzed C-H activation on aryl-methoxamides we had to 

overcome two fundamental problems: 

1. Ru(II)-catalyzed C-H activations require sensitive conditions; 

2. The solubility of IndoleBX reagents and/or additives in the solvents suitable for the C-H 

activation was not optimal; 

At first, the two chlorinated solvents that gave good results with rhodium, DCE and DCM, completely 

solubilized the hypervalent reagent 6.1.10a, but failed to give any conversion (table 6.3.1, entries 1-

2). Using different protic solvents other than MeOH (standard conditions, 43%, entry 3) to EtOH 

(table 6.3.1, entry 4), finishing in t-BuOH and t-Amylol lowered the yield of the reaction (table 6.3.1, 

entries 5-6). A similar outcome was observed when aromatic solvents like toluene and xylene were 

employed (table 6.3.1, entries 7-8). Polar aromatic solvents such as MeCN and DMF did not improve 

the yield (table 6.3.1, entries 10-11). Dioxane alone furnished a low 28% yield (table 6.3.1, entry 9). 

As fluorinated alcohols are often used as solvent in C-H activation processes using hypervalent iodine 

reagents,206 we tested TFE, HFIP and others. TFE gave the desired product 6.3.2a in an improved 

55% yield (table 6.3.1, entry 12). HFIP alone afforded a 30% of yield, (table 6.3.1, entry 13) that rose 
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up to 35% when HFIP was used in 4:1 ratio with DCE (table 6.3.1, entry 16). Other combinations of 

solvents did not give any conversion (table 6.3.1, entries 14-15 and 17) while MFE alone lowered 

the yield to 21% (table 6.3.1, entry 18). After this solvent optimization, TFE was selected as the 

solvent of choice.  

Table 6.3.1: Screening of solvents for the Ru(II)-catalyzed C-H indolization of aryl-methoxamides  

 

Entry Solvent Yield%a 

1 DCM - 
2 DCE - 
3 MeOH 43 
4 EtOH 34 
5 t-BuOH - 

6 t-AmylOH - 
7 Toluene - 
8 Xylene - 
9 Dioxane 28 
10 MeCN - 

11 DMF - 

12 2,2,2-Trifluoroethanol (TFE) 55 

13 Hexafluoroisopropanol (HFIP) 30 

14 Nonafluoroisopropanol (NFIP):HFIP 1:9 - 

15 HFIP:DCE 9:1 - 

16 HFIP:DCE 4:1 35 

17 HFIP:DCE 1:1 - 

18 Monofluoroethanol (MFE) 21 

a) Substrate 6.3.1a (0.100 mmol), IndoleBX 6.1.10a (0.110 mmol), [Ru(pCymeneCl2)]2 6.3.Cat1 (4.0 mol%), NaOAc 

(16 mol%) and solvent (0.1 M) at 60 °C. Isolated yield after flash chromatography is given. 
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Changing the temperature was also detrimental: at room temperature the reaction did not start, and 

the reagent 6.1.10a was completely recovered (table 6.3.2, entry 1). At 40 °C we observed low 

conversion (around 25%, entry 2), while heating to 80°C or 120°C only resulted in major 

decomposition (product 6.3.2 was formed, but in low conversion, entries 4-5). We then decided to 

continue our optimization with the temperature fixed at 60 °C. 

Table 6.3.2: Screening of the temperature for the Ru(II)-catalyzed C-H indolization of aryl-

methoxamides  

 

Entry T °C Yield%a 

1 r.t -b 
2 40 low conversionb 
3 60 55 
4 80 low conversionc 
5 120 -c 

a) Substrate 6.3.1a (0.100 mmol), IndoleBX 6.1.10a (0.110 mmol), [Ru(pCymeneCl2)]2 6.3.Cat1 (4.0 mol%), NaOAc 

(16 mol%) and TFE (0.1 M) at T °C. Isolated yield after flash chromatography is given. b) Clean reaction, starting 

material recovered. c) Decomposition occurred. 

Carboxylate salts were also pivotal for the outcome of the reaction; while the pivalate and carbonate 

series did not significantly increase the yield, aliphatic and aromatic carboxylates gave better results. 

Lithium based pivalate, carbonate and mesitylate failed to give any conversion (table 6.3.3, entries 

1-3) The poorly soluble Na2CO3 did not give any conversion (entry 5), but carboxylic derived NaOPiv 

and NaOMes allowed the synthesis of 6.3.2a in 50% and 34% yield (entries 6 and 7). We then decided 

screen the class of aromatic carboxylate sodium salts. We selected some of the carboxylates already 

reported to work efficiently in combination with ruthenium(II) catalyst (figure 6.3.1). While base 

6.3.B1 did not afford any result (entry 8), adamantane carboxylate sodium salt 6.3.B2, xanthene 

carboxylate 6.3.B3, and diphenyl carboxylate 6.3.B4 improved the yield (66-68%, Table 7.7, entries 

9-11), albeit the former provided a cleaner reaction. Any potassium salt was detrimental for the 
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process (entries 12-15) with the exception of potassium mesylate, which yielded a low 26% of yield. 

(entry 16). Amongst them, K2CO3 delivered an unexpected compound when the reaction was left 

proceeding under air, the structure assignation of 6.3.7 is described in chapter 6.3.4). Adamantane 

carboxylate sodium salt 6.3.B2 was selected as the base of choice because in case of 6.3.B3 and 

6.3.B4 a competitive catalyst insertion in the aromatic ortho C-H bond of the aryl rings was envisaged. 

Finally, no conversion was observed in case of cesium pivalate and carbonate (entries 15-16). 

Likewise, phosphate 6.3.B5 and phosphite 6.3.B6-6.3.B7 bases failed to afford any product (entries 

16-18). 

Table 6.3.3: Screening of the base for the Ru(II)-catalyzed C-H indolization of aryl-methoxamides  

 

Entry Base Yield%a 

1 LiOPiv - 

2 Li
2
CO

3
 - 

3 LiMes -b 

4 NaOAc 55 

5 Na
2
CO

3
 - 

6 NaOPiv 50 

7 NaMes 34 

8 6.3.B1 -b 

9 6.3.B2 68c 

10 6.3.B3 65b 

11 6.3.B4 66b 

12 KOAc - 

13 KOPiv - 

14 K2CO3 - 

15 KMes 26b 

16 CsOPiv - 
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17 Cs
2
CO

3
 - 

18 6.3.B5 - 

19 6.3.B6 - 

20 6.3.B7 - 

a) Substrate 6.3.1a (0.100 mmol), IndoleBX 6.1.10a (0.110 mmol), [Ru(pCymeneCl2)]2 6.3.Cat1 (4.0 mol%), base (16 

mol%) and TFE (0.1 M) at 60 °C. Isolated yield after flash chromatography is given. b) Decomposition occurred. c) 

Clean reaction, starting material recovered. 

 

Figure 6.3.1 Na-carboxylate salts used in combination with Ru(II) catalyst 7.38. 

Silver(I) salts were screened in the attempt to improve the reaction’s rate, but all of them (table 6.3.3, 

entries 2-10) were only detrimental.  
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Table 6.3.3: Screening of the silver(I) salts for the Ru(II)-catalyzed C-H indolization of aryl-

methoxamides  

 

Entry Solvent Yield% 

1 none 68c 
2 Ag(NTf

2
) -b 

3 AgSbF
6
 -c 

4 AgPF
6
 -b 

5 AgBF
4
 -b 

6 AgOTf -b 
7 AgOTs -b 
8 AgOAc -c 
9 AgBenzoate -b 
10 AgTFA -c 

a) Substrate 6.3.1a (0.10 mmol), IndoleBX 6.1.10a (0.110 mmol), [Ru(pCymeneCl2)]2 6.3.Cat1 (4.0 mol%), NaCOOAd 

(16 mol%) 6.3.B2, silver(I) additive (16 mol%) and TFE (0.1 M) at 60 °C. Isolated yield after flash chromatography is 

given. b) Decomposition occurred. c) Clean reaction, starting material recovered. 

As the final step of this optimization process we prepared the active form of the Ru(II) dimer catalyst 

6.3.Cat2; the monomer form 6.3.Cat1 engage faster223 in the CMD process: the yield was comparable 

to the one obtained with the dimer but the reaction was cleaner and faster. Moreover, no additives 

such as sodium salts were further required, as the carboxylate was already pre-installed on the 

catalyst.  

                                                 
223 Ruan, Z.; Zhang, S.-K.; Zhu, C.; Ruth, P. N.; Stalke, D.; Ackermann, L. Angew. Chem. Int. Ed. 2017, 56, 2045–2049. 
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Scheme 6.3.2 Synthesis of the monomeric Ru(II)-catalyst. 

6.3.3 Scope for the Ru(II)-catalyzed C-H indolization of aryl-methoxamides 

With these optimized conditions we started the scope on aromatic amides (scheme 6.3.3). Pyperonylic 

and naphtalenic derivatives 6.3.2b and 6.3.2c were isolated in good 80-79% yield. Electron-

withdrawing or electron-donating moieties such as halogen and trifluoromethyl groups in para 

(6.3.2d- 6.3.2g) and in meta (6.3.2h-6.3.2k) position to the amide were also tolerated and afforded 

moderate to good yields.  

 
Scheme 6.3.3 Scope of Ru(II)-catalyzed Indolization of aryl-methoxamides. 

Amongst the substrates tested for the transformation, some did not perform well in the reaction. This 

lack of results could be due to a high steric hindrance next to the directing group, resulting in an 

diverged alignment between the metal and the C-H activated proton. This could be the reason for the 

low conversion in case of derivative 6.3.3. The lack of conversion in derivatives 6.3.4 and 6.3.5 could 

be due to a secondary unwanted chelation between the heteroatom, the carbonyl group and the metal 
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de facto blocking the catalyst away. Finally, a nitro-group on the substrate core was electronically too 

deactivating for the transformation and the arene 6.3.6 was no sufficiently nucleophilic to engage in 

the transformation (scheme 6.3.4). 

 
Scheme 6.3.4 Unsuccessful substrates for the Ru-catalyzed C-H indolization. 

 

6.3.4 Synthesis of 6.3.7 via Ru(II)-catalyzed C-H indolization under air 

As hinted in chapter 6.3.2, when potassium carbonate was used in the reaction under inert 

atmosphere, no desired product was obtained. However, the reaction was left stirring under air 

without quenching, and a new interesting product 6.3.7 was formed. Control experiment without this 

specific base or under nitrogen failed to afford the product, suggesting that both oxygen and 

potassium counter-ion are essential for the transformation. 

 

Scheme 6.3.5 The synthesis of new derivative 6.3.7 

According to 1D-NMR 1H and 13C NMR analysis, two structure are envisaged: a spiro-isoindolinone 

6.3.7a and a tetrahydro-iso-indoloquinolinone 6.3.7b. The signals taken into account for the analysis 

are: the C2-H (blue in the structure - 5.09 ppm and 89.6 ppm), the N-CH3 (4.04 ppm and 34.5 ppm) 

and the O-CH3 (3.95 ppm and 62.1 ppm) In order to assign the correct conformation, 2D-NMR 

analyses were conducted. The correct structure was assigned based on the correlations observed in 

HSQC and HMBC analysis. 
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Figure 6.3.2 HSQC-NMR of 6.3.7 and highlight of the relevant signals. 

The proton and carbon signals belonging to the H-C2 on the indoline (blue in the figure), the N-

Methyl group and the methoxy group. The quaternary carbon of spiro or tertiary of isoindolinone of 

either structures was detected at ca 78.2 ppm. The main difference that can be found amongst these 

two frameworks is the connectivity of the lactam: in the first case it is linked to the C3-carbon of the 

indoline, thus forming a spiro center; in the second case the lactam’s nitrogen is connected to the C2 

carbon of the indoline, and the methoxy group is shifted from the C2- to the C3-carbon. Based on 

these consideration, after the HMBC-NMR analysis, it was possible to assign the correct structure as 

the 6.3.7b. In fact, we observed all the right 2-3 proton-carbon correlations between the C-H proton 

and the carbon belonging to the NMe and the tertiary carbon substituted with the methoxy moiety 

(figure 6.3.3). This hypothesis was further confirmed by the lack of correlation between the methoxy 

group and the CH (both at proton and carbon level). 
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Figure 6.3.3 HMBC-NMR of 6.3.7b and highlight of the relevant signals 

 

6.3.5 Conclusions for the Ru-catalyzed C-H indolization of arenes 

 In conclusion, a new Ru(III)-catalyzed C-H ortho indolization of aryl-methoxamides was developed 

in combination with our new electrophilic indole synthons. Electron-withdrawing and electron-

donating functional groups were tolerated. The products could be obtained by using Suzuki coupling 

on pre-functionalized substrates, hence our method is more convenient and straightforward. When 

the reaction was performed under air, new derivative 6.3.7b was obtained, further investigation about 

its synthesis and the mechanism of the reaction will be pursued in the future.  
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6.4 From C3-IndoleBXs to C2-IndoleBXs: a new class of reagents 

In chapter 6.1-6.3 are described the synthesis as well as the synthetic applications of C3-indole and 

pyrrole reagents. As reported in the chapter 6.1.5, the synthesis of a C2-IndoleBX remained elusive 

yet. The synthesis of a different regioisomers of umpoled indoles would be useful because, if applied 

in catalysis, we could have observed a complementary connectivity pattern with the same very high 

regio-selectivity. Moreover, indoles with an electron-withdrawing group installed on the nitrogen did 

not engage in the direct transformation, thus limiting the portfolio of available reagents (scheme 

6.4.1). For these reasons, the synthesis and optimization project of C2-IndoleBX was pursued  

 

Scheme 6.4.1 From C3-IndoleBX to C2-IndoleBX: the opportunity to develop new reactivity. 
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6.5 The synthesis of C2-IndoleBX reagents 

6.5.1 Retrosynthetical Analysis 

When designing retrosynthesis towards C2-IndoleBX reagents, several approaches were considered. 

Based on the results from chapter 6.1.5, the first considered adopting C3-alkylated indole as 

nucleophile, thus forcing the nucleophilic attack at the C2-carbon. The second approach considered 

using a tetrahydroindole as substrate, followed by re-oxidation of the benzyl ring. Finally, we 

considered to enhance the electron-density on the C2-carbon, by using boron as a “doping agent for 

electrons” (scheme 6.5.1) 

 
Scheme 6.5.1 The retrosynthetic approach for the synthesis for C2-IndoleBXs 

As already described in chapter 6.1.5, the first approach failed as even simple methyl-skatole 6.1.7c 

did not afford the desired benziodoxole 6.5.1 (scheme 6.5.2). This negative result can be ascribed to 

the high energy required for the breaking of aromaticity on the benzyl ring. 

 

Scheme 6.5.2 Failed synthesis of C3-methylskatoleBX 6.5.1 

We then moved to the second approach. In fact, we observed easy conversion when pyrrole were 

engaged in the transformation and the nature of the nitrogen substituent was heavily influencing the 

ratio of C2:C3 regioisomers as products. For these reasons we considered to employ 

tetrahydroindoles (as known as an alkylated pyrrole skeleton), to synthesize convenient pyrrole 

reagents, to be converted via re-oxidation of the benzyl core. As for the oxidation of tetrahydroindoles 
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to indoles, convenient procedures can be found in the literature.224 However, also the second approach 

did not afford the desired reagent. The starting N benzyl-tetrahydroindole 6.5.2 did not convert in 

6.5.3 (scheme 6.5.3).  

 
Scheme 6.5.3 From PyrroleBX to C2-indoleBX via re-oxidation 

This experiment is not conclusive, as the chosen starting material is probably deactivated and could 

not engage directly in the transformation. Moreover, this approach was requiring multiple steps for 

the synthesis of the starting materials, and after some considerations, it did not appear eagerly 

convenient. The efforts were then revolved to the third approach. 

As already stated in this thesis, the indole engage in EAS preferentially attacking from the C3-carbon 

of the five membered ring.225 However, across the years several methods were developed to direct 

the functionalization onto the C2-carbon. Several common methods involve directed deprotonation-

metalation, that takes advantage of the high acidity of the C2-H and usually employ strong bases like 

sodium hydride and butyl-lithium to generate organometallic derivatives (scheme 6.5.4).226 However, 

in most cases, these conditions are not compatible with the commonly used hypervalent iodine 

precursors, as high nucleophilicity and functional group tolerance are, for organometallic reagents, 

often properties as the opposite poles of reactivity. A milder “nucleophilicity enhancer” would allow 

the reaction and be compatible with the nature of the hypervalent iodine.  

The ground-breaking report of Petasis and coworkers227 has established that boronic acids are robust 

π-activator groups for 1,2 iminium addition. For electron-abundant heterocycles, as furan, the 

enhanced nucleophilic properties of organoboron derivatives towards electrophiles, have also been 

parametrized.228 In fact, MacMillan229 applied trifluroborate-indole salts as convenient nucleophile 

in iminium catalysis. The trifluoroborate salts were used as traceless activator group for π-neutral and 

–deficient substrates, as N-Boc- and N-Tosyl-indoles. Moreover, the boron-activated carbon was 

                                                 
224. Dalvi, B. A.; Lokhande, P. D.Tetrahedron Lett. 2018, 59, 2145–2149. 
225 Kromann, J. C.; Jensen, J. H.; Kruszyk, M.; Jessing, M.; Jørgensen, M. Chem. Sci. 2018, 9, 660–665. 
226 T. Pelkey, E. Metalation of Indole. I Top. Heterocycl. Chem.; 2010; 26, 141–191. 
227 Petasis, N. A.; Zavialov, I. A. J. Am. Chem. Soc. 1997, 119, 445–446. 
228 Berionni, G.; Maji, B.; Knochel, P.; Mayr, H. Chem. Sci. 2012, 3, 878–882. 
229 Lee, S.; MacMillan, D. W. C. J. Am. Chem. Soc. 2007, 129, 15438–15439.  
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selectively transferred onto the electrophile while maintaining the regioselectivity. For these reasons, 

organoboron derivatives of indoles were prepared and subjected to transformation to become 

benziodoxole reagents (scheme 6.5.4).  

 

Scheme 6.5.4 Inverting the electron-density between C2- and C3-carbons on the indole. 

Amongst the different boron-indole derivatives, the seminal reports of Vedejs230 and Molander231 

proved the superior ability of aryl potassium tetrafluoroborate salts in the context of Suzuki-Miyaura 

cross-couplings. It has been hypothesized that the polarization of the carbon−boron bond induced by 

the tetra-coordinated nature of the tri-fluoroborate salt greatly enhance the nucleophilic properties of 

the attached (hetero)arene.229 Moreover, indole-based tetrafluoroborate salts are either commercially 

available or easily synthesized via a convenient protocol, they are stable, solids and less degradable 

than compared to the other organoboranes.232 The synthesis of derivatives 6.5.5 starts with C2-

directed lithiation on the indoles 6.5.4, followed by electrophilic borylation. The lithium intermediate 

is quenched in situ with a 10 mol% sol. of HCl, and 3.0 equivalents of KHF2 4.5 M were used to form 

the salt derivative 6.5.5 (scheme 6.5.5).  

  
Scheme 6.5.5 Synthesis of tetrafluoroborate salts of indole substrates 

In absence of a directing group on the nitrogen, the boron can be installed via Iridium(I) catalyzed 

borylation,233 as in case of tryptamine substrate xx (scheme 6.5.6).  

                                                 
230 Vedejs, E.; Chapman, R. W.; Fields, S. C.; Lin, S.; Schrimpf, M. R. J. Org. Chem. 1995, 60, 3020–3027. 
231 Molander, G. A.; Fumagalli, T. J. Org. Chem. 2006, 71, 5743–5747. 
232 Please see the Experimental Part for the synthesis of all starting materials. 
233 Kolundzic, F.; Noshi, M. N.; Tjandra, M.; Movassaghi, M.; Miller, S. J. J. Am. Chem. Soc. 2011, 133, 9104–9111 
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Scheme 6.5.6 Synthesis of tetrafluoroborate salt of tryptamine (6.5.7)  

6.5.2 Optimization for the synthesis of C2-IndoleBX 6.5.8  

The optimization process mainly screened different hypervalent iodine precursor, promoter and 

solvent.234 Indole substrate 6.5.5a was tested in combination with hydroxy- 1.3.11 and acetoxy- 

1.3.12 benziodoxolones, with different promoters such as Zn(OTf)2, ZnF2 and TfOH, but no 

conversion was observed (table 6.5.1, entries 1-6). Similarly, silylated substrate xx failed to deliver 

the desired product (table 6.5.1, entry 7). We then decided to adopt a different iodine(III) precursor; 

the seminal work of Yashida et al235 demonstrated that fluorine dimethylbenziodoxoles are safe, mild 

oxidants and easily undergo ligand exchange with tetrafluoroborate salts. Acetonitrile and sodium 

tetrafluoroborate were adopted as solvent and promoter of choice, as for fluorine-iodonium salts they 

provided the best conversions. When fluorine benziodoxole derivatives 1.3.15 and 1.3.23 were 

engaged in the transformation, derivatives 6.5.8a and 6.5.8c were respectively obtained with 27% 

and 86% of yield (table 6.5.1, entries 8-9). The difference in terms of yields is attributed to the relative 

stability of the fluorine precursors. In fact, fluorine benziodoxolone 1.3.15 tends to be decompose 

easily in the reaction mixture, while the benziodoxole 1.3.23 is more stable in comparison.  

Unfortunately, silylated precursor 6.5.5b did not afford any derivative under these conditions (table 

6.5.1, entry 10), and silver(I) was found to be inefficient as it did not promote ligand exchange around 

the iodine(III) center, not even under refluxing conditions (table 6.5.1, entry 12).  

 

  

                                                 
234 The development of C2-IndoleBX reagents has been done in collaboration with Dr Raj Kumar Nandi, and has been 

published in Caramenti, P.; Nandi, R. K.; Waser, J. Chem. – A Eur. J. 2018, 24, 10049–10053. 
235 Yoshida, M.; Osafune, K.; Hara, S. Synthesis (Stuttg). 2007, 10, 1542–1546. 
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Table 6.5.1: Screening of the benziodoxole source, the LA catalyst and the solvents for the synthesis of 

C2-IndoleBXs 

 

 

Entry X R (Y,Z) LA (mol%) Solvents Yielda 

1 BF3K Boc 1.3.11 Zn(OTf)2 DCM -b 

2 BF3K Boc 1.3.12 Zn(OTf)2 DCM -b 

3 BF3K Boc 1.3.11 ZnF2 DCM - 

4 BF3K Boc 1.3.12 ZnF2 DCM - 

5 BF3K Boc 1.3.11 TfOH DCM -b 

6 BF3K Boc 1.3.12 TfOH DCM -b 

7 SiMe3 H 1.3.11 TMSOTf MeCN - 

8 BF3K Boc 1.3.15c NaBF4 MeCN 27%d,e 

9 BF3K Boc 1.3.23 NaBF4 MeCN 86%d,e 

10 SiMe3 Me 1.3.24 NaBF4 MeCN, -e,f 

11 BF3K Boc 1.3.24 AgBF4 MeCN, -b,f 

12 BF3K Boc 1.3.13 AgBF4 MeCN -b,f 

a) Substrate 6.5.5 (0.25 mmol), hypervalent iodine reagent 1.3.11, 1.3.12, 1.3.13, 1.3.15, 1.3.23, 1.3.24 (0.25 mmol), 

promoter (20 mol%) and solvent (0.05 M) at 25 °C. All reactions are carried out overnight (except entry 8: carried out for 

30 h; entry 9: best yield was observed only in 2 hours) b) Degradation of reagent, no expected product was observed. c) 

This reagent was prepared in situ d) Isolated yield after flash chromatography is given. e) Entries 8-10, reactions were 

quenched with 5% aqueous NaBF4 solution. f) Entries 10-12, the reaction initially run at room temperature, no 

consumption of starting material was observed after 6 h then reactions heated to reflux for additional 12 h. 

 

6.5.3 Scope of the C2-Indole(D)BXs 

With the optimized conditions in hand, we started investigating the scope. We mainly focused on the 

synthesis of C2-IndoleBX bearing electron-withdrawing groups on the nitrogen, as this class of 

reagents was missing in the previous scope for the C3-reagents. Boc- and tosyl- N substituted indole 

derivatives 6.5.8a and 6.5.8b were obtained in low yields (scheme 6.5.7). Dimethyl benziodoxole 
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analogues 6.5.8c and 6.5.8d afforded better yields (scheme 6.5.7). Functional groups such as methoxy 

and bromine on C5 or C6 carbons of the indole were tolerated (derivatives 6.5.8e-6.5.8g, scheme 

6.5.7). Finally, C3-alkylated substrates such as skatole and tryptamine derivatives, delivered reagents 

6.5.8h and 6.5.8i in excellent to good yields (scheme 6.5.7). 

 

Scheme 6.5.7 Scope of C2-indoleBX reagents. 

 

6.5.4 Conclusions for the synthesis of C2-IndoleBX reagents 

In summary, 9 new C2-IndoleBX reagents have been synthesized and characterized. This class of 

derivatives can bear electron-withdrawing groups such as carbamate and tosylate on the indole’s 

nitrogen as well as alkyl-substituents on the C3-carbon of the indole. A new synthetic method was 

developed taking advantage of C2-activated tetrafluoroborate indole-salts. The reaction is scalable 

with a low catalyst loading and short reaction time. A complete portfolio of both C3- and C2- 

activated electrophilic indoles is now available for further transformations. 
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6.6 Oxidative metal-free cross-coupling reaction for the synthesis of asymmetric 

bi-(hetero)-aryls 

The development of an efficient metal free oxidative cross-coupling for the synthesis of bi-(hetero)-

arylated derivatives is of the upmost interest. In particular, the synthesis of mixed bi-indole 

derivatives usually requires multi-step protocols and the yield is often hampered by homo-coupling 

and unwanted side reactions.69 For these reasons, the development of an efficient oxidative cross-

coupling method involving our new class of IndoleBX was pursued. 

 

6.6.1 Explorative reaction for the oxidative metal-free cross coupling for the synthesis of 

derivative 6.6.2 and 6.6.3  

Based on Kita’s seminal reports, in order to develop an oxidative cross-coupling method involving 

hypervalent iodine reagents, a promoter and a suitable solvent are necessary for the transformation. 

Amongst the various conditions tested by Dohi for transient-generated pyrrole salt, 

trimethylsilylbromide and trimethoxybenzene 6.6.1 were selected as the promoter and nucleophile of 

choice. Hexafluoroisopropanol was used as solvent due to its low nucleophilicity and high polarity. 

Arylated product 6.6.2 was obtained in an encouraging 41% yield, however, also di-arylated 6.6.3 

was detected (scheme 6.6.1).  

 
Scheme 6.6.1 Oxidative cross-coupling using trimethoxybenzene and IndoleBX reagent 6.1.10a 

On product 6.6.2 the aryl was transferred not on the most electron-rich C3 carbon, but on the C2. This 

result was particularly intriguing, as a selective C2 functionalization normally requires specific 

directing groups installed on the indole’s nitrogen or the C3-position already “blocked” by a 

functional group. Moreover, the activated position on our reagent was the C3, and not the C2. 
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6.6.2 Optimization of the metal-free (hetero)-arylation of Indoles with the C3-IndoleBX class.  

When planning the optimization process, we considered three main criteria: 

1. the modulation of stoichiometry for both promoter and nucleophile of choice; 

2. the substitution of expensive and sensitive TMSBr with a milder silane-based promoter;  

3. the replacement of expensive hexafluoroisopropanol as the main solvent of the reaction. 

We then started by performing a control experiment in absence of promoter (table 6.6.1, entry 2); we 

observed no conversion, as a Lewis Acid is necessary to promote the reactivity. Reducing to 1 

equivalent both the amount of trimethoxybenzene 6.6.1 and TMSBr afforded the same yield (table 

6.6.1, entry 3). We then decided to adopt a more convenient 1:1 ratio between the nucleophile and 

the electrophile. Economically convenient and milder TMSCl increased the yield up to 68% and 

successfully blocked the additional arylation (table 6.6.1, entry 5), while TMSI was detrimental, as it 

induced  

Table 6.6.1: screening of benziodoxolones and LA equivalents for the metal-free (hetero)-arylation of 

Indoles with the C3-IndoleBX class 

 

Entry Y Equiv. of 6.6.1 Lewis Acid (equiv.) Yield%a 6.6.2/6.6.2’ 
1 O (6.1.10a) 1.5 TMSBr (2) 41.4/17 

2 O (6.1.10a) 1.0 - -b 

3 O (6.1.10a) 1.0 TMSBr (2) 40/23 

4 O (6.1.10a) 1.0 TMSBr (1) 44/12 

5 O (6.1.10a) 1.0 TMSCl (1) 68/- 

6 O (6.1.10a) 1.0 TMSI (1) -c 

7 (Me)2 (6.1.11) 1.0 TMSCl (1) 22/- 

8 (CF3)2 (6.1.9) 1.0 TMSCl (1) -b 
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a) Substrate X (0.10 mmol), 1,3,5 trimethoxybenzene 6.6.1 (equiv. given in the table), TMSCl-TMSBr-TMSI (x equiv.) 

and HFIP (0.1 M) at 25 °C. Isolated yield after flash chromatography is given. b) No conversion, reagent 6.1.10a and 

nucleophile 6.6.1 are recovered. c) Complete decomposition and polymerization. 

polymerization and decomposition (table 6.6.1, entry 6). Other electrophilic indole reagents such as 

IndoleDBX 6.1.11 afforded an encouraging 22% yield without any background reaction (table 6.6.1, 

entry 7). However, IndolehFDBX reagent 6.1.9 did not afford the desired compound 6.6.2 and was 

completely recovered (entry 8). Any attempt to develop a catalytic system failed, as decreasing the 

amount of TMSCl lowered the yield down to no conversion (table 6.6.2, entries 1-5). Doubling the 

equivalents of promoter only resulted in decomposition, (table 6.6.1, entry 8). 1.0 equivalents of 

TMSCl were chosen as more convenient respect to 1.2 equivalents (table 6.6.1, entries 6-7). 

Table 6.6.2: screening of TMSCl equivalents for the metal-free (hetero)-arylation of Indoles with the 

C3-IndoleBX class 

 

Entry TMSCl (equiv.) Yield%a  
1 0.1 -b 

2 0.2 -b 

3 0.4  4 

4 0.5 10 

5 0.8 39 

6 1.0  68 

7 1.2 70 

8 2.0 40c 

a) Substrate 6.1.10a (0.10 mmol), 1,3,5 trimethoxybenzene 6.6.1 (0.10 mmol), TMSCl (X equiv.) and HFIP (0.1 M) at 25 

°C. Isolated yield after flash chromatography is given. b) No conversion, reagent 6.1.10a and nucleophile 6.6.1 are 

recovered. c) Decomposition and polymerization of both reagent 6.1.10a and nucleophile 6.6.1 are detected. 

The screening of solvents revealed that HFIP is essential for the reaction; it has been speculated that 

its high polar nature helps stabilize cationic intermediates in reactions involving hypervalent iodine 
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reagents.236 However, recent reports also suggest a coordination between the HFIP and the 

hypervalent iodine center, enhancing the electrophilic character of the to-be transferred group.237 

Chlorinated solvents alone such as DCM and DCE (table 6.6.3, entries 1-2) did not afford any 

conversion. Other organic solvents, from MeCN to THF, diethyl ether and methanol, either did not 

promote the reaction or afforded 6.6.2 in only faint traces (table 6.6.3, entry 3-6). Switching to another 

fluorinated alcohol such as trifluoroethanol only resulted in lower conversion (table 6.6.3, entry 7). 

HFIP was then selected as the solvent of choice (table 6.6.3, entry 8).  

Table 6.6.3: Screening of the solvent for the metal-free (hetero)-hrylation of Indoles with the C3-

IndoleBX class 

 

Entry Solvent Yield%a  
1 DCM  -b 

2 DCE  -b 

3 MeCN  4 

4 THF  -b 

5 Et
2
O  traces 

6 MeOH  traces 

7 TFE  20 

8 HFIP  68 

a) Substrate 6.1.10a (0.10 mmol), 1,3,5 trimethoxybenzene 6.6.1 (0.10 mmol), TMSCl (1.0 equiv.) and HFIP (0.1 M) at 

25 °C. Isolated yield after flash chromatography is given. b) No conversion, reagent xx and nucleophile xx are recovered.  

As HFIP is an expensive and non-user-friendly solvent, its use is always justified in organic processes. 

For these reasons, we tried lower its concentration in the reaction. We were pleased to see that diluting 

the reaction (using a higher amount of HFIP) only led to lower yields (table 6.6.4, entries 1-2). 

Contrarywise, increasing the molarity to 0.2 and 0.5 M afforded similar yields to the one obtained at 

                                                 
236 Dohi, T.; Ito, M.; Yamaoka, N.; Morimoto, K.; Fujioka, H.; Kita, Y. Tetrahedron 2009, 65, 10797–10815. 
237 Colomer, I.; Batchelor-McAuley, C.; Odell, B.; Donohoe, T. J.; Compton, R. G. J. Am. Chem. Soc. 2016, 138, 8855–

8861. 
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0.1 M (entries 4-6). Increasing the molarity up to 1 M only increased the decomposition. As a 

concentration of 0.5 M (roughly 20 equivalents) sensibly decreased the solubility of the reagent,  

Table 6.6.4: Screening of substrate’s molarity in HFIP for the metal-free (hetero)-arylation of Indoles 

with the C3-IndoleBX class 

 

Entry HFIP (M) Yield%a  

1 0.012 44b 

2 0.025 47b 

3 0.1 68 

4 0.25 64c 

5 0.5 = 20 equiv. 70c 

6 1 decomposition 

a) Substrate 6.1.10a (0.10 mmol), 1,3,5 trimethoxybenzene 6.6.1 (0.10 mmol), TMSCl (1.0 equiv.) and HFIP (X M) at 25 

°C. Isolated yield after flash chromatography is given. b) reagent 6.1.10a and nucleophile 6.6.1 are recovered. c) 

solubility problem of reagent 6.1.10a, incomplete reaction. 

generating reproducibility problems, we wondered if the solubility issues could be resolved by using 

a co-solvent and adding HFIP as additive. DCM was selected as solvent because of the high solubility 

of our reagent and the good miscibility with hexafluoroisopropanol. We mainly screened different 

molarities: 0.1 and 0.2 M (table 6.6.5). In the first case we observed that decreasing the equivalents 

of HFIP reduced the yield (table 6.6.5, entries 1-5);  
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Table 6.6.5: Screening of HFIP equivalents and concentration in DCM for the metal-free (hetero)-

arylation of Indoles with the C3-IndoleBX class 

 

Entry DCM (M) HFIP (equiv.) Yield%a  

1 0.1 20 equiv. = 0.5 M 75 

2 0.1 10 68 

3 0.1 5 64 

4 0.1 2 -b 

5 0.1 1 -b 

6 0.2 5 66 

7 0.2 10 75 

8 0.2 20 75 

9 0.25 10 68c 

a) Substrate 6.1.10a (0.10 mmol), 1,3,5 trimethoxybenzene 6.6.1 (0.10 mmol), TMSCl (1.0 equiv.) and HFIP (X equiv.) 

in DCM (X M) at 25 °C. Isolated yield after flash chromatography is given. b) No conversion, reagent 6.1.10a and 

nucleophile 6.6.1 are recovered. c) Decomposition of the reagent 6.1.10a is detected 

Conversely, increasing the concentration to 0.2 M allowed to halve the amount of fluorinated alcohol 

(table 6.6.5, entry 7) while preserving the yield (table 6.6.5, entry 8). Further increasing of the 

concentration only resulted in higher decomposition (table 6.6.5, entry 9). We also demonstrated the 

temperature is not an important factor in this transformation (table 6.6.6, entries 1-2). In fact, even 

  



Part II: Umpolung of the Reactivity of Indoles and Pyrroles 

 

136 

 

Table 6.6.6: screening of HFIP equivalents and concentration in DCM at 50 °C for the metal-free 

(hetero)-arylation of Indoles with the C3-IndoleBX class 

 

Entry T (°C) HFIP (equiv.) DCM (M) Yield%a  

1 25 10 0.2 75 

2 50 10 0.1 74b 

3 50 5 0.1 70 b 

4 50 2 0.1 68b 

5 50 1 0.1 23b 

a) Substrate 6.1.10a (0.10 mmol), 1,3,5 trimethoxybenzene 6.6.1 (0.10 mmol), TMSCl (1.0 equiv.) and HFIP (X 

equiv.) in DCM (X M) at 25 °C. Isolated yield after flash chromatography is given. b) Decomposition of the reagent 

6.1.10a is observed. 

at 50 °C, we observed that less equivalents of fluorinated alcohol and lower concentration only 

lowered the yield of 6.6.2 (entries 3-5). We then tested C2-IndoleDBX 6.5.8a, as we initially 

thought it would product a different arylated C3-regioisomer. However, the optimized conditions 

with TMSCl did not afford any conversion (table 6.6.7, entries 1-2). We then switched to the 

original promoter, TMSBr, and we saw an encouraging 60% of yield when the reaction was 

performed in HFIP as a solvent (entry 3). The boc was removed in situ. This positive result was 

further improved when the mixture HFIP-DCM was employed in the process (77% of yield, entry 

4). A careful analysis of the product revealed that the indole deriving from the electrophilic 

reagent was arylated at the same C2-position as the product deriving from the C3-IndoleBX. We 

were then able to expand the scope while maintaining the same C2:C3 ratio, and diversifying the 

nature of the different functional groups on the transferred heterocycle. Other promoters such as 

TMSI and TMS-imidazole failed to afford any desired product (entries 5-6). 
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Table 6.6.7: Optimization for the Lewis acid and solvents for the arylation of C2-IndoleDBX. 

 

Entrya Lewis Acid (equiv.) Solvent Yield%a 

1 TMSCl (2) HFIP (0.1 M) -b 

2 TMSCl (2) HFIP (10.0 equiv.)+DCM(0.2 M) Traces 

3 TMSBr (2) HFIP 60 

4 TMSBr (1) HFIP (10.0 equiv.)+DCM(0.2 M) 77 

5 TMSI (2) HFIP (10.0 equiv.)+DCM(0.2 M) -c 

6 TMS-1H-imidazole (2) HFIP (10.0 equiv.)+DCM(0.2 M) -c 

a) Substrate 6.5.8a (0.10 mmol), 1,3,5 trimethoxybenzene 6.6.1 (0.11 mmol, 1.1 equiv.), TMSCl-TMSBr-TMSI (2 equiv.) 

at 25 °C. Isolated yield after flash chromatography is given. b) No conversion, reagent 6.5.8a and nucleophile 6.6.1  are 

recovered. c) Complete decomposition and polymerization. 

 

6.6.3 Control experiments for the metal-free (aetero)-arylation of Indoles with the C3-IndoleBX 

class 

To prove the superiority of our reagent in the developed transformation, we tested other indole 

sources. Iodo-indole 6.2.3 was tested with TMSBr as promoter but failed to deliver 6.6.2 (scheme 

6.6.2).  

 
Scheme 6.6.2 Control experiment using C3-iodo-indole. 

Then, the exact conditions developed by Dohi,89 were screened. Methyl-indole 6.1.7a and 4-F PIDA 

6.6.3, were pre-mixed in HFIP to generate in situ a transient electrophile. TMSCl and 

trimethoxybenzene 6.6.1 were then added sequentially and the reaction left stirring for 4 hours. The 
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desired arylated indole 6.6.2 was synthesized in only 16% yield. Decomposition of the hypervalent 

reagent as well as indole polymerization were also observed (scheme 6.6.3). Thereby, our reagent is 

more convenient for the metal-free oxidative cross coupling, due to its combination of stability and 

reactivity. 

 
Scheme 6.6.3 Control experiment applying the conditions developed by Dohi and coworkers. 

We then wondered if the reaction needed a specific promoter or could have been activated just by a 

strong acid. Anhydrous HCl in MeOH was used; however, it failed to deliver any product (scheme 

6.6.4). 

 
Scheme 6.6.4 Control experiment using HCl as promoter. 
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6.6.4 Scope of trimethoxyphenylated-N-protected-Indoles and -Pyrroles 

 

We then turned our attention to the scope of the transformation. Several electrophilic indole 

precursors reacted well in the reaction. When C3-IndoleBXs were used as reagents, several products 

were obtained in moderate to good yields (scheme 6.6.5). Iodine and boronic-esters functional 

Scheme 6.6.5 Scope of hetero-arylated compounds (I). 

groups installed on the indole, were preserved (entries 6.6.2c and 6.6.2d). When reagent 6.1.10d was 

used, the C3-arylated product was obtained in a moderate 40% yield. In this case we observed a 

selective arylation on the C3-position, due to the methyl-group being present on the C2-carbon. Also 

C3-PyrroleBX reagents were engaged in the transformation, and afforded C2-arylated pyrroles 

6.6.2e-6.6.2f in good yields.  

The reaction worked well also with C-IndoleBX reagents affording arylated NH-indole derivatives 

6.6.4a-6.6.4e and 6.6.5a-b. Arylated tryptamine 6.6.6 was also accessed in a good 75% yield. 
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We were able to obtain a suitable crystal of derivative 6.6.2a, thus confirming the structure of the 

regioisomer (figure 6.6.1). The trimethoxybenzene nucleophile is always installed on the C2-carbon 

of the indole deriving from hypervalent iodine reagent. The C3:C2’ ratio is fixed and it doesn’t 

change if either the C2-IndoleDBX or the C3-indoleBX are employed. 

 

Figure 6.6.1 X-ray analysis of 6.6.2a 

We then screened heteroarenes as nucleophiles, starting with indoles. Satisfyingly, the dimer of 

methyl-indole 6.6.7a (scheme 6.6.6) was obtained in a good yield. The connection between the two 

heterocycles was initially hypothesized as C3-C2’ (Nucleophile attacked from the C3-carbon and 

electrophile received on C2). Several functional groups were easily tolerated on both nucleophilic as 

well as electrophilic counterparts. Indoles functionalized by methyl- and methoxy-groups did engage 

well in the reaction, and afforded products 6.6.7b and 6.6.7c with good yields (scheme 6.6.6). 

Sensitive halogen groups such as chlorine and iodine as well as boronic-ester were preserved in the 

final products (scheme 6.6.6, entries 6.6.7d-6.6.7f). 
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Scheme 6.6.6 Scope of hetero-arylated compounds (II). 

When a C6-O-benzylated substrate was engaged as nucleophile, the de-symmetrized bi-indole 6.6.7g 

was obtained, with the benzyl group removed in situ, probably by the acidic conditions. Unprotected 

NH-indoles as nucleophiles were tolerated and derivatives 6.6.7h-6.6.7j were accessed in good yields. 

In order to test if the presence of iodine (I) on the IndoleBX eroded the yield, we engaged IndoleBX 

6.1.10g in the transformation. Derivative 6.6.7k was indeed isolated in a good yield showing that 

iodine (I) did not engage in the reaction. Similarly, when IndoleBX 6.1.10h was used in combination 

with both C5-methoxy and –nitro indoles, products 6.6.7l-6.6.7m were easily accessed. Thus, 

sensitive functional groups installed both on the nucleophile as well as the electrophile were not 
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degraded under the optimized conditions. Interestingly, when C3-methylated indole and tryptophol 

were used, we did not observed a C2-C2’ connectivity. In fact, bi-dimensional NMR analysis revealed 

that derivatives 6.6.8a-6.6.8b both presented a reversed connectivity C2-C3’ (For further 

mechanistical speculation please see Chapter 6.6.5). Other electron-rich heterocycles such as methyl-

pyrroles and thiophenes reacted well and afforded C2-C2’ pyrrolo-indoles 6.6.9a-6.6.9b and 

thiophene-indoles 6.6.10a-6.6.10b in moderate to good yields. Finally, also the C2-IndoleDBX 

reagents were engaged in the metal-free oxidative cross coupling. Interesting non-symmetric bi-

indole dimers with free NH-nitrogen 6.6.11a-6.6.11c were accessed, as the Boc was cleaved in the 

transformation. Similarly, also thiophene-NH-indole product 6.6.11d was isolated in an encouraging 

28% yield.  

Electron-rich starting materials such as 6.6.12 and 6.6.13 did not engage in the transformation, while 

azulene 6.6.14 and cyclopentadiene 6.6.15 mainly decomposed in the reaction. 1- and 2-

Methoxynaphtalene 6.6.16-6.6.17 also failed to produce any of the desired derivatives (all in scheme 

6.6.7). 

 

Scheme 6.6.7 Unsuccessful carbocycles for the oxidative cross-coupling. 

Finally, also the thiophenes and furans reported in scheme 6.6.19 either did not engage in the 

transformations (scheme, 6.6.8, 6.6.18-6.6.22, 6.6.27) or mainly decomposed in the acidic medium 

(6.6.23-6.6.26). 

 
Scheme 6.6.8 Unsuccessful heterocycles for the oxidative cross-coupling. 

 



Part II: Umpolung of the Reactivity of Indoles and Pyrroles 

 

143 

 

6.6.5 Determination of the regio-distribution. 

Mixed bi-indole frameworks are constituted by an all-aromatic quasi-symmetric scaffold; therefore, 

regioisomers bearing a connectivity of C3-C2’ and C2-C3’ were difficult do differentiate. Moreover, 

there was almost no literature precedence to un-equivocally correlate to our products. Therefore, bi-

dimensional NMR studies were required to assign the correct structure of the products. The bi-

dimensional NMR-analysis here reported of bi-indoles 6.6.7i’-6.6.7j’ would suggest a 3’-2/2’-3 

connectivity between the two heterocyclic core (scheme 6.6.9).  

 

Scheme 6.6.9 Hyphothesized regioisomers for substrates 6.6.7i-6.6.7j 

To determine from which carbon the nucleophile react with its electrophilic partner, we decided to 

analyze dimers 6.6.7i -6.6.7j bearing an NH on the former nucleophilic part. In scheme 6.6.10 are 

reported the two possible regioisomers I-IV.  

 

Scheme 6.6.10 The I-IV different regioisomers for substrates xx-xx 

In order to elucidate the correct structure we performed bi-dimensional HMBC analysis of products 

6.6.7i -6.6.7j. We concentrated our attention to the H-signal at about 6.6 ppm: as the shift is typical 

of protons belonging to indole’s C2-C3 carbons. HMBC analysis of products 6.6.7i -6.6.7j didn’t 

reveal any correlation between the NCH3-carbon and the H-signal at about 6.6 ppm (figure 6.6.10). 

For this reason we were able to exclude regioisomers of classes I and II and assign the singlet to a 

C3-carbon.  
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Figure 6.6.2 HMBC NMRs of 6.6.7i -6.6.7j 

To distinguish between the remaining two regioisomers III and IV, 6.6.7i -6.6.7j were methylated to 

obtain 6.6.7i’-6.6.7j’. The HMBC analysis showed interaction between the H-singlet at 7.25 and 7.16  

and the newly installed NCH3, thereby excluding the 2-2’ connection and allowing to assign the 

structure. We obtained the 3-2’ C-C bond (scheme 6.6.11). By analogy we extend this analysis to all 

6.6.7i 

6.6.7j 
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mixed bi-indoles obtained in the scope except for compounds 6.6.8a-6.6.8b, whose analysis revealed 

the reversed connection 2-3’.  

 

Scheme 6.6.11 COSY correlations 
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Figure 6.6.3 HMBC NMRs of 6.6.7i’-6.6.7j’ 

6.6.7i’ 

6.6.7j’ 
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6.6.6 The roles of HFIP and TMSCl in the reaction. 

As seen in the optimization Chapter 6.6.2, both promoter and fluorinated solvent are necessary to 

obtain the desired products. In order to determine in which capacity these reagents act in the reaction, 

we designed a series of NMR experiments with the goal to determine how these promoter interact 

with the hypervalent iodine reagent. The NMR-spectra here reported were performed in deuterated 

CDCl3 (solvent of characterization) and CD2Cl2 (solvent of reaction). We wanted to assess two 

fundamental aspect: 

1. If and how HFIP was exerting a distal polarizing supramolecular effect; 

2. If the acidic promoter (TMSCl or TMSBr) was directly interacting with the hypervalent iodine 

moiety; 

In the 1H- and 13C-NMR here reported, we focused on the shift of two signals in particular: the H-C2 

proton at 7.8 ppm and the I(III)-ArC at 80 ppm. For the proton-NMR: shift towards higher fields are 

typical an increase in acidity and thus a decrease of the electron density, typical of hypervalent iodine 

reagents. Same concept for the shift in the carbon signal to maximum 90 ppm.  

 

Scheme 6.6.12 Rationale for NMR investigation. 

In the optimization, different equivalents of HFIP were tested. As we’ve seen in the control 

experiments, the presence of TMSCl as promoter is essential. In figure 6.6.4-line A is reported the 

blank experiment: only IndoleBX and deuterated solvent. When 1.0 equiv. of TMSCl was added to 

reagent a (line B), we immediately observed decomposition of the reagent in its c and d. As peak 

shifts correspond to the ones of iodo-benzoic acid c,238 we observed that this modality of activation 

breaks the C-I in the “desired” way; the unwanted C3-Iodine indole is not generated in the reaction. 

In the 13C-NMR spectra it is possible to observe that the hypervalent C-I bond is lost, as its signal 

shifts from 78 ppm to 94 ppm. HFIP alone doesn’t promote immediate decomposition (lines C-F) but 

only induce a small shift of peaks; it is possible that it coordinates with the reagent via H-bonds. 

                                                 
238 Huang, H.; Zhang, G.; Chen, Y. Angew. Chem. Int. Ed. 2015, 54, 7872–7876. 
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Finally, we mixed both HFIP and TMSCl; we observed the same decomposition pattern as in 

spectrum B, although in a slower manner (line G). 

 

 

Figure 6.6.4 1H- and 13C-NMR analysis of IndoleBX’s behavior under different reaction’s conditions in CDCl3. 

IndoleBX 6.1.10a in CDCl3 0.1 M 

IndoleBX 6.1.10a in CDCl3 0.1 M 

+ 1.0 equiv. TMSCl 

IndoleBX 6.1.10a in CDCl3 0.1 M 

+ 0.50 equiv. HFIP 

IndoleBX 6.1.10a in CDCl3 0.1 M 

+ 1.0 equiv. HFIP 

IndoleBX 6.1.10a in CDCl3 0.1 M 

+ 3.0 equiv. HFIP 

IndoleBX 6.1.10a in CDCl3 0.1 M 

+ 10 equiv. HFIP 

IndoleBX 6.1.10a in CDCl3 0.1 M 

+ 10 equiv. HFIP – 1.0 equiv. 

TMSCl 

A 

A 

B 

B 
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6.6.7 Mechanistical hypotheses. 

“The discussion and the schemes reported in this sections were directly taken from the 

Supplementary Informations of our publication” 

According to several literature precedents for hypervalent iodine mediated oxidative cross couplings, 

three possible mechanism for this transformation are envisaged (scheme 6.6.13). A classic ligand 

exchange pathway followed by reductive elimination (Path A). Then a SET pathway (Path B) and 

finally a SNAr mediated by a transient iodonium carbene (Path C).  

Scheme 6.6.13 Proposed mechanisms for the metal-free oxidative cross-coupling. 

As already reported in this field,29 it has been demonstrated that Heteroatom-ligands of the I(III) can 

exchange with  different nucleophiles. For Path A, two modalities could be considered: associative 

and dissociative (scheme 6.6.14). In the associative pathway we speculate that the Cl- derived from 

TMSCl rapidly add to the C-I σ* orbital and form a trans tetracoordinated [12-I-4] iodate I with a 

square-planar arrangement. Rapid isomerization and elimination of the carboxylate form a λ3 -iodane 

III. The addition-elimination sequence proceed at a low-energy barrier and is generally reversible. 

Addition of the (hetero)aryl nucleophile would follow the same pattern to access IV. Conversely, the 

dissociative pathway would involve a high-energy dicoordinated [8-I-2] iodonium species, possibly 

stabilized by ionic or hydrogen interaction with the protic fluorinated solvent on apical sites to arrive 

at II. Addition of Cl- would lead to intermediate III. For addition of (hetero)aryl-H the same 
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mechanisms are considered, but a rearomatization of the nucleophile has also to be accounted to get 

intermediate IV. 

 

Scheme 6.6.14 Associative-dissociative pathway. 

To explain the regio-distribution of the product, we hypothetize that IV, the C3 regiosisomer would 

exist in equilibrium with V, the C2 one (scheme 6.6.15). We suggest a substrate control on the regio-

distribution of the products. When a C3-alkylated indole is used as nucleophile, the equilibrium 

should be shifted towards intermediate IV due to sterical hindrance. 

 
Scheme 6.6.15 Equilibrium of two regioisomers IV and V. 

Finally, reductive elimation of intermediate hypervalent λ3 -iodanes IV and V would afford the 

desired product and release silylated iodo-benzoic acid as byproduct. This process if allowed because 

of the hypernucleofugacity property of the hypervalent iodine (a hypervalent moiety is a better 

leaving group than -OTf). This process may either be concerted or stepwise (scheme 6.6.16), and high 

energy carbo-cation and –anion intermediates would be involved in the transformation. 
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Scheme 6.6.16 Reductive elimination of the hypernucleofuge 

Another proposal involves, as theorized by Kita for the oxidative coupling of arenes and 

heterocycles,1,2 a radical mechanism. This would be a viable alternative to the ligand exchange 

proposed in Path A. The TMSCl should induce the formation of Charge-Transfer complex VI (CT-

complex) between the (hetero)arene and the electrophilic hypervalent iodine (Scheme S5). A SET 

would form the oxidized cationic radical (hetero)arene and transfer one electron on the electrophilic 

iodane. The aromatic cation radical intermediate VII could be stabilized by the enamine bond of the 

indole, with the iodane shifting between the C2-C3 carbons. Intramolecular deprotonation by either 

the chlorine moiety or the carboxylate the would afford intermediates VIII and IX. Final SET 
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recombination would afford the corresponding mixed bi-(hetero)arenes. Alternatively, recombination 

on iodine would lead back to intermediate IV and V, which could then undergo reductive elimination. 

 

 

Scheme 6.6.17 SET pathway 

In fact, it is possible to establish a parallelism between Path A and Path B on the last two intermediates 

for each of them.  

Finally, Path C takes in account the donating effect of the N-lone pair in stabilizing III into its 

resonance form intermediate X. Axial SNAr attack from the nucleophile from the would form 

intermediate XI. Finally, 1,2-proton shift of the C2-proton on the C3-iodo-carbene would afford the 

desired product (scheme 6.6.18). 
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Scheme 6.6.18 Iminium induced hypervalent iodine-carbene 
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6.6.8 Further Modifications of the (Hetero)-Arylated Indoles. 

Finally, different products modifications were executed. We mainly focused on cyclization processes 

and skeletal manipulations of the indole core. As highlighted in the introductory chapter 4.1, the non-

symmetrical fused carbazol-indoles framework possess physiological activities and can be found in 

relevant natural compounds.159 Unfortunately, their syntheses often required a multistep approach 

under harsh conditions. With our methodology, the mixed bi-indoles could be conveniently cyclized 

in the desired fused derivatives. Following Bergman’s protocol,239 we took advantage of the 

nucleophilic diene system shared by the bi-indole using 

 

Scheme 6.6.19 Synthesis of  2-bromo-12-methyl-5,12-dihydroindolo[3,2-a]carbazole 6.6.29 

 

dimethylaminoacetaldehyde diethyl acetal 6.6.28 as the electrophilic partner. Condensation with the 

masked aldehyde followed by elimination of the dimethyl-amine afforded 6.6.29 in very good yield. 

Palladium-catalyzed cycloaromatization240 of C3-carbon on both indoles generated polycyclic 

aromatic hydrocarbon carbocycle 6.6.31 in 75% (scheme 6.6.20).  

 

Scheme 6.6.20 Synthesis of 2-chloro-5,12-dimethyl-6,7-diphenyl-5,12-dihydroindolo[3,2-a]carbazole 6.6.31 

As derivative 6.6.31 exhibited strong crystalline behavior, we were able to perform X-Ray analysis 

and finally confirmed the C3-C2’ regioisomer structure proposed with the bi-dimensional NMR 

analysis (figure 6.6.5). 

                                                 
239 Janosik, T.; Bergman, J. Tetrahedron 1999, 55, 2371–2380. 
240 Shi, Z.; Ding, S.; Cui, Y.; Jiao, N. Angew. Chem. Int. Ed. 2009, 48, 7895–7898. 
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Figure 6.6.5 ORTEP structure of 6.6.31 

Finally, we performed a Ciamician Dennstedt indole-ring expansion under alkaline conditions.241,242 

Di-substituted 3-chloro-2-arylated quinoline 6.6.32 was formed in 72% of yield. The skeletal 

expansion resulted from rearrangement of the intermediate dihalogenocyclopropane I (scheme 

6.6.21).  

 

Scheme 6.6.21 Synthesis of 3-Chloro-2-(2,4,6-trimethoxyphenyl)quinolone 6.6.32 

6.6.9 Conclusions for the metal-free oxidative cross-coupling 

In chapter 6.6 the optimization and scope investigation of the metal-free oxidative cross-coupling 

process are described. While Rh(III)-catalyzed C-H activation focused on the functionalization of 

aryl-pyridines and the Ru(II) process on the diversification of aromatic methoxy-amides, the metal-

free cross coupling allowed the synthesis of un-precedented mixed bi-indole derivatives. Different 

indoles, pyrroles, thiophenes and electron-rich arenes engaged in the transformation, and the mixed 

bi-heteroarenes were obtained in moderate to good yields. The developed conditions were mild, 

robust and tolerant towards sensitive groups. Three different mechanisms were proposed, and further 

investigation will be pursued in the future. The product were further modified to access interesting 

frameworks.  

                                                 
241Ciamician, G. L.; Dennstedt, M. Berichte der Dtsch. Chem. Gesellschaft 1881, 14, 1153–1163.  
242Joshi, K.; Jain, R.; Arora, S. No Title. J. Indian Chem. Soc. 1993, 70, 567–568. 
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6.7 Unsuccessful reactions involving indole-based benziodoxolone reagents. 

6.7.1 Target reactions.  

As described in the introductory section, the Umpolung of conventionally nucleophilic Indoles could 

increase the number of available transformation of reactions in synthetic chemistry. Inspired by the 

previous results obtained in the field of hypervalent iodine, we decided to test the new reagents in 

both metal free as well as metal catalyzed reactions. In all cases the methodology would have allowed 

the synthesis of compound of interest in a straightforward manner. In figure 6.7.1 are reported all the 

reactions described in this chapter. On the left side of the scheme are reported the classical metal free 

transformations known to work with hypervalent iodine reagents, while on the right are reported the 

attempted metal catalyzed transformations. Amongst those reactions, the thio-indolization process 

showed interesting preliminary results but was not further pursued because of existing competitive 

methods. 

 
Figure 6.7.1 Envisioned applications of IndoleBX 
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6.7.2 Metal free and Lewis Acid Mediated transformations 

Encouraged by previous works of our group, we decided to test some metal free protocols: the 

methods were selected based on the usefulness of the sought products. The exact conditions for the 

transformation were applied from the azidation,243 alkynylation244 and cyanation245 protocols on β-

keto-esters previously developed in the group. 

Scheme 6.7.1 Indolization of β-keto-esters. 

We tested an acid catalysis with 10 mol% of scandium (III)triflate, hoping to lower the energetic 

barrier of the reaction by activating the Iodine(III) center; however, this resulted in the complete 

decomposition of the reagent (scheme 6.7.1, a). A similar result was obtained in basic conditions, 

where TMG was employed: yet a lesser decomposition of the IndoleBX was noted (scheme 6.7.1, b). 

Finally, we tested the neutral cyanating conditions (scheme 6.7.1, c) but, even after 72 hours, we did 

not observed the desired product. In this last trial we were able to recover the unreacted 

benziodoxolone 6.1.10a corresponding to all the initial loading, thus demonstrating the high stability 

of this new IndoleBXs. After these initial results on β-keto-esters, we tested nitro-cyclopentane as 

nucleophile. Intrigued by the results obtained by Olofsson et al.246 (scheme 6.7.2) and by the 

usefulness of the desired nitro-alkyl-indoles, 

 
Scheme 6.7.2 Arylation of Nitroalkanes and β-nitro-esters with hypervalent iodine 

                                                 
243 Vita, M. V.; Waser, J. Org. Lett. 2013, 15, 3246–3249. 
244 Fernández González, D.; Brand, J. P.; Mondière, R.; Waser, J. Adv. Synth. Catal. 2013, 355, 1631–1639. 
245 Vita, M. V.; Caramenti, P.; Waser, J. Org. Lett. 2015, 17, 5832–5835. 
246 Dey, C.; Lindstedt, E.; Olofsson, B. Org. Lett. 2015, 17, 4554–4557. 
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we decided to test the protocol in combination with our reagents 6.1.10a and 6.1.11. Given that this 

method was never tested on a cyclic reagent, we expected to obtain the arylated product, if not a 

mixture of the two. Unfortunately when reagent 6.1.10a was used (as shown in scheme 6.7.3) neither 

of the expected products was obtained; the starting material and reagent was recovered.  

 
Scheme 6.7.3 Indolization of Nitroalkanes with IndoleBX and IndoleDBX 

We then decided to apply reagent 6.1.10a. Also this attempt was unsuccessful, as no reactivity was 

observed at room temperature. In both cases the starting cyclic nitro-alkane was completely 

recovered. When the T °C was raised up to 100 °C, decomposition of the reagent was observed but, 

again, no conversion in either one of the two expected products. A second attempt to react the 

IndoleBXs with nucleophiles under metal-free conditions was performed with a nitration protocol. 

As the synthesis of nitro-indoles is not straightforward and those compounds can be used as 

dienophiles in Diels Alder reactions,247 a new direct synthetic protocol would have been convenient. 

Also, the nitration of iodonium salt is a known procedure, and it was developed in 2016 by Olofsson 

and coworkers248 (scheme 6.7.4). 

 

Scheme 6.7.4 Nitration of Aryl-Iodonium Salts 

Also in this case the developed method was not general, with good yields reached only with 

hypervalent iodines bearing electron-poor arenes; mixed reagents bearing an electron-rich ary l group 

did not perform well. Nonetheless, we decided to employ the two benchmark reagents 6.1.10a and 

6.1.11 under the same conditions reported in the original paper. As before, we expected to observe, 

if not the desired nitro-indole, at least the formation of side products 6.7.2 and 6.7.4(scheme 6.7.5). 

                                                 
247 Wenkert, E.; Moeller, P. D. R.; Piettre, S. R. J. Am. Chem. Soc. 1988, 110, 7188–7194. 
248 Reitti, M.; Villo, P.; Olofsson, B. Angew. Chem. Int. Ed. 2016, 55, 8928–8932. 
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After an initial run at r.t., since no conversion was observed and the reagents were still present in the 

reaction mixture, the temperature was increased to 50, 70 and 110 °C in ranges of 5 hours each. No 

relevant conversion was detected, but a slow decomposition of the reagents started around 70 °C and 

finished after 12 hours at 110 °C. It is possible that these reagents need a stronger activating agent to 

be able to react as the aryl-iodonium salts.  

 
Scheme 6.7.5 Nitration of IndoleBX and IndoleDBX. 

We then concentrated our efforts towards the hetero-functionalization of indole. Considered the 

results obtained by our group in the thio-alkynylation249 and thio-cyanation250 of aromatic and 

aliphatic thiols, we decided to apply the best conditions in combination with our reagents (Scheme 

6.7.6). Furthermore, the thiolation of heterocycles is often a stepwise process that requires particular 

conditions251 or transition metals.252 All these considerations increased our interest in developing a 

convenient thio-indolization method.  

 

Scheme 6.7.6 Functionalizations of S-centered nucleophiles with different cyclic hypervalent iodanes. 

When we applied the conditions previously developed by our group, we obtained interesting 

preliminary results as reported in Scheme 6.7.7. When reagent 6.1.10a was used, the desired 

conversion in the desired product 6.7.6 was obtained in only 38%.No product was obtained with 

reagent 6.1.11. Besides, DBU was ineffective in this transformation. The reaction promoted by TMG 

                                                 
249 Frei, R.; Wodrich, M. D.; Hari, D. P.; Borin, P.-A.; Chauvier, C.; Waser, J. J. Am. Chem. Soc. 2014, 136, 16563–

16573. 
250 Frei, R.; Courant, T.; Wodrich, M. D.; Waser, J. Chem. – Eur. J. 2015, 21, 2662–2668. 
251 Tudge, M.; Tamiya, M.; Savarin, C.; Humphrey, G. R. Org. Lett. 2006, 8, 565–568. 
252 Gensch, T.; Klauck, F. J. R.; Glorius, F. Angew. Chem. Int. Ed. 2016, 55, 11287–11291. 
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was repeated and the results confirmed; however when we switched substrate, moving from the highly 

deactivated 6.7.5 to the electron-rich p-methoxy-thiophenol 6.7.8, the method was not applicable 

(scheme 6.7.8, first arrow) and only dimer 6.7.7 was observed.  

 

Scheme 6.7.7 Thiolation of Indoles aided by IndoleBX and IndoleDBX (I) 

We then decided to move towards an Lewis Acid catalyzed activation of the reagent. By using a 20 

mol% loading of Sc(III)OTf3 we obtained a neat 22% of isolated yield of the desired compound when 

reagent 6.1.10a was used (scheme 6.7.8, second arrow). Dimethyl reagent 6.1.11 did not afford the 

desired conversion.  

Scheme 6.7.8 Thiolation of Indoles promoted by IndoleBX and IndoleDBX (II) 

Encouraged by the 22% yield, we decided to quickly test some of the copper salts known to 

successfully promote hypervalent iodine-related processes. 

Different Cu(I) and Cu(II) sources were screened, in most cases the main compound was the 

dimerization of the starting material to disulfide (not quantified), or reagent decomposition to deliver 

C3-iodoindole as by-product (table 6.7.1, entries 2-6, 8-11). Amongst them, Cu(I)OTf benzene 

complex and Cu(II)Cl2 improved the yield up to 34-30% (table 6.7.1, entries 1 and 7). As there are 
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many other competing and convenient method for the synthesis of C3-thiolated indoles,253 the project 

was not further pursued. 

Table 6.7.1: Optimization of the copper source for the synthesis of thio-indolized xx 

 

Entry Catalyst (20 mol%) Yield%a 

1 CuOTf benzene complex 34% 

2 CuOTf -b 

3 CuI -b 

4 CuCN -b 

5 CuOAc -b 

6 Cu(MeCN)4 <5%b 

7 CuCl2 30% 

8 Cu(TFA)2 <5%b 

9 Cu(OAc)2 <5%b 

10 Cu(OTf)2 <5%b 

11 Cu(CF3COCH2COCF3)2 <5%b 

a) Substrate 6.7.8 (0.100 mmol), IndoleBX 6.1.10a (0.120mmol, 1.20 equiv.), copper promoter (20 mol%, 0.020 mmol.) 

at 25 °C. Isolated yield after flash chromatography is given. b) No conversion in the desired product, disulfide formation 

and reagent decomposition to C3-iodo-indole. 

These results were interesting in order to understand the reactivity of the electrophilic indole reagents. 

It seems that the cyclic IndoleBX is less reactive than other benziodoxolone, and a Lewis Acid that 

interact with the I(III) center is necessary for reaction with nucleophiles. By using the just described 

Lewis Acid approach, and relying on the results obtained by Togni and coworkers in 2009254 (scheme 

6.7.9), we applied their protocol to our IndoleBX 6.1.10a (scheme 6.7.10), but with 

                                                 
253 Equbal, D.; Singh, R.; Lavekar, A.G.; Sinha, A.K. J. Org. Chem., 2019, 84, 2660–2675. 
254 Koller, R.; Stanek, K.; Stolz, D.; Aardoom, R.; Niedermann, K.; Togni, A. Angew. Chem. Int. Ed. 2009, 48, 4332–

4336. 
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Scheme 6.7.9 Trifluoromethylation of alcohols 

no results. Not only the desired product 6.7.11 did not form, but also the reagent was left untouched 

and was completely recovered after 72 hours of stirring at room temperature. A further confirmation 

came while screening the different Lewis Acids in the C-H activation context, as described in Chapter 

7; we found the Zn(NTf)2 to be not efficient in activating the reagent.  

 

Scheme 6.7.10 Indolization of alcohols 

 

6.7.3 Organometallic and Metal-catalyzed transformations 

The seminal report of Moriarty and coworkers85 briefly explored the reactivity of the indole based-

iodonium salts in combination with organo-lithium reagents (scheme 6.7.11). The reactivity was 

limited by the choice of nucleophile, the low yields and the decomposition of the hypervalent salt to 

C3-iodoindole. 

 

Scheme 6.7.11 Nucleophilic attack on indole iodonium salts 

Encouraged by the superior stability of our IndoleBX, we decided to test it in combination with 

organometallic reagents such as Grignards and organolithiums. Unfortunately all reactions mainly 

resulted in degradation of the reagents to C3-iodoindole, although the compound was detected in 

traces (scheme 6.7.12). The background decomposition could have been caused by the ester reacting 

with the organometallic intermediate. To avoid this problem, benziodoxole derivatives or softer 

organocuprates could be used instead. Other investigations will be done in the future. 
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Scheme 6.7.12 Nucleophilic attack on IndoleBX reagents 

We then tested our reagent under photochemical conditions; in particular, we decided to apply the 

conditions developed in our group for the alkynylation of amino- and oxo-acids (scheme 6.7.13). 

 
Scheme 6.7.13 Decarboxylative alkynylation of aliphatic amino- and oxo-acids with TIPS-EBX 

Unfortunately, reagent 6.1.10a mainly decomposed under photochemical conditions, resulting again 

in C3-iodoindole (scheme 6.7.14). In the case of IndoleBX 6.1.10a, the decomposition to iodoindole 

is justified by the higher stability of the aryl radical, resulting in the unwanted fragmentation.  

Scheme 6.7.14 Indolization of aliphatic amino- and oxo-acids 

Finally, inspired by the report of Nachtsheim and coworkers on the Ir(III)-catalyzed alkynylation of 

isopropenyl aniline (scheme 6.7.15), we tested our reagent in combination with iridium catalyst (table 

6.7.2). Unfortunately, we never observed the formation of the desired product (entries 1-2). 
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Scheme 6.7.15 Ir-catalyzed C-H alkynylation of anyline-isopropenyl derivatives 

The desired product 6.7.14 was not synthesized even by adding Ag(I) salt (entry 3) or with pyridine 

as additive (entry 4). Other counter ions for the acetate based were screened, but with no result (entries 

5-6). Only Rh(III) instead of Ir(III) catalyzed the formation of the desired compound, albeit in traces 

(entry 7). 

Table 6.7.2: explorative reactions of IndoleBX with Ir(III) 

 

Entry Catalyst (5.0 mol%) Base  Additive (mol%) Yield% 

1 [Ir(Cp*Cl2)]2  - - - 

2 [Ir(Cp*Cl2)]2 NaOAc  - - 

3 [Ir(Cp*Cl2)]2 NaOAc  AgSbF6 (10) - 

4 [Ir(Cp*Cl2)]2  NaOAc  Pyridine (5) - 

5 [Ir(Cp*Cl2)]2  KOAc  Pyridine (5) - 

6 [Ir(Cp*Cl2)]2  CsOAc  Pyridine (5) - 

7 [Rh(Cp*Cl2)]2 (5) NaOAc  AgSbF6 (10) traces 

a) Substrate 6.7.13 (0.100 mmol), IndoleBX 6.1.10a (0.120 mmol, 1.20 equiv.), catalyst (5.00 mol%, 5.00 µmol), base 

or additive (5.0 mol% or 10 mol%, 5.00 µmol or 10.0 µmol), at r.t.-50-80 °C. NMR conversion is given b) No conversion 

to the desired product, starting material and hypervalent iodine reagent 6.1.10a recovered. 
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7. Conclusions of Part II 

In conclusion, we reported the synthesis and applications of a novel class of indole- and pyrrole-based 

cyclic hypervalent iodine reagents. At the beginning of this thesis, the reactivities of electrophilic 

indoles and pyrroles were under-explored. Our investigations, started from a failed domino reaction, 

bourgeoned in the development of a variegated class of new and stable reagents. While a direct 

synthesis from convenient commercially available indoles and pyrroles delivered selectively the C3-

IndoleBX regioisomers (scheme 7.1.1 - a), a boron-functionalized indole substrate was necessary to 

overcome the classical reactivity of the indole nucleus and afford the class of C2-IndoleBXs (scheme 

7.1.1 - b). Regarding the pyrrole, the different substituents on the nitrogen and the benziodoxoles’ 

cores were able to tune the C2:C3 ratio of the products. Both synthetic protocols are mild, convenient 

and scalable up to gram scale; in total, 40 electrophilic indole and pyrrole synthons were accessed, 

and the synthetic protocol is very versatile and adaptable for the synthesis of other derivatives (scheme 

7.1.1).  

 

Scheme 7.1.1 General overview of the synthesis of Indole- and Pyrrole-BXs  

With the knowledge acquired during the synthesis of the reagents, we turned our attention to their 

reactivity. We were able to engage the new electrophilic indole and pyrrole synthons with 

nucleophilic partners, in metal-catalysis and metal-free cross couplings for the straightforward 

synthesis of interesting derivatives. The desired products were not easily accessible with conventional 

methods or required multi-step syntheses in harsh conditions. In particular, we developed a Rh(III) 

and Ru(II)-catalyzed C–H indolization of aryl-pyridines, aryl methoxamides and quinoline N-oxides 

(scheme 7.1.2 – A-C).  
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Scheme 7.1.2 General overview of Part II: synthesis of the Indole- and Pyrrole-BXs and their applications as group-transfer 

reagents 

Within our group, Dr. Erwann Grenet and Ashis Das applied the new class of reagents in catalysis 

and were able to develop novel, convenient and facile C-H indolization of benzaldehydes (as an 

alternative to the classic Friedel Craft255 and of aryl-pyridones (scheme 7.1.3).221 

 

Scheme 7.1.3 New applications of IndoleBXs in catalysis 

  

                                                 
255 Grenet, E.; Waser, J. Org. Lett. 2018, 20 ,1473–1476. 
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Part III: Umpolung of Enamides and Enol Ethers Reactivities 

8. From the Umpolung of indoles to the Umpolung of enamides 

8.1 General introduction to enamines and enamides  

As stated in the introduction of this thesis, the development of new methods for the formation of C–

C and C–X bonds is an ever-evolving field in organic synthesis. Many of these reactions rely on the 

nucleophilic attack of enolates and their derivatives.1 These nucleophiles are readily prepared from 

carbonyl compounds. Many useful enolate synthons such as silyl enol ethers have been developed to 

date, while a condensation between a carbonyl and an amine affords enamine intermediates (scheme 

8.1.1).  

 

Scheme 8.1.1 General structures of silyl enol ethers and enamines. 

Enamines are powerful nucleophiles discovered in 1884256 whose name was coined by Wittig in 1927, 

to emphasize the analogy of these compounds with enols.257 Their synthetic utility was firstly 

showcased by Stork in 1963 for the α-acylation of carbonyl compounds.258 In these reactions, 

enamines react with electrophiles and afford iminium ions intermediates which are hydrolyzed to give 

the corresponding α-functionalized carbonyl or 1,3-dicarbonyl products. The nucleophilicity of 

enamine compounds is due to the electron-donating ability of the nitrogen lone pair towards the C=C 

bond, increasing its electron density (scheme 8.1.2). The π-donating property of their nitrogen makes 

enamines more electron-rich than enols, and the ideal substrates for reactions with electrophiles.259 

 

Scheme 8.1.2 Resonance structure for enamine compounds. 

                                                 
256 Collie, J. N. Justus Liebigs Ann. Chem. 1884, 226, 294–322 
257 Wittig, G.; Blumenthal, H. Berichte der Dtsch. Chem. Gesellschaft A B Ser. 1927, 60, 1085–1094. 
258 Stork, G.; Dowd, S. R. J. Am. Chem. Soc. 1963, 85, 2178. 
259 Mayr, H. Chem. Eur. J. 2003, 9, 2209. 
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However, enamines are highly sensitive, they tend to hydrolyze and decompose in their starting 

constituents.260 For this reason, the development of more stable enamine analogues was pursued. 

Enamines carrying an electron-withdrawing group on the nitrogen, able to delocalize the nitrogen’s 

lone pair were found to be more stable yet still reactive. The EWG group can be an N-acetyl (or other 

carbonyl derivatives) in case of enamides, a carbamate for enecarbamates and a sulfonamide for 

enesulfonamides (scheme 8.1.3). 

 

Scheme 8.1.3 From unstable enamines to the stable enamides and their derivatives. 

Enamides, enecarbamates and ensulfonamides may be considered “tunable enamines”, as they are 

inherently useful as synthetic tools. They are commonly present in the frameworks of natural 

compounds and active drugs.261 Their synthesis is facile, the E,Z geometry of the C=C bond can be 

The acyl, alkoxycarbonyl and sulfonyl groups can be introduced on the nitrogen. They guarantee 

similar reactivity patterns as for enamines (albeit they are less nucleophilic), stability under air and 

higher temperatures. When combined with an appropriate electrophile, they afford the desired 

functionalized N-protected derivatives. The free amine is then retrieved after convenient deprotection. 

In addition, enamide derivatives are easily synthesized from convenient precursors via 

straightforward methodologies. The C-N bond can be built via metal-catalysis processes such as the 

copper catalyzed Chan Lam or Goldberg cross-couplings262 (scheme 8.1.4, a). The C=C bond can be 

synthesized in a stereocontrolled manner via Wittig olefination263 starting from convenient retrons 

(scheme 8.1.4 – b). Finally, the amide can be formed either via Curtius rearrangement of vinyl acyl-

azides264 or with iron-catalyzed cross-coupling starting from oximes265 (scheme 8.1.4 - c). 

                                                 
260 Èervinka, O. In The Chemistry of Enamines, Part 1; Rappoport, Z., Ed.; John Wiley & Sons: New York, 1994, Chap. 

9, 467 
261 a) Yet, L.. Chem. Rev. 2003, 103, 4283–4306. b) Martín, M. J.; Coello, L.; Fernández, R.; Reyes, F.; Rodríguez, A.; 

Murcia, C.; Garranzo, M.; Mateo, C.; Sánchez-Sancho, F.; Bueno, S. J. Am. Chem. Soc. 2013, 135, 10164–10171. 
262 a) Kuranaga, T.; Sesoko, Y.; Inoue, M. Nat. Prod. Rep. 2014, 31, 514. b) Shen, R.; Porco, J. A. Org. Lett. 2000, 2, 

1333.  
263 a) Mathieson, J. E.; Crawford, J. J.; Schmidtmann, M.; Marquez, R. Org. Biomol. Chem. 2009, 7, 2170. b) Villa, M. 

V. J.; Targett, S. M.; Barnes, J. C.; Whittingham, W. G.; Marquez, R. Org. Lett. 2007, 9, 1631. 
264 Kuramochi, K.; Watanabe, H.; Kitahara, T. Synlett 2000, 397 – 399. 
265 Tang, W.; Capacci, A.; Sarvestani, M.; Wei, X.; Yee, N. K.; Senanayake, C. H. J. Org. Chem. 2009, 74, 9528–9530. 
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Scheme 8.1.4 Synthesis of enamides by C-N, N-CO and C-C bond formation. 

Another stable analogues of enolates are vinyl ethers. In particular, the sub-class of aryl enol ethers 

is particularly useful as they are convenient building blocks for the synthesis of heterocyclic motifs.266  

 

Scheme 8.1.5 Synthesis of aryl enol ethers by C-O and C-C bond formation 

The synthesis of aryl enol ethers is particularly challenging and the methodologies are limited by the 

availability of stable vinyl ether precursors (ethyl vinyl ether or acyl vinyl ether are commonly used 

as starting materials). A more convenient method was reported by Gillmore and coworkers in 2003,267 

in which vinyl triflates are coupled with phenols via Pd(0)-catalysis (scheme 8.1.6, a). In 2014, Chang 

and coworkers also reported268 a Cu-catalyzed cross-coupling of phenols with diarylvinyl bromides 

(scheme 8.1.6, a). The olefin C=C bond can be built via Julia olefination starting from aldehydes and 

α-alkoxy sulfones269 (scheme 8.1.6, b). The stereochemistry of the olefin is either dictated by the 

geometry of the starting material, or depends from the type of synthesis used. In most of the cases the 

compounds are not synthesized as pure regioisomers but rather as a mixture of E:Z regioisomers. 

 

Scheme 8.1.6 Synthesis of aryl enol ethers by C-O and C-C bond formation 

                                                 
266 Ohno, S.; Takamoto, K.; Fujioka, H.; Arisawa, M. Org. Lett., 2017, 19 , p2422–2425 
267 Willis, M. C.; Taylor, D.; Gillmore, A. T. Chem. Commun. 2003, 17, 2222–2223 
268 Chang, M.-Y.; Tai, H.-Y.; Tsai, C.-Y.; Chuang, Y.-J.; Lin, Y.-T. Tetrahedron Lett. 2014, 55, 6482–6485. 
269 Surprenant, S.; Chan, W.I.; Berthelette, C. Org. Lett. 2003, 5, 4851–4854. 
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8.2 General reactivity of enamides and aryl enol ethers 

Due to the reactive nature of electron-rich nitrogen and olefin, enamides reacts as nucleophiles from 

either the β-carbon or the nitrogen. The α-carbon can be considered electrophilic and is usually 

exploited in the context of tandem reactions (scheme 8.2.1). The electrophile can be activated by a 

catalytic amount of Lewis or Brønsted acids; when they are used as enantiopure catalysts, 

enantioenriched products may be formed. 

 

Scheme 8.2.1 Model of reactivity for enamides in tandem reactions. 

A relevant example for this reactivity has been reported by Terada and coworkers.270 Chiral 

Bronsted acid catalysis afforded enantio-enriched glyoxals (scheme 8.2.2) 

 
Scheme 8.2.2 Synthesis of enantio-enriched glyoxals by Terada and coworkers. 

The same principle was used for the development of asymmetric Michael reactions, as reported by 

Kobayashi and coworkers271 for the synthesis of ɣ-keto malonates. 

 

Scheme 8.2.3 Synthesis of enantio-enriched ɣ-keto malonates by Kobayashi and coworkers. 

Enamides are also used as partners in metal-catalyzed transformations; over the past decades they 

have been found to be exceptional substrates for the Mizoroki-Heck reaction (the Mizoroki Heck can 

be used for both synthesis and functionalization),272 especially in the context of total synthesis of 

                                                 
270 Terada, M.; Soga, K.; Momiyama, N. Angew. Chem., Int. Ed., 2008, 47, 4122–4125. 
271 Berthiol, F.; Matsubara, R.; Kawai, N.; Kobayashi, S. Angew. Chem., Int. Ed., 2007, 46, 7803–7805. 
272 a) Dounay, A.B.; Overman, L.E. Chem. Rev. 2003, 103, 2945−2963. b) Gigant, N. ; Chausset-Boissarie, L. ; 

Gillaizeau, I. Chem.–Eur. J., 2014, 20, 7548. 
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natural compounds. Kirihara and coworkers reported an efficient intramolecular coupling of aryl 

bromide and enamide of 8.2.1 to build the C ring of Magallanesine 8.2.2 (scheme 8.2.4).273 

 

Scheme 8.2.4 Intramolecular Mizoroki-Heck for the synthesis of ring C of Magallanesine 8.2.2. 

Halogens or boronic esters can be situated not only on the partner, but also on the enamide itself, 

depending by the substrates engaging in the transformation. 

Enamides are also used in combination with hypervalent iodine reagents, as in the case of copper-

catalyzed arylation of cyclic acetamides with aryl iodonium salts (scheme 8.2.5).274 

 

Scheme 8.2.5 Intermolecular arylation of cyclic enamides with aryl iodonium salts. 

An in-situ tandem transformation of enamides to iminium is possible via chelation with a chiral 

Bronsted acid. The Bronsted acid chelates the enamide via hydrogen bonding and promotes the 

nucleophilic attack at the α-carbon to the nitrogen. This concept was independently reported by 

Zhou275 and Sorimachi276 for the synthesis of enantioenriched α-substituted enamides using indoles 

as nucleophiles (scheme 8.2.6, a and b). 

                                                 
273 Yoneda, R.; Sakamoto, Y.; Oketo, Y.; Minami, K.; Harusawa, S.; Kurihara, T. Tetrahedron Lett. 1994, 35, 3749. 
274 Gigant, N.; Chausset-Boissarie, L.; Belhomme, M.-C.; Poisson, T.; Pannecoucke, X.; Gillaizeau, I. Org. Lett. 2013, 

15, 278–281. 
275 Jia, Y. X.; Zhong, J.; Zhu, S. F. ; Zhang, C. M.; Zhou, Q. L. Angew. Chem., Int. Ed., 2007, 46, 5565–5567. 
276 Terada, M.; Sorimachi, K. J. Am. Chem. Soc., 2007, 129, 292– 293. 
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Scheme 8.2.6 Asymmetric alkylation of indoles by enamide derived electrophiles. 

 

8.3 Electrophilic enamides and enol ethers  

As seen in chapter 8.3, enamides and enol ethers are powerful nucleophiles and react well in 

combination with electron-deficient partners, in metal-free and metal-catalyzed transformations. In 

contrast, their use as electrophiles in C-C bond forming transformations have been less developed, 

limiting the portfolio of available transformations (scheme 8.3.1). 

 

Scheme 8.3.1 Reactivity mismatch for electron-rich enamides in combination with nucleophiles. 

Iodo-enamides are a variant of electrophilic enamides specifically developed to be used as a 

powerful nucleophiles for metal-catalyzed cross-couplings. The oxidative addition of the metal 

intermediate is facilitated as iodoenamides are more electron-poor than enamides.  

Unfortunately, protocols for the synthesis of iodo-vinyl compounds are either limited to 

electrophilic addition of HI (or also metal catalysis with HBR2, HSnR3,…) to the corresponding 

alkynes (scheme 8.3.2 – a).277 A viable alternative is the copper(I)-catalyzed transformation from 

                                                 
277 For the synthesis of iodo-derivatives: a) Ide, M.; Yauchi, Y.; Iwasawa, T. Eur. J. Org. Chem. 2014, 3262–3267. b) 

Sato, A.H.; Ohashi, K.; Iwasawa, T. Tetrahedron Letters, 2013, 54, 1309–1311. For the synthesis of boron-derivatives: 

Witulski, B.; Buschmann, N.; Bergsträsser, U. Tetrahedron, 2000, 56, 8473-8480.  
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aryl-oximes to iodoenamides, however this method is limited to aryl-substituted oximes (scheme 

8.3.2 – b).278 

 

Scheme 8.3.2 Two approaches for the synthesis of iodo-enamide xx. 

The iodo-enamide substrates derived from the oximes278 have been successfully engaged in various 

metal catalyzed transformations such as Heck cross-coupling, to afford 8.3.1 and 8.3.2. The Suzuki 

arylation afforded 8.3.3 instead of the expected product, and Sonogashira alkynylation afforded xx in 

good yield and stereoselectivity (scheme 8.3.3). However, the conditions sine-quibus-non for these 

transformations are electrophilic substrate partners, high temperature (not in case of the Sonogashira), 

and a stabilized iodo-enamide bearing at least a phenyl group on the C=C bond. 

 

Scheme 8.3.3 Transformations of (Z)-aryl iodoenamde xx. 

Also, Miyake and coworkers reported similar conditions and results for the cross-coupling of bi 

aryl-iodo enol ethers with electrophilic substrates.117 

                                                 
278 Liang, H.; Ren, Z.H.; Wang, Y.Y.; Guan, Z.H. Chem. Eur. J. 2013, 19, 9789-9794. 

 



Part III: Umpolung of Enamides and Enol Ethers Reactivities 

 

174 

 

8.3.1 In-situ Umpolung of enol ethers 

For many years, hypervalent iodine reagents have been generally used for the α-functionalization of 

carbonyl compounds.279 Despite the high number of transformations, the active intermediate for the 

reaction was an enigma, as two structure were proposed. I, the enolate-oxygen bound iodonium 

species was proposed by Mizukami and coworkers.280 II, the ketone with its α-carbon bound to the 

hypervalent iodine was suggested by Moriarty in 1991.281 Computational studies by Norrby and 

Olofsson, 282 and Legault283 agreed with Mizukami (scheme 8.3.4).  

 

 

Scheme 8.3.4 Keto α-C bound iodonium salt I or enolonium species II. 
 

Finally, Szpilman and coworkers284 r proved that the hypervalent iodine was in fact generating in situ 

an active Umpolung of the enolate, the so called “enolonium species” II. The enolonium is generated 

in situ and, in general, is not isolated. It directly reacts with TMS-allyls to afford a,284 TMS enolates285 

for b and with aryl or heteroaryls for the synthesis of c.286 The enolonium was also tested for the C-

N bond formation in combination with N-nucleophiles,287 delivering d and e in good yields (scheme 

8.3.5). 

                                                 
279 Merritt, E.A.; Olofsson, B. Synthesis 2011,517–538. 
280 Mizukami, F.; Ando, M.; Tanaka, T.; Imamura, J. Bull. Chem. Soc. Jpn. 1978, 51, 335–336; 
281 Moriarty, R. M.; Hu, H.; Gupta,  S. C. Tetrahedron Lett. 1981, 22, 1283–1286. 
282 Norrby, P.-O.; Petersen, T. B.; Bielawski, M.; Olofsson, B. Chem. Eur. J. 2010, 16, 8251–8254. 
283 Beaulieu, S.; Legault, C. Y. Chem. Eur. J.2015, 21, 11206–11211. 
284 Arava, S.; Kumar, J. N.; Maksymenko, S.; Iron, M. A.; Parida, K. N.; Fristrup, P.; Szpilman, A. M. Angew. Chem., 

Int. Ed., 2017, 56, 2599. 
285 Parida, K. N.; Pathe, G. K.; Maksymenko, S.; Szpilman, A. M. Beilstein J. Org. Chem. 2018, 14, 992–997 
286 Maksymenko, S.; Parida, K. N.; Pathe, G. K.; More, A. A.; Lipisa, Y. B.; Szpilman, A. M. Org. Lett. 2017, 19, 

6312–6315. 
287 More, A. A.; Pathe, G. K.; Parida, K. N.; Maksymenko, S.; Lipisa, Y. B.; Szpilman, A. M. J. Org. Chem. 2018, 83, 

2442–2447 
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Scheme 8.3.5 Enolonium species II, reaction with nucleophiles and products. 
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9 Goal of the project 

Based on these considerations, the need for a stable and synthetically convenient Umpolung of 

enamides and enol ethers is desirable to expand the portfolio of available chemical reactions. The 

goal of this project is the development of novel enamide-and enol ether-based cyclic hypervalent 

iodine reagents. These new reagents could be used in combination with nucleophiles in the context 

of metal-free and metal-catalyzed transformations. 

 

Scheme 9.1 Goal of Part III.  
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10. Results and discussion for the synthesis of electrophilic enamides 

and enol ethers 

10.1 From IndoleBX to EnamideBX 

From a structural standpoint, indoles and enamines present similar characteristics. In fact, in the 

enamine bond is embedded in an aromatic framework (scheme 10.1.1). The development of stable 

electrophilic enamides, would expand a relevant chemical field because of their relevance in synthetic 

methodology.  

 

Scheme 10.1.1 From IndoleBXs to Enamide Umpolung. 

To access these new class of derivatives, we considered two retrosynthetic approaches:  

a)  the formation of the C–I(III) bond via ligand exchange with a suitable pre-formed enamide and a 

benziodoxole precursor; this method was applied for the synthesis of both classes of IndoleBX 

reagents. This approach would also control the Z and E stereochemistry of derivatives at the level of 

the starting material (scheme 10.1.2, A). One of the advantages of this method is the diversification 

possibilities of the enamide starting materials as well as the possibility to employ commercially 

available benziodoxole precursors. 

b) the formation of a C–N bond via amide attack on the β-carbon of alkynyl benziodoxole reagents. 

This approach was inspired by the preliminary discovery in our group of the Thio-vBX reagent.51 

This approach would take advantage of the efficient protocol for the synthesis of alkynyl 

benziodoxolones; moreover, it would have allowed a high degree of diversification, as from one EBX 

several N-vBXs would be easily generated. A challenge for this approach is the fact that previous 

methodology combining amides and alkynes led to ynamide synthesis288 (scheme 10.1.2, B).  

                                                 
288 Aubineau, T.; Cossy, J. Chem. Commun., 2013, 49, 3303. 
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Scheme 10.1.2 Proposed retrosyntheses for the synthesis of EnamideBXs. 
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10.2 Synthesis of N-vBX starting from pre-formed enamides 

10.2.1 Vinyl-phthalimide as starting material for the synthesis of umpoled enamides  

Following the first approach, we decided to test commercially available vinyl-phtalimide 10.2.1 in 

combination with acetoxy-benziodoxole 1.3.12 under the best conditions optimized for the synthesis 

of IndoleBXs (scheme 10.2.1). We speculated that the driving force for this reaction would be the 

nucleophilicity of the enamide attacking the electrophilic iodine center, followed by acetate-assisted 

deprotonation and formation of the olefin. 

 

Scheme 10.2.1 Vinyl-phthalimides as starting material for the synthesis of electrophilic enamides. 

Nonetheless, we did not observe the formation of the desired reagent. Derivative 10.2.3 was isolated 

instead in low yield when either Zn(OTf)2 or Sc(OTf)3 were employed as catalysts (scheme 10.2.2). 

Indeed, both acetoxy group as well as the benziodoxole scaffold were transferred  

 
Scheme 10.2.2 Difunctionalization of vinyl-phthalimide with benziodoxole reagents. 

on the vinyl-phthalimide. 10.2.3a and 10.2.3b were isolated as an un-separable mixture of 

regioisomers, with a ratio of 12:1; the rest was un-reacted starting material and decomposed 

benziodoxolone. From the sole 1H-NMR the correct assignation of the major isomer 10.2.3 in either 

regioisomer 10.2.3a or 10.2.3b was not conclusive. The correct identification of 10.2.3 as 10.2.3a 

was assigned by bi-dimensional NMR analysis (figure 10.2.1 and 10.2.2). The proton signals 

belonging to the CH, CH2, Ac-CO and Benzoyl-CO were paired with their respective carbon signals 

based by the correlations observed in the HSQC analysis (figure 10.2.1, blue for OAc, fuchsia for CH 

and orange for CH2). 
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Figure 10.2.1 HSQC-NMR of 10.2.3 and attribution of the relevant signal on both regioisomers a and b. 

 

 
Figure 10.2.2 HMBC-NMR of 10.2.3 and attribution of the structure to regioisomer a. 



Part III: Umpolung of Enamides and Enol Ethers Reactivities 

 

181 

 

10.2.2 Borylated-vinyl amides as starting material for the synthesis of umpoled enamides  

As the free enamide did engage in the transformation, but the product was too unstable and probably 

reacted in 10.3.2 we decided to prepare its boron-derivative as for the synthesis of C2-IndoleBXs. 

The synthesis of the envisaged boron enamides requires a regio-selective borylation step on ynamide 

starting materials. We decided to test ynamides 10.2.5 and 10.2.6 also for the synthesis of an 

electrophilic ynamide reagent (scheme 10.2.3). Substrate 10.2.5 is commercially available, but can 

also be obtained via an Ullman289 cross-coupling of phtalimide 10.2.4 and TMS-alkyne,290 followed 

by TMS removal by potassium carbonate.291 

 
Scheme 10.2.3 Synthesis of ynamide starting material. 

Different conditions were screened in combination with 10.2.5. Unfortunately, none of the selected 

reagents, under the conditions reported in table 10.2.1, afforded the desired electrophilic ynamide. 

Several conditions known to work for the synthesis of TIPS-EBX,48 Ph-vBX114  and our IndoleBX292 

were screened, but only acetoxy-benziodoxolone 1.3.12 in combination with boron trifluoroetherate 

and trimethylsilyl triflate allowed the formation of 10.2.7 in traces amount (table 10.2.1, entries 5-6).  

  

                                                 
289 Jouvin, K.; Evano, G. Beyond Ullmann–Goldberg Chemistry: Vinylation, Alkynylation, and Allenylation of 

Heteronucleophiles. Copper‐Mediated Cross‐Coupling Reactions. 2013. 
290 Alford, J. S.; Davies, H. M. L. Org. Lett. 2012, 14, 6020–6023. 
291 Hu, L.; Xu, S.; Zhao, Z.; Yang, Y.; Peng, Z.; Yang, M.; Wang, C.; Zhao, J. J. Am. Chem. Soc. 2016, 138, 13135–

13138. 
292 Please see the results and discussion chapter of part II for the synthesis of IndoleBXs 
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Table 10.2.1: explorative reactions for the synthesis of YnamideBX xx 

 
 

 

Entry Reagent Promoter (1.1 equiv) Solvent Yield%a 

1 1.3.11 - DCM - 

2 1.3.11 BF3.Et2O DCM -b 

3 1.3.11 TMSOTf DCM -b 

4 1.3.11 TMSCl DCM -b 

5 1.3.12c BF3.Et2O DCM traces 

6 1.3.12c TMSOTf DCM traces 

7 1.3.12c Zn(OTf)2 DCM - 

8 1.3.12c Sc(OTf)3 DCM - 

9 1.3.13 BF3.Et2O DCM - 

10 1.3.13 TMSOTf DCM - 

11 1.3.23e NaBF4 MeCN -c 

12 1.3.25 - DCM - 

13 12f TMSOTf DCM -c 

14 12g - DCM -c 

15 12g TMSOTf DCM -c 

a) Substrate 10.2.5 (0.100 mmol), benziodoxole precursors (0.110 mmol, 1.10 equiv.), promoter (0.110 mmol, 0.110 

equiv.), at r.t. °C. NMR conversion is given b) no conversion in the desired product, starting material recovered. c) 

decomposition of the starting material as well as of the benziodoxole reagent. 

As a part of unified strategy approach towards enamide reagents, and as derivatives 10.2.9 and 

10.2.12 are literature known compounds in use for also Boc- and Tosyl-protected ynamides 10.2.10 

and 10.2.13 were accessed in good yields following reported conditions in literature293 (scheme 

10.2.4). Starting from p-anisidine 10.2.8, carbamoylation and tosylation afforded 10.2.9 and 10.2.12 

                                                 
293 For the NBoc derivative 10.2.11 Romero, E.; Minard, C.; Benchekroun, M.; Ventre, S.; Retailleau, P.; Dodd, R. H.; 

Cariou, K. Chem. – A Eur. J. 2017, 23, 12991–12994. And for NTs derivative 10.2.14 Tu, Y.; Zeng, X.; Wang, I.; Zhao, 

J.Org. Lett., 2018, 20 , 280–283 

https://pubs.acs.org/author/Tu%2C+Yongliang
https://pubs.acs.org/author/Zeng%2C+Xianzhu
https://pubs.acs.org/author/Wang%2C+Hui
https://pubs.acs.org/author/Zhao%2C+Junfeng
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in good yields. Ulmann cross-coupling with TMS-alkyne delivered 10.2.10 and 10.2.13, that were 

deprotected to finally afford substrates 10.2.11 and 10.2.14. Both derivatives 10.2.10 and 10.2.13 

were tentatively engaged under the same conditions reported in table 10.2.1 for the synthesis of 

ynamide derivatives, but also in this case only traces of the desired compound were detected (scheme 

10.2.4).  

 

Scheme 10.2.4 Synthesis of ynamide starting materials 10.2.10-10.2.14 (II). 

We then revolved towards the synthesis of boron-enamide derivatives; no precedents were reported 

in literature for these three specific substrates, the only reports on similar compounds focused on the 

synthesis of specific α-boryl-enamine and -enamide linchpins.294 However, the synthesis of these 

substrates required a multi-step protocol and was judged not convenient for our purposes. 

We decided instead to adapt known protocols for the borylation of aryl-alkynes under metal-free295 

as well as metal catalyzed conditions.296 No conversion was observed when the metal-free protocol 

was applied, and the starting material was entirely recovered (scheme 10.2.5, A). Moreover, when the 

Schwartz’ reagent was used in combination with the ynamide-substrates, decomposition occurred. It 

is possible that the desired enamide had been generated in situ but quickly degraded (scheme 10.2.5, 

B). Considered these failures, we decided to change our strategy and abandon for the moment the 

                                                 
294 St. Denis, J. D.; Zajdlik, A.; Tan, J.; Trinchera, P.; Lee, C. F.; He, Z.; Adachi, S.; Yudin, A. K. J. Am. Chem. Soc. 

2014, 136, 17669–17673. 
295 Feng, C.; Loh, T.-P. Org. Lett. 2014, 16, 3444–3447. 
296 Hoffmann, R. W.; Bruckner, D. New J. Chem. 2001, 25, 369–373. 
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preparation of boron-vinyl enamides in favor of a more straightforward approach employing readily 

available starting amides and alkynes, described in chapter 10.2.3. 

 

Scheme 10.2.5 Boron reagents used in the attempted borylation of ynamides. 

10.2.3 Taking advantage of EBX reagents 

As reported before,51 S-vBX reagent 10.2.20a was synthesized from MeEBX in low yield when a 

catalytic amount of TMG was used. When we applied the same protocol in combination with 

sulfonamide substrate 10.2.12, the N-vBX derivative 10.2.20a was isolated in a similar yield as for 

the thio-vinyl benziodoxole 1.6.6.  

 
Scheme 10.2.6 Preliminary results for the synthesis for N-vBX reagents. 

Its structure was further confirmed by X-Ray analysis (figure 10.2.3). As for S-vBX 1.6.6, also N-

vBX was obtained bearing a Z-olefin configuration between the I(III) center and the nitrogen atom. 

The reagent is stable at room temperature and could be stored under air without any sign of 

decomposition for several months. 
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Figure 10.2.3 ORTEP structure of N-vBX 10.2.20a. 

 

10.2.4 Optimization process for the synthesis of EnamideBX 10.2.20a. 

For the optimization process several solvents were screened other than THF (table 10.2.2, entry 1); 

amongst them, EtOH provided a comparable conversion as the one obtained with DCM and TFE 

(table 10.2.2, entries 2, 4-5). Due to its low environmental impact and low toxicity,297 EtOH was 

selected as the solvent of choice. All other solvent either afforded lower conversion towards xx (table 

10.2.2, entries 3, 6-7, 9) or induced decomposition (table 10.2.2, entry 8).  

Table 10.2.2: Solvent screening for the synthesis of EnamideBX 10.2.20a 

 

Entry Solvent Yield%a  

1 THF 22b 

2 EtOH 30b 

3 MeOH 23b 

4 DCM 28b 

5 TFE 30b 

6 CHCl3 25b 

                                                 
297 Capello, C.; Fischer, U.; Hungerbühler, K. Green Chem. 2007, 9, 927–934. 
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7 Toluene 18b 

8 DMF -b 

9 MeCN 22b 

a) Substrate 1.6.6 (0.100 mmol), sulfonamide 10.2.12 (0.100 mmol), TMG (10 mol%), and solvent (0.08 M) at 25 °C. 

NMR yield given, calculated using 38.0 µmol of 1,3,5-trimethoxybenzene as internal standard. b) Decomposition 

observed.  

Different bases were then screened (table 10.2.3). When organic bases were employed, such as 

trimethylamine (table 10.2.3, entry 2) or pyridine (table 10.2.3,entry 3), the yield slightly improved 

but again, decomposition was detected To avoid further decomposition, we switched to inorganic 

base salts in the same pH range as TMG. While NaOH and KOH failed to induce any conversion 

(table 10.2.3, entries 4-5). CsOH was then screened and afforded 10.2.20 in an improved 54% of 

yield. It is possible that the general improvement could also be attributed to the “cesium effect”298 as, 

when the carbonate salts were employed, Cs2CO3 almost led to quantitative yield (table 10.2.3, entry 

8) while the sodium and  

Table 10.2.3: Screening of the base for the synthesis of EnamideBX 10.2.20a 

 

Entry Base Yield%a 

1 TMG 30b 

2 TEA 43b 

3 Pyridine 38b 

4 NaOH - 

5 KOH - 

6 CsOH 54 

7 Na2CO3 84 

8 Cs2CO3 94(68)c 

9 K2CO3 18 

10 NaHCO3 82 

                                                 
298 Salvatore, R. N.; Nagle, A. S.; Jung, K. W. J. Org. Chem. 2002, 67, 674–683. 
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11 KHCO3 79 

12 CsHCO3 83 

a) Substrate 1.6.6 (0.100 mmol), sulfonamide 10.2.12 (0.100 mmol), base (10 mol%), and EtOH (0.08 M) at 25 °C. NMR 

yield given, calculated using 38.0 µmol of 1,3,5-trimethoxybenzene as internal standard. b) Decomposition observed. c) 

Isolated yield after column chromatography is given. 

potassium  counter-cations provided significantly lower results (table 10.2.3, entries 7,9). Finally, the 

bicarbonate bases were tested but the yields were lowered (table 10.2.3, entries 10-12), thus fixing 

Cs2CO3 as the base of choice for the process. Finally, different stoichiometry of base were tested 

(table 10.2.4); a stoichiometric amount of cesium carbonate mainly led to decomposition of the 

reagent (table 10.2.4, entry 1). Reducing the amounts of base to 50% and 25% enhanced the yield 

from 25% to 46% (table 10.2.4, entries 2-3). However, further decreasing from the 10 mol% loading 

(table 10.2.4, entry 4) to 5.0 mol% and 1.0 mol% only resulted in incomplete conversion (table 10.2.4, 

entries 5-6). With the optimized conditions in hand, we proceeded with the investigation of the scope. 

Table 10.2.4: screening of equivalents of base for the synthesis of EnamideBX 10.2.20a 

 

Entry Base equiv. Yield% a 

1 1.0 3b 

2 0.50 25 

3 0.25 46 

4 0.10 94(68)c 

5 0.05 39d 

6 0.01 7d 

a) Substrate 1.6.6 (0.100 mmol), sulfonamide 10.2.12 (0.100 mmol), Cs2CO3 (X mol%), and EtOH (0.08 M) at 25 °C. 

NMR yield given, calculated using 38.0 µmol of 1,3,5-trimethoxybenzene as internal standard. b) Decomposition 

observed after 48 hours. c) Isolated yield after column chromatography is given. d) Incomplete conversion, starting 

reagent present in the reaction mixture. 
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10.2.5 Scope of EnamideBX 

The scope of N-vBX was investigated in two directions:  

1. the alkyl substituents on the alkynyl; 

2. the nature of the substituents on the nitrogen. 

“Naked” un-substituted Z-umpoled enamide 10.2.20b was accessed in good yield starting from TMS-

EBX, with the silyl group cleaved in situ by cesium carbonate. The synthesis of 10.2.20a was scaled 

up to scope scale with similar yield. Pentynyl- and Chloro-pentynyl-EBX were also successfully 

converted to derivatives 10.2.20c and 10.2.20d. When we switched from acyclic alkyls to cycloalkyl 

derivatives, a general increase in the yield was observed. Cyclopropyl- pentyl- and hexyl-derivatives 

10.2.20e-10.2.20g were all accessed in good to excellent yields (please see chapter 10.2.8 for 

computational analysis and discussion on the mechanism). When Ph-EBX was employed as 

benziodoxole precursor, the desired 10.2.20h was not formed. Benzylated alcohol derivative 10.2.20i 

was also isolated in a good 77% of yield. Finally, the chemoselectivity of the reaction towards only 

the “activated” alkyne was demonstrated when pentynyl-TMS functionalized product 10.2.20j was 

obtained. We then investigated other N-sulfonamides other than N-tosyl. Smaller mesyl derivatives 

10.2.21a and 10.2.21b were synthesized in good yields. In principle, the nosyl group is easier to 

cleave than other sulfonyl-groups, and so also the nosyl-derivatives 10.2.22a-10.2.22b were prepared 

(all scope described here in scheme 10.2.7).  
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Scheme 10.2.7 Scope of alkyl and N-substituents on the N-vBX. 
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10.2.6 Scope of Enol-etherBX 

The same protocol was applied with phenol as nucleophiles, to synthesize O-vBX derivatives. No 

further optimization was required (scheme 10.2.8). Compared to Miyake work,117 our reagents do not 

need the stabilizing effect of a phenyl group on the alkynyl. In order: “naked” O-vBX 10.2.23a was 

accessed in low, yet significant yield. Alkyl functionalized derivatives such as methyl-, propyl- and 

chloro-propyl O-vBX 10.2.23b-10.2.23d were synthesized in comparable yields as their enamide 

counterparts. When more electron-poor, halogen-substituted phenols were used as nucleophiles, O-

vBX 10.2.25a and 10.2.25b were still easily accessed. 

Scheme 10.2.8 Scope of O-vBX. 
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10.2.7 Late stage functionalization of drugs 

When considering the very mild conditions developed, we wondered if the approach could be used 

for the late stage functionalization of more complex natural products and drugs. In fact, amongst the 

major challenges regarding drug’s modifications on a late stage, are the chemoselectivities and 

stabilities of different functional groups. Gratifyingly, our new mild protocol allowed the 

functionalization of different drugs and bioactive compounds (figure 10.2.4). Antibiotic derivative 

Sulfaphenazole afforded 10.2.26 (figure 10.2.4) in 43% yield without reaction of the free aniline. In 

this case, the tetrazole heterocycle of Valsartan reacted as a nucleophile to give derivative 10.2.27. 

New benziodoxole reagents derived from bioactive complex phenols such as tyrosine, α-tocopherol, 

capsaicin and estradiol derivatives 10.2.28-10.2.30 (figure 10.2.4) were also accessed in moderate to 

good yield. Alcohols and internal amides also did not engage in the transformation. The high 

selectivity is due to selective deprotonation of the most acidic O-H or N-H bond to generate the 

nucleophile. Finally, we tested our method on Valsartan, as this molecule contained both an acidic 

N-H tetrazole as well as a free carboxylic acid. No other products resulting from carboxylate attack 

was observed, in contrast to the work of Yoshikai and co-workers. 115 Although the inertness of the 

carboxylate wasn’t clarified yet, it is important to underline that Yoshikai's method required a 

palladium catalyst and afforded different regioisomer products. 
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Figure 10.2.4 Scope of drug- and bioactive- derivatives for both N-vBX and O-vBX. 
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10.2.8 Computational analysis 

The calculations hereby reported have been executed by Dr. Matthew Wodrich. The schemes here 

reported for the mechanism of formation of N-vBX 10.2.21a and O-vBX 10.2.23b were directly 

taken from our publication.299 

To further investigate the mechanism for the synthesis of new reagents N-vBXs and O-vBXs, we 

turned to density functional theory (DFT) computations. The DFT calculations were performed at the 

PBE0-dDsC/TZ2P//M06/def2-SVP level  for the addition of a sulfonamide on Me-EBX 1.3.18a with 

TMG as a base and THF as the solvent, as these were the conditions under which the reaction had 

been discovered the first time. Mesyl amide was chosen as the substrate to minimize conformational 

freedom. As for our previous work on thio-alkynylation,300 an and a - addition transition state aTS1 

and bTS1 were located (blue and green - figure 10.2.5); in this case addition was favored by 10.3 

Kcal/mol over the α-addition pathway, leading to intermediate b1 (-0.5 kcal/mol compared to 

the+12.3 kcal/mol of a1). A this stage, two pathway diversified from the initial β-addition. Vinyl 

intermediate b1 could either lead to the elimination of iodine, occurring via transition state bTS2. 

Carbene intermediate b2 would then undergo a highly exergonic amino-1-2 shift with a barrier of 18.6 

kcal/mol, leading to transition state bTS3 and alkynylated product b3. However, no traces of the 

alkynylated derivatives were found in the reaction, as the whole process was calculated as too costly. 

For intermediate b1, a weak coordination of the intermediate with protonated-TMG costed only 3.2 

Kcal/mol to reach transition state bTS2’ and then N-vBX 10.2.21a (b2’). Interestingly, the barrier for 

the deprotonation of b2’ back to b1 is only 13.7 kcal/mol. 

                                                 
299 Caramenti, P.; Declas, N.; Tessier, R.; Wodrich, M.; Waser, J. Chem. Sci, 2019, ASAP DOI:10.1039/C8SC05573D  
300 Wodrich, M.; Caramenti, P.; Waser, J. Org. Lett. 2016, 18, 60-63. 
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Figure 10.2.5 DFT computational analysis for the synthesis of N-vBX 10.2.20a. 

We then repeated the calculations for the optimized conditions: using ethanol as solvent and carbonate 

as a base (figure 10.2.6). The energies of both - and - additions were slightly higher under these 

conditions, with the -addition pathway being even more favored as it was lower of 11.2 kcal/mol 

than the α-addition pathway. From intermediate b1, the protonation was barrierless and the energy 

for breaking of the carbon-iodine lower than the precedent calculation (from 17.7 to 11.9 kcal/mol). 

The energy between the two transition states did not variate significantly, as only the barrier for 1,2-

amine shift was only marginally lower. In both cases, the β-addition pathway was more favored. 
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Figure 10.2.6 DFT computational analysis for the synthesis of N-vBX 10.2.21a under optimized conditions. 

Based on these results, we were able to draw a speculative mechanism for the formation of N-vBXs 

(scheme 10.2.9). In the presence of a cesium carbonate, a fraction of the ene-sulfonamide starting 

material is deprotonated and is able to react with the alkyl benziodoxolone in a fast and reversible  

  

Scheme 10.2.9 Speculated mechanism for the synthesis of N-vBX 10.2.20a. 

manner to form anionic intermediate I. The equilibrium of I, II and III favor III, allowing its 

isolation. According to the DFT calculations, the formation of N-vBXs is favored over the ynamide 

product, with no difference in terms of energy under both preliminary and final conditions. The better 

yields obtained with carbonates instead of organic bases are probably due to the suppression of 

decompositions’ pathways. The DFT calculations were performed also for the attack of the phenol-
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anion on the Me-EBX 1.3.18a. Also in this case, the re-protonation of bts2’ to b2’ vas favored over 

the carbene formation at b2. In particular, the energy of phenol-1,2-shift was found so high to be an 

inaccessible barrier (scheme 10.2.7). 

 
Figure 10.2.7 DFT computational analysis for the synthesis of O-vBX xx. 

. 
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10.2.9 Reactivity of N/O-vBXs 

With a broad scope of functionalized N- and O-vBX reagents in hand, we investigated their reactivity 

in the context of metal catalyzed cross-coupling reactions. In fact, Z-stereodefined enamides are not 

easy to access or modify in a straightforward manner.262-263 

Palladium-catalyzed Stille cross-coupling was investigated first (scheme 10.2.10). At room 

temperature vinylated 10.2.32-10.2.33, arylated 10.2.34 and alkylated 10.2.35 enamides were fastly 

accessed in good yields. The Stille coupling also worked for estradiol-derived reagent 10.2.30, and 

vinylated 10.2.36 was also obtained. The Stille coupling with hypervalent iodine reagents allowed a 

smooth synthesis of Z-stereodefined diene enamides and enol derivatives, whereas the similar 

reactions with simple iodides usually requires harsher conditions and the yield is often hampered by 

decomposition and by-products formation (scheme 10.2.10).  

 

Scheme 10.2.10 Stille cross-coupling for the modifications of N- and O-vBXs 

N-vBX 10.2.22a was then engaged in a Sonogashira reaction to obtain enyne derivative 10.2.37. 

Unfortunately, a stereospecificity erosion for 10.2.37 was observed, as it was obtained in a 6:1 Z:E 

ratio (scheme 10.2.11). 
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Scheme 10.2.11 Sonogashira cross-coupling for the modifications of N-vBX 10.2.37. 

The addition of a potassium thiolate was possible under metal-free conditions, and thioenamide 

10.2.38 was obtained in a moderate 52% yield. Unfortunately, also in this case, loss of the 

stereoselectivity was observed (scheme 6.9.17).  

 

Scheme 10.2.12 Nucleophilic attack of thiol on N-vBX 10.2.38. 

Finally, the photoredox conditions reported by Miyake and co-workers117 were applied to N-vBX 

10.2.20f, iodo-enamide derivative 10.2.39 was obtained in 51% yield (scheme 10.2.13). This 

fragmentation worked only when a cycloalkyl-derived N-vBX was used. 

 

 

Scheme 10.2.13 Photochemical fragmentation of N-vBX 10.2.20f. 
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10.2.10 Control experiment and NMR analysis 

Our purpose was to directly correlate the efficiency of iodo-enamide 10.2.39 versus our N-vBX 

derivative for the synthesis of derivative 10.2.33, as a similar comparison was not reported in 

literature. Even though the control experiment already proved the synthetic advantage of our strategy, 

we still wanted to directly compare the reactivity of I-(I) and I-(III) bonds in the transformation. 

Finally, we tested iodo-enamide 10.2.39 under the same Stille vinylation conditions applied for 

derivative 10.2.33. No conversion was observed at room temperature and 50 °C. At 75 °C, less than 

10% of the desired product was detected by 1H NMR-analysis, and significant decomposition was 

also observed because the starting materials and the product started to degrade. As N-vBX reagents 

are allegedly able to perform oxidative addition on the metal complex at lower temperature, the 

decomposition issues were avoided, and our method more convenient (scheme 10.2.14). 

 

Scheme 10.2.14 Control experiment of iodo-enamide 10.2.39. 

 

10.2.11 Conclusions of Enamide- and enol-reagents.  

In conclusion, in Part III of the thesis is described the synthesis of novel electrophilic enamide- and 

enol-ether reagents. These compounds were synthesized from simple building blocks and hypervalent 

iodine precursors in good yield and under mild conditions. They were then engaged in metal-

catalyzed Stille cross-coupling and metal free nucleophilic functionalization for the synthesis of 

synthetically useful building blocks 
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11. General conclusions 

The research presented in this thesis was aimed at the development of new strategies of Umpolung 

with hypervalent iodine reagents.  

In the Part I, the investigations made towards the α-functionalization of carbonyl compounds with 

hypervalent iodine were an extension of precedent projects conducted in the group for the synthesis 

of enantioenriched α-alkynyl and α-azido derivatives. In this context, we built our research on the 

work of Dr. Maria Victoria Vita, a previous PhD student in our group. Based on her seminal work for 

the synthesis of enantioenriched α-azido α-allyl ketones. In virtue of her results, we also envisaged a 

three steps route towards the synthesis of enantioenriched α-cyano α-allyl ketones. The strategy 

involved:  

1. the synthesis of β-allyl keto esters; 

2. the α electrophilic cyanation with cyano benziodoxoles; 

3. the palladium-catalyzed decarboxylative asymmetric allylic alkylation. 

the first goal of my PhD thesis was the development of enantioenriched α-cyano α-allyl ketones. The 

classical cyanide ion reactivity was reversed via iodine(III) chemistry. Indanone-based α-cyanated β-

keto esters were obtained under mild conditions and good yields. Enantioenriched indanone-based α-

cyano-allyl ketones were then accessed under palladium-catalyzed decarboxylative asymmetric 

allylation. The catalyst of choice was Pd2(dba)3 in combination with Dach-Naphthyl ligand. The 

desired enantioenriched α-cyano α-allyl ketones were accessed in good yields and 

enantioselectivities. (scheme 11.1). 

Scheme 11.1. Umpolung of nitriles and decarboxylative asymmetric allylic alkylation for the synthesis of enantio-enriched α-cyano 

ketones. 

The second goal of this thesis was to develop a new domino reaction able to couple nucleophilic 

pyrrole substrates with electrophilic azides for the synthesis of azidated indoles on remote C5 and C6 

carbons. We built our line of research based on the results of Dr. Jonathan Brand and Dr. Yifan Li, 

two former PhDs in our group. They developed noble metal-catalyzed regioselective 

functionalizations of electron-rich heterocycles with alkynyl hypervalent iodine reagents. Our initial 
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attempt to extend these methodologies to obtain nitrogen containing heterocycles afforded an 

unexpected product instead (scheme 11.2). What initial hypotheses suggested as an etherified pyrrole, 

was revealed to be a novel azole-based hypervalent iodine reagent instead. 

 

Scheme 11.2. A serendipitous discovery stemmed from a failed Domino reaction. 

At the outset of this PhD thesis, no stable Umpolung of electron-rich indoles and pyrroles was known. 

As the indole and pyrrole framework is often embedded in natural products and top-selling drugs, 

several functionalization methodologies relying on their nucleophilicity were developed. In contrast, 

methods relying on their electrophilicity were underexplored. In fact, only few examples of unstable 

indole and pyrrole-based iodonium salts were known.  

Therefore, Part II of this thesis deals with the development of stable electrophilic indole- and pyrrole-

based reagents (scheme 11.3). These compounds were synthesized starting from convenient 

hypervalent iodine precursors, with a catalytic amount of Lewis Acid, at room temperature and under 

air.  

 

Scheme 11.3. New electrophilic indole- and pyrrole-based benziodoxolone reagents. 

Their reactivity was investigated in the context of metal-catalyzed reactions, more specifically: 

Rh(III) and Ru(II)-catalyzed C–H activation of arenes (Scheme 11.4 – a and b). By reversing the 

electronics of indoles and pyrroles, the desired products were obtained with very high regioselectivity, 

in good to excellent yields, low catalyst loading, and under mild conditions. Moreover, the Rh(III)-

catalyzed method was further optimized for the synthesis of functionalized quinoline N-oxides 

(scheme 11.4 - c). 
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Scheme 11.4. Rh(III) and Ru(II)-catalyzed C-H indolization of arenes and quinoline N-oxides. 

We then wanted to develop a new non-directed functionalization to obtain bi- and oligo- (hetero)aryl 

indoles, which are important building blocks in synthetic and medicinal chemistry. They were usually 

accessed by means of multi-step ring-forming processes. The Umpolung of one of the two partners 

was an attractive alternative approach. In addition to the portfolio of C3-Indole reagents, a new class 

of C2-Indole(D)BXs was specifically developed for the purpose of diversification (scheme 11.5).  

 
Scheme 11.5. Synthesis of C2-indole-based reagents. 

We then developed a direct method for the synthesis of mixed bi-(hetero)aryl-indoles. The coupling 

is promoted by low-cost Lewis Acids such as TMSCl (or TMSBr) in HFIP and DCM under open air 

and mild conditions. Electron-rich arenes (indoles, pyrroles and thiophenes) are used as nucleophilic 

partners. New classes of mixed bi-(hetero)aryl-indoles were accessed in good yield and 

regioselectivity (scheme 11.6).  
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Scheme 11.6. Metal-free oxidative cross-coupling for the synthesis of bi-heterocyclic motifs 

Once the reactivity of indole and pyrrole reagents was explored, we wondered if it was possible to 

perform an Umpolung of enamines. Part III of this thesis describes the stereoselective synthesis of a 

new class of enamides- and enol ethers-based hypervalent iodine reagents. The desired compounds 

were accessed via facile and convenient stereoselective addition of N-and O- nucleophiles at the β-

carbon of ethynyl benziodoxolones with a catalytic amount of base. (scheme 11.7).  

 
Scheme 11.7. Synthesis of N- and O-vBX reagents.  

The novel vBX reagents were engaged in different transformations. Stille cross-coupling gave Z-

stereo-defined enamides and enol ethers. Metal-free addition of thiols delivered thioenamides and 

photoinduced fragmentation of the reagent gave iodoenamide derivatives.  

In conclusion, through four years of PhD, I managed to design and optimize a portfolio of  umpoled 

indole, pyrrole, enamide and enol ether derivatives, taking advantage of the Umpolung properties of 

hypervalent iodine reagents. The versatility of these new reagents was then exploited in several 

transformations. The reagents were engaged in Rh(III) and Ru(II)-catalyzed C–H activation under 

mild conditions, to access previously inaccessible hetero-arylated frameworks. Synthetically elusive 

mixed bi-heteroarenes were also afforded in a straightforward fashion via a metal-free oxidative 

cross-coupling. Finally, substituted enamides and enol ethers building blocks were prepared in a 

straightforward, step-efficient and stereo-controlled manner compared to previous reports. These 

reagents are currently being employed in diverse ongoing projects in the group. 

 

. 
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Experimental Part and Annexes 

12. Experimental part 

12.1 General methods 

All reactions were carried out in oven dried glassware under an atmosphere of nitrogen, unless stated 

otherwise. For quantitative flash chromatography, technical grade solvents were used. For flash 

chromatography for analysis, HPLC grade solvents from Sigma-Aldrich were used. THF, Et2O, 

CH3CN, toluene, hexane and CH2Cl2 were dried by passage over activated alumina under nitrogen 

atmosphere (H2O content < 10 ppm, Karl-Fischer titration). The solvents were degassed through 

Freeze-Pump-Thaw method when mentioned. All chemicals were purchased from Acros, Aldrich, 

Fluka, VWR, Aplichem, or Merck and used as such unless otherwise stated. Chromatographic 

purification was performed as flash chromatography using Macherey-Nagel silica 40-63, 60 Å, with 

the solvents indicated as eluent under 0.1-0.5 bar pressure. TLC was performed on Merck silica gel 

60 F254 TLC glass plates or aluminium plates and visualized with UV light, permanganate stain, CAN 

stain, or Anisaldehyde stain. Melting points were measured on a Büchi B-540 melting point apparatus 

using open glass capillaries, the data is uncorrected. 1H-NMR spectra were recorded on a Brucker 

DPX-400 400 MHz spectrometer in CDCl3, DMSO-d6 CD3OD, C6D6 and CD2Cl2, all signals are 

reported in ppm with the internal chloroform signal at 7.26 ppm, the internal DMSO signal at 2.50 

ppm the internal methanol signal at 3.30 ppm, the internal dichloromethane signal at 5.30 ppm as 

standard. The data is being reported as (s = singlet, d = doublet, t = triplet, q = quadruplet, qi = 

quintet, m = multiplet or unresolved, br = broad signal, app = apparent, coupling constant(s) in Hz, 

integration, interpretation).13C-NMR spectra were recorded with 1H-decoupling on a Brucker DPX-

400 100 MHz spectrometer in CDCl3, DMSO-d6, CD3OD or CD2Cl2, all signals are reported in ppm 

with the internal chloroform signal at 77.0 ppm, the internal DMSO signal at 39.5 ppm, the internal 

methanol signal at 49.0 ppm and the internal dichloromethane signal at 54.0 ppm as standard. Infrared 

spectra were recorded on a JASCO FT-IR B4100 spectrophotometer with an ATR PRO410-S and a 

ZnSe prisma and are reported as cm-1 (w = weak, m = medium, s = strong, br = broad). High 

resolution mass spectrometric measurements were performed by the mass spectrometry service of 

ISIC at the EPFL on a MICROMASS (ESI) Q-TOF Ultima API. Photoredox transformations were 

performed with the reaction flask hold using a rack for test tubes placed at the center of a 

crystallization flask. On this flask were attached the blue LEDs (Ruban LED avec câble à extrémités 

ouvertes Barthelme Y51516414 182405 24 V 502 cm bleu 1 pc(s), bought directly on 
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www.conrad.ch/fr). The distance S3 between the LEDs and the test tubes was approximatively 3 to 

4 cm. Long irradiation for more than 2 h resulted in temperature increasing up to 34 °C. 
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12.2 Synthesis of hypervalent iodine reagents used as starting materials 

 

1-Hydroxy-1,2-benziodoxol-3-(1H)-one (1.3.11) 

 

Following a reported procedure,204 NaIO4 (7.24 g, 33.8 mmol, 1.05 equiv.) and 2-iodobenzoic acid 

11.2.1 (8.00 g, 32.2 mmol, 1.00 equiv.) were suspended in 30% (v/v) aq. AcOH (48 mL). The mixture 

was vigorously stirred and refluxed for 4 h. The reaction mixture was then diluted with cold water 

(180 mL) and allowed to cool to room temperature, protecting it from light. After 1 h, the crude 

product was collected by filtration, washed on the filter with ice water (3 x 20 mL) and acetone (3 x 

20 mL), and air-dried in the dark to give the pure product 1-hydroxy-1,2-benziodoxol-3-(1H)-one 

1.3.11 (8.3 g, 31 mmol, 98%) as a white solid. 1H NMR (400 MHz, (CD3)2SO): δ 8.02 (dd, J = 7.7, 

1.4 Hz, 1H, ArH), 7.97 (m, 1H, ArH), 7.85 (dd, J = 8.2, 0.7 Hz, 1H, ArH), 7.71 (td, J = 7.6, 1.2 Hz, 

1H, ArH). 13C NMR (100 MHz, (CD3)2SO): δ 167.7, 134.5, 131.5, 131.1, 130.4, 126.3, 120.4. IR ν 

3083 (w), 3060 (w), 2867 (w), 2402 (w), 1601 (m), 1585 (m), 1564 (m), 1440 (m), 1338 (s), 1302 

(m), 1148 (m), 1018 (w), 834 (m), 798 (w), 740 (s), 694 (s), 674 (m), 649 (m). The values of the 

NMR spectra are in accordance with reported literature data.204 

 

General procedure for the synthesis of substituted acetoxy-benziodoxolones (GP1)  

 

Following a reported procedure,204 hydroxylated intermediates (39.1 mmol, 1.00 equiv.) were 

suspended in acetic anhydride (35 mL) and heated to reflux for 30 minutes. The resulting clear, 

slightly yellow solution was slowly let to warm up to room temperature and then cooled to 0 °C for 

30 minutes. The white suspension was filtered and the filtrate was again cooled to 0 °C for 30 minutes. 

The suspension was once again filtered and the combined two batches of solid product were washed 

with hexane (2 x 20 mL) and dried in vacuo to afford products 1.3.12, 1.3.31-1.3.33. 
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1-Acetoxy-1,2-benziodoxol-3-(1H)-one (1.3.12) 

1-Acetoxy-1,2-benziodoxol-3-(1H)-one 1.3.12 (10.8 g, 35.3 mmol, 90%) as a white 

solid. 1H NMR (400 MHz, CDCl3) δ 8.24 (dd, J = 7.6, 1.6 Hz, 1H, ArH), 8.00 (dd, J 

= 8.3, 1.0 Hz, 1H, ArH), 7.92 (ddd, J = 8.4, 7.2, 1.6 Hz, 1H, ArH), 7.71 (td, J = 7.3, 

1.1 Hz, 1H, ArH), 2.25 (s, 3 H, COCH3). 13C NMR (CDCl3, 100 MHz) δ 176.5, 168.2, 136.2, 133.3, 

131.4, 129.4, 129.1, 118.4, 20.4. NMR values are in accordance with the data reported in literature.204 

 

5,6-Dimethoxy-3-oxo-1λ3-benzo[d][1,2]iodaoxol-1(3H)-yl acetate (1.3.31) 

5,6-Dimethoxy-3-oxo-1λ3-benzo[d][1,2]iodaoxol-1(3H)-yl acetate 1.3.31 (12.8 g, 

35.0 mmol, 89%) was obtained as a white solid. 1H NMR (400 MHz, CDCl3) δ 7.63 

(s, 1H, ArH), 7.36 (s, 1H, ArH), 4.02 (s, 3H, OMe), 4.00 (s, 3H, OMe), 2.24 (s, 3H, 

OAc). 13C NMR (CDCl3, 100 MHz) δ 176.4, 168.4, 155.9, 152.0, 121.8, 113.6, 

110.0, 109.0, 56.6, 20.4. NMR values are in accordance with the data reported in literature.4  

4-Fluoro-3-oxo-1λ3-benzo[d][1,2]iodaoxol-1(3H)-yl acetate (1.3.32) 

4-Fluoro-3-oxo-1λ3-benzo[d][1,2]iodaoxol-1(3H)-yl acetate 1.3.32 (9.62 g, 29.7 

mmol, 76%) was obtained as a white solid. 1H NMR (400 MHz, DMSO-d6) δ 7.94 

(td, J = 8.2, 4.7 Hz, 1H, ArH), 7.73 (d, J = 8.2 Hz, 1H, ArH), 7.62 (dd, J = 10.3, 8.2 

Hz, 1H, ArH), 2.24 (s, 3H, OAc). 1H-NMR values are in accordance with the data reported in 

literature.4  

1-Acetoxy-5-nitro-1,2-benziodoxol-3(1H)-one ANBX (1.3.33) 

1-Acetoxy-5-nitro-1,2-benziodoxol-3(1H)-one 1.3.33 (8.71 g, 24.8 mmol, 64%) was 

obtained as a white solid. 1H NMR (400 MHz, DMSO-d6) δ 8.71 (dt, J = 8.9, 2.7 Hz, 

1H, ArH), 8.62 – 8.54 (m, 1H, ArH), 8.12 (dd, J = 23.8, 8.8 Hz, 1H, ArH), 1.90 (s, 

3H, OAc). 13C NMR (101 MHz, DMSO-d6) δ 172.0, 166.0, 149.8, 133.5, 128.3, 

128.2, 127.8, 124.9, 21.1. NMR values are in accordance with the data reported in literature.5 
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1-Chloro-1,2-benziodoxol 3(1H)-one (1.3.13): 

 

Following a slightly modified procedure,204 commercially available 2- iodobenzoic acid 12.2.1 (4.00 

g, 16.1 mmol, 1 equiv.) was dissolved in anhydrous MeCN (30 mL). The resulting stirred suspension 

was heated to 75 °C in an oil bath. The dropping funnel was charged with a solution of 

trichloroisocyanuric acid 12.2.2 (1.41 g, 6.07 mmol, 1.02 Cl+ equiv.) in 10 mL of anhydrous MeCN 

by syringe. The solution of trichloroisocyanuric acid 12.2.2 was dropped into the vigorously stirred 

reaction mixture within 5 min. After addition was complete, the reaction mixture was refluxed for an 

additional 5 min. The reaction mixture was vacuum-filtered over a preheated, sintered-glass funnel 

with a tightly packed pad of Celite (1 cm thick), and the filter cake was rinsed with additional hot 

MeCN (20-50 mL). The combined filtrates were evaporated to near-dryness, and the resulting yellow 

solid was filtered over a sintered-glass funnel and washed with a small amount of cold MeCN. The 

mother liquor from filtration was partially concentrated on vacuum, giving a second crop of solids. 

The combined crops were dried under high vacuum to obtain 1-Chloro-1,2-benziodoxol 3(1H)-one 

1.3.13 (3.16 g, 11.2 mmol, 69% yield) as light yellow solid. 1H NMR (400 MHz, Acetone-d6) δ 8.34 

– 8.24 (m, 1H), 8.16 (ddd, J = 7.8, 6.5, 1.8 Hz, 2H), 7.96 – 7.85 (m, 1H). The NMR values correspond 

to the reported ones.204 

  



Experimental Part and Annexes 

 

210 

 

1-Chloro-1,3-dihydro-3,3-dimethyl-1,2-benziodoxole (1.3.24) 

 

Following a reported procedure,301 commercially available methyl 2-iodobenzoate 12.2.3 (12.0 mL, 

76.0 mmol) was dissolved under N2 atmosphere in dry diethyl ether (400 mL) and then the solution 

was cooled to 0 °C with an ice bath. Methylmagnesium bromide (56.0 mL, 0.168 mol, 2.20 equiv.) 

was added dropwise and the reaction was stirred for 30 min at 0 °C. The reaction mixture was then 

allowed to warm to room temperature and it was further stirred for 2 h. The reaction was quenched 

with NH4Cl in an iced bath. The organic layer was separated and extracted with Et2O (3 x 100 mL), 

washed with water (2 x 200 mL), brine (1 x 100 mL) then dried over MgSO4. The solvent was 

removed in vacuo.  

With no further purification the crude mixture was dissolved in CCl4 (7 mL) and tert-butyl 

hypochlorite (100 mL, 92.0 mmol, 1.20 equiv.) and the reaction mixture was stirred at room 

temperature. After one hour a yellow precipitate was collected by filtration and washed with hexane 

(60 mL) to afford compound 1.3.24 (7.70 g, 26.0 mmol, 34% yield) as a yellow solid. 1H NMR (400 

MHz, CDCl3) δ 8.03 (dd, 1 H, J = 8.1, 1.1 Hz, CHAr), 7.55 (m, 2 H, CHAr), 7.17 (dd, 1 H, J = 7.3, 

1.7 Hz, CHAr), 1.55 (s, 6 H, (CH3)2).
 13C NMR (101 MHz, CDCl3) δ 149.5, 131.0, 130.5, 128.4, 

126.1, 114.7, 85.2, 29.2.  IR ν 3729 (w), 3626 (w), 2972 (w), 2924 (w), 2362 (w), 2055 (w), 2018 

(w), 1742 (w), 1564 (w), 1464 (w), 1439 (w), 1379 (w), 1378 (w), 1366 (w), 1277 (w), 1276 (w), 

1256 (w), 1181 (w), 1154 (m), 1112 (w), 1048 (w), 1003 (w), 982 (w), 943 (m), 866 (m), 808 (w), 

790 (w), 789 (w), 762 (s), 745 (w), 724 (w), 718 (w). The characterization data is in accordance with 

reported literature values.301 

  

                                                 
301 Akai, S.; Okuno, T.; Egi, M.; Takada, T.; Tohma, H.; Kita, Y. Heterocycles 1996, 42, 47 



Experimental Part and Annexes 

 

211 

 

1-Acetoxy-1,3-dihydro-3,3-dimethyl-1,2-benziodoxole (1.3.22) 

 

Following a reported procedure,301 1-chloro-1,3-dihydro-3,3-dimethyl-1,2-benziodoxole 1.3.24 (2.60 

g, 8.77 mmol) was dissolved in dry acetonitrile (25 mL) under N2 atmosphere. The reaction flask was 

covered with aluminum foils and protected from light. Silver acetate (1.46 g, 8.77 mmol, 1.00 equiv.) 

was then added in one portion. The reaction mixture was stirred in the dark at room temperature for 

16 h. Filtration over a Celite plug and evaporation of the solvent yielded compound 1.3.22 (2.6 g, 8.8 

mmol, 93%) as a brownish solid. 1H NMR (400 MHz, CDCl3) δ 7.79 (dd, 1 H, J = 8.0, 1.3 Hz, 

CHAr), 7.47 (m, 2H, CHAr), 7.18 (dd, 1 H, J = 7.2, 1.7 Hz, CHAr), 2.11 (s, 3 H, COCH3), 1.52 (s, 6 

H, (CH3)2). 
 13C NMR (101 MHz, CDCl3) δ 177.4, 149.4, 130.4, 130.0, 129.9, 126.2, 115.7, 84.6, 

29.2, 21.5. IR ν 3099 (w), 3057 (w), 2975 (w), 2930 (w), 2930 (w), 2865 (w), 1740 (w), 1640 (s), 

1588 (w), 1566 (w), 1462 (w), 1438 (m), 1363 (s), 1294 (s), 1259 (m), 1158 (m), 1114 (w), 1047 (w), 

1033 (w), 1009 (w), 949 (m), 926 (w), 866 (w), 761 (s), 723 (w).  The characterization data is in 

accordance with reported literature values.301  

1-Chloro-1,3-dihydro-3,3-bis(trifluoromethyl)-1,2-benziodoxole (1.3.29)  

 

Following a reported procedure,302 TMEDA (distilled over KOH) (1.26 mL, 8.20 mmol, 0.200 equiv) 

was added to a solution of nBuLi (2.5 M in hexanes, 36.6 mL, 91.6 mmol, 2.20 equiv). After 15 min, 

the cloudy solution was cooled to 0 °C and 12.2.4 (7.00 mL, 42.0 mmol, 1 equiv) in THF (6 mL) was 

added dropwise. The reaction was stirred 30 min at 0 °C and then at RT overnight. I2 (11.2 g, 44.0 

mmol, 1.06 equiv) was then added portionwise at 0 °C and the mixture stirred at 0 °C for 30 min and 

4 h at RT. The reaction was quenched with saturated NH4Cl. Et2O (100 mL) was added and the layers 

were separated. The aqueous layer was then extracted twice with Et2O (3 x 50 mL). The organic 

                                                 
302 Blake, A.J.; Novak, A.; Davies, M.; Robinson, S.I.; Woodward, S. Synth. Commun. 2009, 39, 1065. 
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layers were combined, washed twice with saturated NaS2O3 (2 x 50 mL), dried over MgSO4, filtered 

and concentrated under reduced pressure to afford 15.6 g of crude 12.2.5 as an brown oil which was 

used without further purification. The crude oil was dissolved in MeCN (40 mL) in the dark under 

air. Trichloroisocyanuric acid 12.2.2 (3.42 g, 14.3 mmol, 0.340 equiv.) was then added portionwise 

at r.t. After 30 min, the resulting suspension was filtered to afford 1.3.29 (7.30 g, 18.1 mmol, 43%) 

as a yellow solid. The mother liquors were carefully reduced to one third and filtered to afford more 

1.3.29 (8.85 g, 21.9 mmol, 52.1% yield) as a yellow solid. 1H NMR (400 MHz, CDCl3) δ 8.09 (d, 1 

H, J = 8.4 Hz, ArH), 7.85 (m, 1 H, ArH), 7.73 (m, 2 H, ArH). 13C NMR (101 MHz, CDCl3) δ 133.8, 

132.1, 131.6, 129.7, 128.5, 122.8 (q, 289 Hz), 113.4, 84.8. The melting point and the 1H NMR 

correspond to the reported values.302 

1-Acetoxy-1,3-dihydro-3,3-bis(trifluoromethyl)-1,2-benziodoxole (1.3.30) 

 

1-Chloro-1,3,-dihydro-3,3-bis(trifluoromethyl)-1,2-benziodoxole 1.3.29 (8.85 g, 21.9 mmol) and 

AgOAc (3.65 g, 21.9 mmol, 1 equiv.) were suspended in MeCN (109 mL, 0.2 M). After being stirred 

overnight in the dark, AgCl precipitated and was filtered off. The residue was washed with MeCN. 

The solvent was removed in vacuo to give 1.3.30 (9.37 g, 21.9 mmol, 100%) as a white solid. 1H 

NMR (300 MHz, CDCl3) δ  7.93 (d, J = 8.4 Hz, 1H, ArH), 7.61–7.79 (m, 3H, ArH), 2.18 (s, 3H, 

CH3). The NMR values correspond to the reported ones.302 

 

1-Azido-3,3-bis(trifluoromethyl)-3-(1H)-1,2-benziodoxole (1.3.27). 

 

To a stirred mixture of 1-hydroxy-3,3-bis(trifluoromethyl)-3-(1H)-1,2- benziodoxole 1.3.30 (1.00 g, 

2.60 mmol) in dry CH3CN (20 mL) was added trimethylsilylazide (0.700 mL, 5.20 mmol) under 

nitrogen at room temperature. The reaction mixture was stirred for 18 h, and then the resulting yellow 

solution was evaporated in vacuum to give 1.3.27 as a pale crystalline solid (890 mg, yield 0.490 g 
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(92%); mp 147-150 °C (from CH3CN); IR ν 3076, 2048. 1H NMR (CDCl3:CD3CN 10:1) δ 7.89-7.66 

(m, 4H, ArH). The IR and NMR values correspond to the reported ones.303 

 

1-[(Trimethylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one (TMS-EBX, 1.3.19) 

 

Following a slight modification of the reported procedure,304 trimethylsilyl triflate (5.54 mL, 30.7 

mmol, 1.10 equiv) was added to a suspension of 2-iodosylbenzoic acid 1.3.11 (7.36 g, 28.0 mmol, 

1.00 equiv) in CH2Cl2 (85 mL) at RT. The resulting yellow mixture was stirred for 1 h, followed by 

the dropwise addition of bis(trimethylsilyl)acetylene (6.98 mL, 30.7 mmol, 1.10 equiv). The resulting 

suspension was stirred for 6 h at RT, during this time a white solid was formed. A saturated solution 

of NaHCO3 was then added and the mixture was stirred vigorously until completely solubilization of 

the white solid. The two layers were separated and the combined organic extracts were washed with 

sat. NaHCO3, dried over MgSO4, filtered and evaporated under reduce pressure. Recrystallization 

from acetonitrile (5 mL) afforded 1-[(trimethylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one 1.3.19 

(7.17 g, 20.8 mmol, 74%) as a colorless solid. Mp: 143-145°C (dec). 1H NMR(400 MHz, 

Chloroform-d) δ 8.42 (dd, J= 6.4, 1.9 Hz, 1 H; ArH), 8.19 (m, 1 H; ArH), 7.78 (m, 2 H; ArH), 0.32 

(s, 9 H; TMS). 13C NMR (100 MHz, CDCl3) δ 166.4, 134.9, 132.6, 131.7, 131.4, 126.1, 117.2, 115.4, 

64.2, -0.5. IR ν 3389 (w), 2967 (w), 1617 (s), 1609 (s), 1562 (m), 1440 (w), 1350 (m), 1304 (w), 

1254 (w), 1246 (w), 1112 (w), 1008 (w), 852 (s), 746 (m), 698 (m), 639 (m). The characterization 

data corresponded to the reported values.305  

  

                                                 
303 Zhdankin, V. V.; Krasutsky, A.P.; Kuehl, C. J.; Simonsen, A.J.; Woodward, J.K.; Mismash, B.; Bolz, J.T.  J. Am. 

Chem. Soc., 1996, 118, 5192–5197. 
304 Zhdankin, V. V.; Kuehl, C. J.; Krasutsky, A. J.; Bolz, J. T.; Simonsen, A. J. J. Org. Chem. 1996, 61, 6547–6551. 
305 Fernández González, D.; Brand, J. P.; Waser, J. Chem. – A Eur. J. 2010, 16, 9457–9461. 
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General procedure for the synthesis of alkyl-EBXs. (GP2) 

 

Following a slightly modified procedure,306 2-iodobenzoic acid 12.2.1 (1.00 equiv.), para-

toluenesulfonic acid monohydrate (1.10 equiv.) and meta-chloroperoxybenzoic acid (mCPBA-70%, 

1.10 equiv.) were dissolved in dichloromethane and 2,2,2-trifluoroethanol (1:1 mixture, 0.27 M). The 

mixture was stirred at room temperature under nitrogen for 1 hour, after which the correspondent 

alkyl-1-boronic acid pinacol ester (1.40 equiv.) was added in one portion. The reaction mixture was 

stirred for 2.5 hours at room temperature, filtered and concentrated in vacuo. The resulting oil was 

dissolved in dichloromethane (30 mL) and under vigorous stirring, saturated aq. NaHCO3 (30 mL) 

was added. The mixture was stirred for 15 minutes, the two layers were separated and the aqueous 

phase was extracted with additional portions of dichloromethane (3 x 25 mL). The combined organic 

layers were washed with brine (25 mL), dried over MgSO4, filtered and concentrated in vacuo. The 

crude product was purified by flash column chromatography (DCM:MeOH 9:1) to afford the desired 

compounds 1.3.18a-h. 

 

Propynyl-1,2-benziodoxol-3(1H)-one (1.3.18a) 

Following GP2 on 4.30 mmol scale and using propynyl-1-boronic acid pinacol 

ester (4.85 g, 21.2 mmol, 1.40 equiv.), propynyl-1,2-benziodoxol-3(1H)-one 

1.3.18a (1.03 g, 3.60 mmol, 84%) was obtained as a white solid. Rf  0.10 

(EtOAc). Mp 124-150 °C (decomposition). 1H NMR (400 MHz, CDCl3) δ 8.41-8.35 (m, 1 H, ArH), 

8.22-8.14 (m, 1 H, ArH), 7.79-7.68 (m, 2H, ArH), 2.27 (s, 3H, CCCH3). 13C NMR (CDCl3, 100 MHz) 

δ 166.7, 134.8, 132.5, 131.6, 126.4, 115.6, 105.1, 39.0, 5.7 (one carbon aromatic signal not resolved). 

IR ν 2183 (w), 1607 (s), 1559 (m), 1350 (m), 746 (m), 730 (m). HRMS (ESI) C10H8IO2
+ [M+H]+ 

286.9564; found 286.9561. 

 

  

                                                 
306 Bouma, M. J.; Olofsson, B. Chem. – A Eur. J. 2012, 18, 14242–14245. 
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(Pent-1-ynyl)-1,2-benziodoxol-3(1H)-one (1.3.18b) 

Following GP2 on 4.00 mmol scale and using 1-pentynyl-1-boronic acid 

pinacol ester (1.09 g, 4.60 mmol, 1.15 equiv.) (pent-1-ynyl)-1,2-benziodoxol-

3(1H)-one 1.3.18b (0.754 g, 2.40  mmol, 60%) was obtained as a white oil.307 

1H NMR (400 MHz, CDCl3) δ 8.40 (ddd, J = 7.4, 3.8, 2.3 Hz, 1H, ArH), 8.26 – 8.09 (m, 1H, ArH), 

7.75 (dddd, J = 6.0, 4.6, 2.8, 1.8 Hz, 2H, ArH), 2.58 (td, J = 7.1, 1.6 Hz, 2H, CH2), 1.68 (dtd, J = 

14.7, 7.2, 2.1 Hz, 2H, CH2), 1.08 (td, J = 7.6, 2.1 Hz, 3H, CH3). 13C NMR (CDCl3, 100 MHz) 166.8, 

134.6, 132.1, 131.3, 126.2, 115.5, 109.5, 50.4, 38.8, 22.3, 21.6, 13.4. IR ν 2960 (w), 2875 (w), 2172 

(w), 1732 (m), 1654 (s), 1465 (w), 1439 (w), 1342 (w), 1296 (m), 1252 (m), 1109 (w), 1016 (w), 832 

(m), 743 (s). HRMS (ESI) calcd for C12H12IO2
+ [M+H]+ 314.9877; found 314.9882. 

 

(5-Chloropent-1-ynyl)-1,2-benziodoxol-3(1H)-one (1.3.18c) 

 Following GP2 on 15.2 mmol scale and using 5-chloro-1-pentynyl-1-

boronic acid pinacol ester (4.85 g, 21.2 mmol, 1.40 equiv.), (5-chloropent-

1-ynyl)-1,2-benziodoxol-3(1H)-one 1.3.18c (3.76 g, 10.8 mmol, 71%) was 

obtained as a white solid. Mp: 138.5-141.7 °C. Rf: 0.15 (EtOAc 100%). 1H NMR (400 MHz, CDCl3) 

δ 8.41-8.34 (m, 1H, ArH), 8.22-8.13 (m, 1H, ArH), 7.82-7.68 (m, 2H, ArH), 3.71 (t, J = 6.1 Hz, 2H, 

ClCH2CH2), 2.82 (t, J = 6.9 Hz, 2H, CCCH2CH2), 2.18-2.05 (m, 2H, ClCH2CH2). 13C NMR (CDCl3, 

100 MHz) δ 166.8, 134.9, 132.5, 131.6, 131.6, 126.4, 115.8, 107.1, 43.4, 41.2, 30.7, 18.0. IR ν 2942 

(w), 2866 (w), 2171 (w), 2091 (w), 1727 (w), 1617 (s), 1556 (w), 1441 (w), 1339 (m), 1213 (w), 1023 

(w), 846 (w), 742 (s). The characterization data corresponded to the reported values.56a  

 

2-Cyclopropylethynyl-1,2-benziodoxol-3(1H)-one (1.3.18d) 

Following GP2 on 25.8 mmol scale and using 5-chloro-1-pentynyl-1-boronic 

acid pinacol ester (4.85 g, 21.2 mmol, 1.40 equiv.), 

(cyclopropylethynyl)trimethylsilane (5.00 g, 36.2 mmol, 1.40 equiv.) 2-

cyclopropylethynyl-1,2-benziodoxol-3(1H)-one 1.3.18d (2.11 g, 6.76 mmol, 26%) was obtained as a 

white solid. Mp: 174.2–177.6 °C (Dec.). Rf: 0.46 (EtOAc:MeOH, 9:1). 1H NMR (400 MHz, CDCl3) 

δ 8.34 (dd, J = 7.0, 2.1 Hz, 1H, ArH), 8.18-8.09 (m, 1H, ArH), 7.81-7.63 (m, 2H, ArH), 1.59 (tt, J = 

8.2, 5.0 Hz, 1H, CH), 1.07-0.85 (m, 4H, CH2CH2). 13C NMR (CDCl3, 100 MHz) δ 166.7, 134.7, 

132.3, 131.7, 131.4, 126.2, 115.9, 113.3, 35.0, 9.8, 1.1. IR ν 3464 (w), 3077 (w), 3012 (w), 2238 (w), 

                                                 
307 NB: the compound was isolated as an extremely viscous oil and retains organic solvent. 
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2159 (m), 1607 (s), 1559 (m), 1438 (m), 1338 (m), 1298 (m), 833 (m), 744 (s), 691 (m). HRMS (ESI) 

calcd. for C12H10IO2
+ [M+H]+ 312.9720; found 312.9719. Data reported in literature.56a 

 

2-Cyclopentylethynyl-1,2-benziodoxol-3(1H)-one (1.3.18e) 

Following GP2 on 4.00 mmol scale and using ethynylcyclopentane (0.649 g, 

5.60 mmol, 1.40 equiv.) at 50 °C, 2-cyclopentylethynyl-1,2-benziodoxol-

3(1H)-one 1.3.18e (0.950 g, 2.79 mmol, 70%) was obtained as a white 

amorphous solid. Rf: 0.40 (DCM:MeOH 9:1). 1H NMR (400 MHz, CDCl3) δ 8.28 (t, J = 6.0 Hz, 1H, 

ArH), 8.08 (t, J = 6.4 Hz, 1H, ArH), 7.66 (tt, J = 13.4, 7.0 Hz, 2H, ArH), 2.91 (q, J = 6.7 Hz, 1H, 

CH), 1.96 (dd, J = 13.6, 7.5 Hz, 2H, CH2), 1.68 (d, J = 13.9 Hz, 4H, CH2), 1.63 – 1.48 (m, 2H, CH2). 

13C NMR (CDCl3, 100 MHz) δ 166.7, 134.4, 131.9, 131.5, 131.0, 126.1, 115.5, 113.7, 38.3, 33.5, 

31.3, 24.9. IR ν 2960 (w), 2868 (w), 2165 (w), 1649 (s), 1610 (s), 1560 (m), 1439 (m), 1333 (m), 

1295 (m), 1222 (w), 1008 (m), 833 (w), 752 (m). HRMS (ESI) calcd for 

C14H14IO2
+ [M+H]+ 341.0033; found 341.0036.56a 

 

2-Cyclohexylethynyl-1,2-benziodoxol-3(1H)-one (1.3.18f) 

Following GP2 on 4.00 mmol scale and using ethynylcyclohexane (0.732 g, 

5.60 mmol, 1.40 equiv) 2-cyclohexylethynyl-1,2-benziodoxol-3(1H)-one 

1.3.18f  (0.850 g, 2.40 mmol, 60%) was obtained as a white amorphous solid. 

Rf: 0.44 (DCM:MeOH 9:1). 1H NMR (400 MHz, Chloroform-d) δ 8.28 (t, J = 6.0 Hz, 1H, ArH), 

8.10 (t, J = 5.8 Hz, 1H, ArH), 7.65 (dp, J = 12.9, 6.6 Hz, 2H, ArH), 2.68 (h, J = 4.7, 4.2 Hz, 1H, CH), 

1.82 (d, J = 12.5 Hz, 2H, CH2), 1.67 (d, J = 10.7 Hz, 2H, CH2), 1.46 (t, J = 10.4 Hz, 3H, CH2), 1.29 

(d, J = 10.2 Hz, 3H, CH2). 13C NMR (CDCl3, 100 MHz) δ 166.7, 134.3, 131.9, 131.4, 130.9, 126.1, 

115.5, 113.4, 38.7, 31.9, 30.4, 25.3, 24.4. IR ν 2899 (m), 2877 (m), 1634 (s), 1579 (s), 1494 (w), 

1307 (s), 1241 (w), 1049 (w), 980 (w), 876 (w), 817 (w). HRMS (ESI) calcd for C15H16IO2
+ [M+H]+ 

355.0190; found 355.0192. 
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8-(Trimethylsilyl)octa-1,7-diyn-1-yl-1,2-benziodoxol-3(1H)-one (1.3.18g) 

 

Following a slightly modified procedure,56a to a solution of 1,7-octadiyne 12.2.6 (10.6 g, 100 mmol, 

1.00 equiv) in dry THF (150 mL) was added at -78 °C under nitrogen 1 M lithium 

bis(trimethylsilyl)amide in THF (LiHMDS, 100 mL, 100 mmol, 1.00 equiv.). The solution was stirred 

at -78 °C for 30 minutes, after which trimethylsilyl chloride (TMSCl, 13.0 mL, 100 mmol, 1.00 

equiv.) was added dropwise. The reaction was warmed to room temperature and stirred for 2 h. The 

reaction was cooled to 0 °C and quenched by adding water (10 mL). The mixture was diluted with 1 

M HCl (200 mL) and extracted with diethyl ether (100 mL and 2 x 75 mL). The combined organic 

layers were washed with brine (200 mL), dried over MgSO4, filtered and concentrated in vacuo. The 

crude product was purified by vacuum distillation using a 20 cm Vigreux column (oil bath set to 98 

°C at 0.3 mbar) furnishing pure trimethyl(octa-1,7-diyn-1-yl)silane 12.2.7 (8.37 g, 46.9 mmol, 47%) 

as a colorless liquid. Rf: 0.2 (Pentane). 1H NMR (CDCl3, 400 MHz) δ 2.28-2.17 (m, 4H), 1.93 (t, J 

= 2.7 Hz, 1H, CCH), 1.68-1.57 (m, 4H), 0.13 (s, 9H, TMS). 13C NMR (CDCl3, 100 MHz) δ 107.0, 

84.9, 84.2, 68.6, 27.7, 27.6, 19.5, 18.1, 0.3. IR ν 3309 (w), 2951 (w), 2175 (w), 1250 (m), 912 (w), 

841 (s), 761 (m), 734 (m). Data reported in literature.56a 

 

Following a slightly modified procedure, 2-iodobenzoic acid 12.2.1 (8.43 g, 33.3 mmol, 1.00 equiv.), 

para-toluenesulfonic acid monohydrate (TsOH.H2O, 6.40 g, 33.3 mmol, 1.00 equiv.) and meta-

chloroperoxybenzoic acid (mCPBA-70%, 9.04 g, 36.7 mmol, 1.10 equiv.) were dissolved in CH2Cl2 

(60 mL) and 2,2,2-trifluoroethanol (60 mL). The mixture was stirred at room temperature under 

nitrogen for 1 h, after which trimethyl(octa-1,7-diyn-1-yl)silane 12.2.7 (8.32 g, 46.7 mmol, 1.40 

equiv.) was added. The reaction mixture was stirred for 15 h at room temperature and then filtered 

and concentrated in vacuo. The resulting light being solid was dissolved in CH2Cl2 (500 mL) and 

under vigorous stirring, saturated solution of NaHCO3 (500 mL) was added. The mixture was stirred 

for 1 h, the two layers were separated and the aqueous layer was extracted with additional portions 

of CH2Cl2 (3 x 150 mL). The combined organic layers were dried over MgSO4, filtered and 
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concentrated in vacuo. The crude product was purified by flash column chromatography using ethyl 

acetate to afford 1.3.18g (4.20 g, 9.90 mmol, 30%) as a white solid. Mp: 152.3–155.6 °C. Rf: 0.59 

(EtOAc:MeOH 9:1). 1H NMR (CDCl3, 400 MHz) δ 8.37 (dd, J = 6.7, 2.3 Hz, 1H, ArH), 8.17 (dd, J 

= 7.8, 1.5 Hz, 1H, ArH), 7.82-7.66 (m, 2H, ArH), 2.63 (t, J = 6.8 Hz, 2H,), 2.29 (t, J = 6.7 Hz, 2H), 

1.83-1.62 (m, 4H), 0.13 (s, 9H, TMS). 13C NMR (CDCl3, 100 MHz) δ 166.7, 134.8, 132.4, 131.7, 

131.5, 126.3, 115.7, 109.1, 106.4, 85.4, 40.0, 27.7, 27.3, 20.2, 19.4, 0.3. IR ν 2955 (w), 2170 (w), 

1647 (m), 1621 (s), 1439 (w), 1329 (m), 1296 (w), 1249 (m), 840 (s), 746 (s). HRMS (ESI) calcd. 

for C18H22IO2Si+ [M+H]+ 425.0428; found 425.0433. Data reported in literature.56a 
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3-(Benzyloxy)-3-methyl-but-1-yn-1-yl)-1,2-benziodoxol-3(1H)-one (1.3.18h) 

 

Following a reported procedure,56a 12.2.7 (850 mg, 4.90 mmol, 1.00 equiv.) was dissolved in dry 

THF (10 mL). Next, nBuLi (2.5 M in hexane, 5.10 mL, 13.0 mmol, 2.60 equiv.) was added through 

syringe dropwise over 10 minutes and the reaction mixture was stirred for another 10 minutes to get 

a brownish-red solution. Next, TMSCl (0.700 mL, 5.50 mmol, 1.10 equiv.) was added dropwise to 

get a clear solution and the reaction mixture was stirred for 1.5 h at 0 °C. The resulting reaction 

mixture was continuously stirred at room temperature for 2.5 h until a white solid precipitated. It was 

then diluted with hexane (30 mL), washed with water (3 x 20 mL), brine (20 mL), dried over MgSO4, 

filtered and concentrated in vacuo. The crude product was purified by flash chromatography using 

EtOAc:Pentane 1:20 as mobile phase to afford (3-(benzyloxy)-3-methylbut-1-yn-1-yl)trimethylsilane 

(362 mg, 1.47 mmol, 33%), which was used directly in the next step. 

Trimethylsilyltriflate (1.60 mL, 8.56 mmol, 1.10 equiv.) was added dropwise to a stirred solution of 

2-iodosylbenzoic acid 1.3.11 (2.12 g, 7.99 mmol, 1.00 equiv.) in acetonitrile (40 mL) at 0 °C. After 

15 minutes, (3-(benzyloxy)-3-methylbut-1-yn-1-yl)trimethylsilane (2.07 g, 8.89 mmol, 1.05 equiv.) 

was added dropwise, followed, after 30 min, by the addition of pyridine (6.00 mL). The mixture was 

stirred for 20 minutes. The solvent was then removed under reduced pressure and the crude oil was 

dissolved in CH2Cl2 (100 mL). The organic layer was washed with 0.5 M HCl (100 mL) and the 

aqueous layer was extracted with CH2Cl2 (100 mL). The organic layers were combined, washed with 

a saturated solution of NaHCO3 (2 x 100 mL), brine (100 mL), dried over MgSO4, filtered and the 

solvent was evaporated under reduced pressure. Recrystallization from hot EtOAc afforded 1.3.18h 

(770 mg, 0.183 mmol, 23%) as a light yellow solid. Mp: 146.6-148.0 °C. 1H NMR (CDCl3, 400 

MHz): δ 8.39 (dd, J = 7.3, 1.8 Hz, 1H, ArH), 8.11 (dd, J = 8.2, 1.1 Hz, 1H, ArH), 7.78-7.62 (m, 2H, 

ArH), 7.39-7.31 (m, 4H, ArH), 7.31-7.27 (m, 1H, ArH), 4.70 (s, 2H, ArCH2), 1.69 (s, 6H, 2 x CH3). 

13C NMR (CDCl3, 100 MHz) δ 166.6, 138.3, 135.0, 132.6, 131.7, 131.4, 128.6, 127.9, 127.6, 126.1, 

115.8, 110.0, 71.9, 67.2, 45.5, 28.8. IR ν 2986 (w), 2868 (w), 2159 (w), 1618 (s), 1561 (m), 1446 
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(w), 1330 (m), 1299 (m), 1224 (m), 1159 (m), 1054 (m), 888 (w), 834 (m), 742 (s). Data reported in 

literature.56a 

 

1-[Phenylethynyl]-1,2-benziodoxol-3(1H)-one (1.3.21) 

 

Following a reported procedure,308 trimethylsilyl triflate (7.50 mL, 41.5 mmol, 1.10 equiv.) was 

added to a suspension of 2-iodosylbenzoic acid 1.3.11 (10.0 g, 37.7 mmol, 1.00 equiv.) in CH2Cl2 

(100 mL) at room temperature. The resulting yellow mixture was stirred for 1 h, followed by the 

dropwise addition of trimethyl(phenylethynyl)silane 12.2.8 (8.10 mL, 41.5 mmol, 1.10 equiv.) 

(slightly exothermic). The resulting suspension was stirred for 6 h at room temperature, during this 

time a white solid was formed. A saturated solution of NaHCO3 (100 mL) was then added and the 

mixture was stirred vigorously. The resulting suspension was filtered on a glass filter of porosity 4. 

The two layers of the mother liquors were separated and the organic layer was washed with saturated 

solution of NaHCO3 (100 mL), dried over MgSO4, filtered and evaporated under reduced pressure. 

The resulting mixture was combined with the solid obtained by filtration and boiled in CH3CN (ca 

300 mL). The mixture was cooled down, filtered and dried under high vacuum to afford 1.3.21 (6.08 

g, 17.4 mmol, 46 %) as a white solid. Mp (Dec.) 155.0–160.0 °C (lit 153-155°C). 1H NMR (400 

MHz, CDCl3) δ 8.46 (m, 1H, ArH), 8.28 (m, 1H, ArH), 7.80 (m, 2H, ArH), 7.63 (m, 2H, ArH), 7.48 

(m, 3H, ArH). 13C NMR (100 MHz, CDCl3) δ 163.9, 134.9, 132.9, 132.5, 131.6, 131.3. 130.8, 128.8, 

126.2, 120.5, 116.2, 106.6, 50.2. Data reported in literature.308  

 

  

                                                 
308 S. Nicolai, C. Piemontesi, J. Waser, Angew. Chem. Int. Ed. 2011, 50, 4680–4683. 
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12.3 Part I 

12.3.1 Synthesis of starting materials allyl β-keto esters 

General procedure for the synthesis of β-allyl keto esters. (GP3) 

 

Following a reported procedure,309 potassium tert-butoxide (0.05 equiv) was added to a suspension 

of NaH (2.2 equiv) in diallyl carbonate 2.4.2 (2.0 equiv). The ketone 2.4.1 (1.0 equiv) was then added 

dropwise at 0 °C. The reaction was stirred at room temperature and followed by TLC (using the 

solvent mixture indicated below for the Rf value and UV or p-anisaldehyde stain for visualization). 

Then 1 M HCl was added until the pH of the solution became neutral or slightly acidic. The organic 

layers were collected and washed with brine (2 x 20 mL), dried over MgSO4 and concentrated in 

vacuo. The crude product was purified by column chromatography, using the solvent indicated for 

the Rf value. 

 

Allyl 5-methoxy-1-oxo-2,3-dihydro-1H-indene-2-carboxylate (2.4.3a) 

Starting from commercially available 5-methoxy-2,3-dihydro-1H-inden-

1-one 2.4.1a (0.200 g, 1.23 mmol), allyl 5-methoxy-1-oxo-2,3-dihydro-

1H-indene-2-carboxylate 2.4.3a (0.209 g, 0.851 mmol, 69% yield) was 

obtained as a brown solid. Mp: 53.5-55.9° C. Rf 0.3 (Pentane:EtOAc 3:2) 1H NMR (400 MHz, 

CDCl3) δ 7.70 (d, J = 9.2 Hz, 1H, ArH), 6.96 – 6.89 (m, 2H, ArH), 5.94 (ddt, J = 17.3, 10.5, 5.6 Hz, 

1H, CHCH2), 5.37 (dq, J = 17.2, 1.5 Hz, 1H, CHCH2), 5.25 (dq, J = 10.5, 1.3 Hz, 1H, CHCH2), 4.69 

(tt, J = 5.7, 1.4 Hz, 2H, CH2CH), 3.90 (s, 3H, OMe), 3.74 (dd, J = 8.2, 4.0 Hz, 1H, CH), 3.52 (dd, J 

= 17.3, 4.0 Hz, 1H, CH2), 3.32 (dd, J = 17.3, 8.2 Hz, 1H, CH2). 13C NMR (101 MHz, CDCl3) δ 197.4, 

169.1, 165.9, 156.7, 131.7, 128.5, 126.4, 118.6, 116.0, 109.6, 66.2, 55.8, 53.5, 30.3. IR ν 3021 (w), 

3013 (w), 2842 (w), 1738 (m), 1705 (s), 1598 (s), 1491 (w), 1337 (w), 1307 (m), 1259 (s), 1224 (w), 

1193 (m), 1156 (m), 1149 (m), 1105 (m), 1089 (m), 1025 (m), 989 (m). The characterization data is 

corresponding to the reported values.310 

                                                 
309 M.V. Vita, J. Waser, Org. Lett. 2013, 15, 3246. 
310 M.V. Vita, J. Waser, Org. Lett. 2014, 16, 5768. 
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2-Methylallyl 5-methoxy-1-oxo-2,3-dihydro-1H-indene-2-carboxylate (2.4.3b) 

Starting from commercially available 5-methoxy-2,3-dihydro-1H-inden-

1-one 2.4.1b (1.76 g, 10.9 mmol), 2-methylallyl 5-methoxy-1-oxo-2,3-

dihydro-1H-indene-2-carboxylate 2.4.3b (2.17 g, 8.34 mmol, 77% yield) 

was obtained as a yellowish oil. Rf 0.6 (Pentane:EtOAc 7:3). 1H NMR (400 MHz, CDCl3) δ 7.70 (d, 

J = 9.1 Hz, 1H, ArH), 6.96-6.92 (m, 2H, ArH), 5.03 (dd, J = 1.6, 0.9 Hz, 1H, CMeCH2), 4.94 (m, 1H, 

CMeCH2), 4.68 – 4.54 (m, 2H, CH2CMe), 3.90 (s, 3H, OCH3), 3.78 (dd, 1 H, J = 8.2, 4.0 Hz, CH), 

3.55 (dd, 1 H, J = 17.3, 4.0 Hz, CH2), 3.35 (dd, 1 H, J = 17.3, 8.2 Hz), 1.78 (dd, J = 1.6, 0.9 Hz, 3H, 

CCH3).13C NMR (101 MHz, CDCl3) δ 197.3, 169.1, 165.9, 156.7, 139.6, 128.6, 126.4, 116.0, 113.3, 

109.6, 68.7, 55.8, 53.5, 30.3, 19.5.IR  2978 (w), 2969 (w), 2942 (w), 1740 (m), 1706 (s), 1600 (s), 

1306 (w), 1261 (s), 1156 (m), 1090 (m).The characterization data is corresponding to the reported 

values.310 

2-Methylallyl 5-methyl-1-oxo-2,3-dihydro-1H-indene-2-carboxylate (2.4.3c) 

Starting from commercially available 5-methyl-2,3-dihydro-1H-inden-1-

one 2.4.1c (0.50 g, 3.4 mmol), 2-methylallyl 5-methyl-1-oxo-2,3-dihydro-

1H-indene-2-carboxylate 2.4.3c (0.60 g, 2.3 mmol, 67% yield) was 

obtained as a orange oil. RF 0.66 (Pentane:EtOAc 4:1). 1H NMR (400 

MHz, CDCl3 δ 7.66 (d, J = 7.9 Hz, 1H, ArH), 7.30 (s, 1H, ArH), 7.20 (d, J = 7.9 Hz, 1H, ArH), 5.02 

(s, 1H, CMeCH2), 4.96 – 4.89 (m, 1H, CMeCH2), 4.69 – 4.52 (m, 2H, CH2CMe), 3.75 (dd, J = 8.2, 

4.0 Hz, 1H, CH), 3.60 – 3.44 (m, 1H, CH2), 3.33 (dd, J = 17.2, 8.2 Hz, 1H, CH2), 2.45 (s, 3H, CH3), 

1.77 (s, 3H, CH3). 13C NMR (101.00 MHz, CDCl3) δ 198.8, 169.0, 154.1, 146.8, 139.6, 133.0, 129.1, 

126.9, 124.5, 113.3, 68.7, 53.5, 30.2, 22.2, 19.5. IR ν 2933 (w), 1741 (m), 1712 (s), 1609 (m), 1269 

(m), 1233 (m), 1196 (m), 1155 (m), 910 (w), 909 (w). HRMS (ESI) calcd for C15H17O3
+ [M+H]+ 

245.1172; found 245.1177. 

2-Methylallyl 1-oxo-2,3-dihydro-1H-indene-2-carboxylate (2.4.3d) 

Starting from commercially available 2,3-dihydro-1H-inden-1-one 2.4.1d 

(0.500 g, 3.78 mmol), 2-methylallyl 1-oxo-2,3-dihydro-1H-indene-2-

carboxylate 2.4.3d (0.653 g, 2.84 mmol, 75% yield) was obtained as a purple 

liquid. Rf 0.3 (Pentane:EtOAc 3:2). 1H NMR (400 MHz, CDCl3) (Ketone/Enol 1:0.2) Ketone: δ 7.78 

(d, J = 7.7 Hz, 1H, ArH), 7.63 (dd, J = 8.1, 6.8 Hz, 1H, ArH), 7.51 (d, J = 7.7 Hz, 1H, ArH), 7.43 – 

7.36 (m, 1H, ArH), 5.05 – 4.91 (m, 2H, CMeCH2), 4.72 – 4.52 (m, 2H, CH2CMe), 3.77 (dd, J = 8.3, 
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4.1 Hz, 1H, CHCH2), 3.64 – 3.52 (m, 1H, CH2CH), 3.40 (dd, J = 17.2, 8.2 Hz, 1H, CH2CH), 1.78 (d, 

J = 1.4 Hz, 3H, CMe). Enol: δ 7.65 (m, 1H, ArH), 7.47 (d, J = 1.3 Hz, 1H, ArH), 7.44 (dd, J = 7.3, 

1.4 Hz, 1H, ArH), 7.39 (m, 1H, ArH), 5.05 (d, J = 1.5 Hz, 1H, CMeCH2), 4.98 (t, J = 1.4 Hz, 1H, 

CMeCH2), 4.69 (s, 2H, CH2CMe), 3.56 (s, 2H, CH2 ), 1.82 (s, 3H, CMe). 13C NMR (101.00 MHz, 

CDCl3) Ketone: δ 199.3, 168.8, 153.5, 139.5, 135.4, 135.3, 127.9, 126.6, 124.7, 113.4, 68.8, 53.3, 

30.3, 19.5. Enol: δ 143.2, 140.0, 136.9, 129.5, 126.9, 124.8, 120.8, 112.8, 102.2, 67.1, 32.5, 29.7.311 

IR ν 1746 (s), 1716 (s), 1464 (w), 1328 (w), 1314 (w), 1300 (w), 1286 (w), 1274 (w), 1248 (w), 1207 

(m), 1186 (m), 1155 (m), 1128 (w), 991 (w), 990 (w), 917 (w), 908 (w), 765 (m).The characterization 

data is corresponding to the reported values.310 

2-Methylallyl 5-bromo-1-oxo-2,3-dihydro-1H-indene-2-carboxylate (2.4.3e) 

Starting from commercially available 5-bromo-2,3-dihydro-1H-inden-1-

one 2.4.1e (0.500 g, 2.37 mmol), 2-methylallyl 5-bromo-1-oxo-2,3-

dihydro-1H-indene-2-carboxylate 2.4.3e (0.501 g, 1.62 mmol, 68% yield) 

was obtained as a yellow solid .Rf 0.3 (Pentane:EtOAc 3:2). Mp: 58.2-61.9 °C. 1H NMR (400 MHz, 

CDCl3) Ketone/Enol form (1.5:1) Ketone: δ 7.69 (d, J = 1.6 Hz, 1H, ArH), 7.63 (d, J = 8.2 Hz, 1H, 

ArH), 7.56 – 7.51 (m, 1H, ArH), 5.02 (s, 1H, CCH2), 4.95 (s, 1H, CCH2), 4.68 – 4.54 (m, 2H, CH2C), 

3.77 (dd, J = 8.3, 4.1 Hz, 1H, CH), 3.54 (dd, J = 17.4, 4.0 Hz, 1H, CH2), 3.37 (dd, J = 17.5, 8.3 Hz, 

1H, CH2), 1.79 – 1.76 (m, 3H, CCH3). Enol: δ 10.31 (s, 1H, OH), 7.62 (s, 1H, ArH), 7.52 – 7.50 (m, 

2H, ArH), 5.05 – 5.03 (m, 1H, CCH2), 4.98 (t, J = 1.4 Hz, 1H, CCH2), 4.69 (s, 2H, CH2C), 3.53 (s, 

2H, CH2), 1.82 (t, J = 1.1 Hz, 3H, CCH3). 13C NMR (101.00 MHz, CDCl3) δ 198.0, 168.3, 155.1, 

144.9, 139.9, 139.4, 135.9, 134.1, 131.6, 131.0, 130.2, 129.9, 128.1, 125.8, 124.0, 122.0, 113.5, 113.0, 

102.5, 68.9, 67.3, 53.3, 32.4, 30.0, 19.5, 19.5. 2312  IR ν 2977 (w), 2940 (w), 2934 (w), 1742 (m), 

1717 (s), 1652 (m), 1620 (m), 1597 (m), 1562 (m), 1418 (m), 1316 (m), 1288 (m), 1260 (m), 1211 

(s), 1200 (s), 1179 (s), 1159 (m), 1133 (m), 1101 (m), 992 (m), 911 (m).The characterization data is 

corresponding to the reported values.310 

2-Methylallyl 6-fluoro-1-oxo-2,3-dihydro-1H-indene-2-carboxylate (2.4.3f) 

Starting from commercially available 5-fluoro-2,3-dihydro-1H-inden-1-one 

2.4.1f (0.50 g, 3.3 mmol), 2-methylallyl 5-fluoro-1-oxo-2,3-dihydro-1H-

indene-2-carboxylate 2.4.3f (0.50 g, 1.9 mmol, 57% yield) was obtained as 

                                                 
311 2C in the enol are missing, one possibly the ester. 
312 Aromatic C of the enol form are not resolved. 
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a brown oil. Rf 0.3 (DCM:Pentane 3:2). 1H NMR (400 MHz, CDCl3) (Ketone/Enol 1:0.4) Ketone δ 

7.48 (dd, J = 8.4, 4.4 Hz, 1H, ArH), 7.41 (dd, J = 7.3, 2.4 Hz, 1H, ArH), 7.36 (dd, J = 8.5, 2.6 Hz, 

1H, ArH), 5.03 (s, 1H, CCH2), 4.95 (s, 1H, CCH2), 4.68 – 4.54 (m, 2H, OCH2), 3.82 (dd, J = 8.2, 4.0 

Hz, 1H, CH), 3.58 – 3.49 (m, 1H, CH2), 3.36 (ddt, J = 17.1, 8.2, 1.2 Hz, 1H, CH2), 1.78 (t, J = 1.1 

Hz, 3H, CH3). Enol δ 7.39 (m, 1H, ArH), 7.34 – 7.30 (m, 1H, ArH), 7.12 (ddd, J = 9.3, 8.3, 2.5 Hz, 

1H, ArH), 5.05 (t, J = 1.2 Hz, 1H, CCH2), 4.98 (t, J = 1.4 Hz, 1H, CCH2), 4.70 (s, 2H, OCH2C), 3.51 

(s, 2H, CH2), 1.82 (t, J = 1.1 Hz, 3H, CH3). 13C NMR (101 MHz, CDCl3) Ketone: δ 198.3, 168.4, 

162.5 (d, J = 248.8 Hz), 148.9 (d, J = 2.2 Hz), 139.4, 137.0 (d, J = 7.7 Hz), 127.9 (d, J = 8.0 Hz), 

123.2 (d, J = 23.8 Hz), 113.5, 110.5 (d, J = 22.2 Hz), 68.9, 54.1, 29.8, 19.4. Enol: δ 162.3 (d, J = 

244.7 Hz), 148.9, 139.9, 138.7, 138.5 (d, J = 2.4 Hz), 125.8 (d, J = 8.8 Hz), 116.6 (d, J = 23.3 Hz), 

113.0, 107.7 (d, J = 23.8 Hz), 104.1, 67.3, 32.0, 19.5.313 IR ν 3075 (w), 2937 (w), 1742 (m), 1718 (s), 

1655 (m), 1577 (m), 1488 (m), 1262 (s), 1198 (s), 1147 (s). HRMS (ESI) calcd for C14H14FO3
+ 

[M+H]+ 249.0921; found 249.0927 

General procedure for the synthesis of substrates 2.4.3h-i. (GP4) 

 

Ethyl 5-methoxy-1-oxo-2,3-dihydro-1H-indene-2-carboxylate (12.3.1) 

Following a reported procedure,13 potassium tert-butoxide (6.90 mg, 62.0 µmol, 5.00 mol%) was 

added to a suspension of NaH (1.10 g, 27.0 mmol, 2.20 equiv.) and diethyl carbonate (7.50 mL, 62.0 

mmol, 5.00 equiv.). Commercially available 5-Methoxy-2,3-dihydro-1H-inden-1-one 2.4.1a (2.00 g, 

12.0 mmol) was then added carefully at 0 °C. The reaction was stirred at room temperature and 

followed by TLC. Then 1 M HCl was added until the pH of the solution became neutral or slightly 

acidic. The organic layers were collected and washed with brine (2 x 20 mL), dried over MgSO4 and 

concentrated in vacuum. The crude product was purified by column chromatography (7:3 

Pentane/Ethyl acetate) to afford the pure compound 12.3.1 (2.80 g, 12.0 mmol, 96% yield) as a yellow 

resin. 1H NMR (400 MHz, CDCl3) δ 7.70 (d, J = 9.1 Hz, 1H, ArH), 6.94 – 6.89 (m, 2H, ArH), 4.29 

(dd, 1H, J = 7.2, 0.9 Hz, CH2CH3), 4.25 (dd, 1H, J = 7.2, 0.8 Hz, CH2CH3), 3.89 (s, 3H, OMe), 3.70 

(dd, J = 8.2, 3.9 Hz, 1H, CH), 3.50 (ddt, J = 17.2, 4.0, 1.0 Hz, 1H, CH2), 3.33 (dd, 1 H, J = 17.3, 8.1 

                                                 
313 1C in the enol form is not resolved. 
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Hz, CH2), 1.31 (t, J = 7.1 Hz, 3H, CH2CH3). The characterization data for compound 12.3.1 is 

corresponding to the reported values.314 

2-(((tert-Butyldiphenylsilyl)oxy)methyl)prop-2-en-1-ol (12.3.3) 

 

Following a reported procedure,315 2-methylenepropane-1,3-diol 12.3.2 (0.500 mL, 6.10 mmol) was 

dissolved in THF (15 mL), the solution was cooled at 0 °C before the addition of NaH (0.250 g 60% 

dispersed in mineral oil, 6.10 mmol, 1.00 equiv.). After 1 h, TBDPSCl (1.60 mL, 6.10 mmol, 1.00 

equiv.) was added and the reaction was stirred at room temperature for 18-20 h. The solution was 

then cooled to 0 °C and quenched with iced water and then extracted with diethyl ether (3 x 50 mL). 

The organic layers are recombined and washed with a saturated solution of K2CO3 (50 mL), brine (50 

mL) and dried over Na2SO4. Evaporation of the solvent afforded compound 12.3.3 (2.00 g, 6.10 

mmol, 99% yield) as a colorless oil which was used without further purification for the 

transesterification.1H NMR (400 MHz, CDCl3) δ 7.82 – 7.62 (m, 4H, Ph), 7.52 – 7.30 (m, 6H, Ph), 

5.16 (s, 1H, CCH2), 5.12 (s, 1H, CCH2), 4.26 (s, 2H, CH2C), 4.20 – 4.16 (m, 2H, CH2C), 1.08 (s, 9H, 

tBu).The characterization data for compounds 12.3.3 is corresponding to reported values.14 

 

2-(((tert-Butyldiphenylsilyl)oxy)methyl)allyl 5-methoxy-1-oxo-2,3-dihydro-1H-indene-2-

carboxylate (2.4.3g) 

Substrate 2.4.3g was synthetized following a reported procedure, in a 2 

neck 50 mL flask compound 12.3.1 (0.300 g, 1.30 mmol) DMAP (0.16 

g, 1.3 mmol, 1.0 equiv.), 2-((tert-butyldiphenylsilyl)methyl)prop-2-en-1-

ol 12.3.3 (0.440 g, 1.40 mmol, 1.10 equiv.) and c.a 200-300 mg of 

activated 5Å MS were suspended in dry toluene (6.50 mL, 0.2 M) and the reaction mixture heated to 

reflux till disappearance of the starting material (TLC Pentane:EtOAc 4:1). The reaction was 

quenched with 1 M HCl and water; the aqueous layer was extracted with diethyl ether (2 x 30 mL). 

The organic layers were collected and washed with NaHCO3 and brine and then dried over MgSO4. 

                                                 
314 A. Martinez, M. Fernandez, J. Estevez, J.R. Estevez, L. Castaldo, Tetrahedron Lett. 2005, 61, 1353. 
315 F. Russo, F. Wangsell, J. Saevmarker, M. Jacobsson, M. Larhed, Tetrahedron 2009, 65, 10047. 
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Filtration and removal of the solvent under reduced pressure afforded the crude product which was 

purified by column chromatography (Pentane:Ethyl Acetate 4:1). The title compound 2.4.3g (0.280 

g, 0.530 mmol, 42% yield) was obtained as a colorless oil 1H NMR (400 MHz, CDCl3) δ 7.71 – 7.64 

(m, 4H, Ph+ ArH), 7.46 – 7.33 (m, 7H, Ph), 6.91 (ddd, J = 8.6, 1.9, 1.1 Hz, 1H, ArH), 6.90 – 6.88 

(m, 1H, ArH), 5.30 (s, 1H, CMeCH2), 5.22 (s, 1H, CMeCH2), 4.77 – 4.67 (m, 2H, CH2CMe), 4.21 

(dt, J = 2.2, 1.4 Hz, 2H, CH2OTBDPS), 3.89 (s, 3H, OMe), 3.68 (dd, J = 8.2, 4.0 Hz, 1H, CH), 3.44 

(dd, J = 17.3, 4.1 Hz, 1H, CH2), 3.33 – 3.21 (m, 1H, CH2), 1.05 (s, 9H, tBu).13C NMR (101 MHz, 

CDCl3) δ 197.2, 169.0, 165.9, 156.6, 142.3, 135.5, 133.4, 129.7, 128.5, 127.7, 126.4, 115.9, 113.1, 

109.6, 65.6, 64.5, 55.8, 53.4, 30.3, 26.8, 19.3. IR ν 2956 (w), 2932 (w), 2858 (w), 1744 (w), 1743 

(w), 1709 (s), 1600 (s), 1261 (s), 1111 (s), 1090 (m). The characterization data is corresponding to 

the reported values.310 

2-Phenylprop-2-en-1-ol (12.3.5) 

 

Following a reported procedure,316 phenylmagnesium bromide (69.0 mL, 90.0 mmol, 3.00 equiv.) 

was added dropwise to a cooled (-78 °C) mixture of prop-2-yn-1-ol 12.3.4 (1.20 ml, 30 mmol) and 

copper(I) iodide (2.86 g, 15.0 mmol, 0.500 equiv.) in THF (40.0 mL). The resultant reaction mixture 

was allowed to slowly warm to room temperature and stirred for 16 h. The reaction mixture was then 

cooled to 0 °C and quenched with sat. ammonium chloride (20 mL) and then extracted with diethyl 

ether (3 x 30 mL). The combined organic extracts were dried over anhydrous Na2SO4 and then 

concentrated under reduced pressure. Flash chromatography over silica gel (Hexane:EtOAc 80:20) 

afforded the desired compound 12.3.5 (3.10 g, 23.0 mmol, 77% yield) as a colorless oil. Rf 0.4 

(Hexanes:EtOAc 75:25).1H NMR (400 MHz, CDCl3) δ 7.55–7.45 (m, 2H, Ph), 7.45– 7.30 (m, 3H, 

Ph), 5.50 (s, 1H, CCH2), 5.39 (s, 1H, CCH2), 4.55 (s, 2H, CH2C), 2.28 (br, 1H, OH). The 

characterization data for compounds 12.3.5 corresponded to the reported values.316 

  

                                                 
316S. M. Smith, G.L. Hoang, R. Pal, M. O. B. Khaled, L. S. Pelter, X.C. Zeng, J. M. Takacs, Chem. Commun., 2012, 48, 

12180. 

http://pubs.rsc.org/en/results?searchtext=Author%3ASean%20M.%20Smith
http://pubs.rsc.org/en/results?searchtext=Author%3AGia%20L.%20Hoang
http://pubs.rsc.org/en/results?searchtext=Author%3ARhitankar%20Pal
http://pubs.rsc.org/en/results?searchtext=Author%3AMohammad%20O.%20Bani%20Khaled
http://pubs.rsc.org/en/results?searchtext=Author%3ALiberty%20S.%20W.%20Pelter
http://pubs.rsc.org/en/results?searchtext=Author%3AXiao%20Cheng%20Zeng
http://pubs.rsc.org/en/results?searchtext=Author%3AJames%20M.%20Takacs
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2-Phenylallyl 5-methoxy-1-oxo-2,3-dihydro-1H-indene-2-carboxylate (2.4.3h) 

Substrate 2.4.3h was synthetized following a reported procedure,316 in a 

2 neck 25 mL flask compound 12.3.1 (0.368 g, 2.00 mmol), DMAP 

(0.244 g, 2.00 mmol, 1.0 equiv.), 2-phenylprop-2-en-1-ol 12.3.5 (0.282 

g, 2.10 mmol, 2.1 equiv.) and c.a 200-300 mg of activated 5Å MS were 

suspended in toluene (11.0 mL) and the reaction mixture heated to reflux 

until disappearance of the starting material (TLC Pentane:Ethyl Acetate 4:1). The reaction was 

quenched with 1 M HCl and water; the aqueous layer was extracted with diethyl ether (2 x 30 mL). 

The organic layers were collected and washed with NaHCO3 and brine and then dried over MgSO4. 

Filtration and removal of the solvent under reduced pressure afforded the title compound 2.4.3h 

(0.121 g, 0.375 mmol, 19 % yield) that was obtained as a colorless oil used without further 

purification in the following step. Rf 0.2 (Pentane:Ethyl Acetate 2:1). 1H NMR (400 MHz, CDCl3) δ 

7.70 (d, J = 8.5 Hz, 1H, ArH), 7.48 – 7.40 (m, 2H, Ph), 7.39 – 7.28 (m, 3H, Ph), 6.95 – 6.85 (m, 2H, 

ArH), 5.55 (s, 1H, CPhCH2), 5.44 (s, 1H, CPhCH2), 5.15 – 5.01 (m, 2H, CH2CPh), 3.89 (s, 3H, OMe), 

3.74 (dd, J = 8.2, 3.9 Hz, 1H, CH), 3.44 (dd, J = 17.3, 3.9 Hz, 1H, CH2), 3.28 (dd, J = 17.3, 8.2 Hz, 

1H, CH2).
317 13C NMR (101 MHz, CDCl3) δ 197.4, 169.3, 166.0, 156.7, 142.2, 138.1, 128.6, 128.2, 

126.5, 126.2, 116.1, 115.4, 112.7, 109.7, 66.7, 55.9, 53.6, 30.4. IR ν 3060 (w), 2941 (w), 2842 (w), 

1741 (m), 1705 (s), 1600 (s), 1493 (w), 1307 (w), 1262 (s), 1156 (w), 1091 (m), 1027 (w) HRMS 

(ESI) calcd for C20H19O4
+ [M+H]+ 323.1278; found 323.1276. 

 

2-Chloroallyl 5-methoxy-1-oxo-2,3-dihydro-1H-indene-2-carboxylate (2.4.3i)  

Substrate 2.4.3i was synthetized following a reported procedure,318 in a 

2-neck 50 mL flask compound 12.3.1 (0.710 g, 3.00 mmol), DMAP 

(0.370 g, 3.00 mmol, 1.00 equiv.), 2-chloroprop-2-en-1-ol (0.290 g, 3.20 

mmol, 1.05 equiv.) and c.a 200-300 mg of activated 5Å MS were 

suspended in toluene (11.0 mL) and the reaction mixture heated to reflux till disappearance of the 

starting material (TLC 9:1, Pentane:EtOAc). The reaction was quenched with 1 M HCl and water; 

the aqueous layer was extracted with diethyl ether (2x 30 mL). The organic layers were collected, 

washed with NaHCO3, brine, dried over MgSO4, filtered and concentrated under reduced pressure. 

                                                 
317 The compound was used in the next step without further purifications, keto enol ratio 1:0.78.  
318 J. Hierold, D. W. Lupton, Org. Lett. 2012, 14, 3412. 
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The crude is purified by column chromatography: 1:1 DCM:Pentane, 4:1 DCM/Pentane and then 

100% DCM. The title compound 2.4.3i (0.490 g, 1.80 mmol, 58% yield) was obtained as yellow oil. 

1H NMR (400 MHz, CDCl3) δ 7.69 (d, J = 9.2 Hz, 1H, ArH), 6.99 – 6.83 (m, 2H, ArH), 5.58 (q, J = 

1.5 Hz, 1H, CClCH2), 5.40 (dt, J = 1.9, 0.8 Hz, 1H, CClCH2), 4.86 – 4.63 (m, 2H, CH2CCl), 3.89 (s, 

3H, OMe), 3.77 (dd, J = 8.2, 4.0 Hz, 1H, CH), 3.52 (dd, J = 17.4, 4.0 Hz, 1H, CH2), 3.33 (dd, J = 

17.3, 8.2 Hz, 1H, CH2). 13C NMR (101 MHz, CDCl3)
 δ 197.0, 168.5, 166.0, 156.6, 135.1, 128.3, 

126.4, 116.1, 114.8, 109.6, 66.4, 55.8, 53.3, 30.2. IR ν 2944 (w), 2843 (w), 1746 (m), 1705 (s), 1599 

(s), 1491 (w), 1337 (w), 1306 (m), 1259 (s), 1190 (w), 1144 (m), 1105 (m), 1089 (m), 1026 (w), 987 

(w). 

 

12.3.2 Synthesis of α-cyano allyl β-keto esters. 

General procedure for the synthesis of α-cyano allyl β-keto esters. (GP5) 

 

In an open flask allyl β-keto ester 2.4.3 is stirred in DMF (0.5 M) for 1-2 minutes before the addition 

in one portion of the hypervalent iodine reagent 1.3.17 (1.10 equiv.) The reaction is stirred at room 

temperature till disappearance of the starting material by TLC. Upon completion the reaction is 

directly purified by flash chromatography in 100% pentane and then following the solvent polarity 

indicated for the Rf of each compound. 

 

Allyl 2-cyano-5-methoxy-1-oxo-2,3-dihydro-1H-indene-2-carboxylate (2.4.4a) 

Starting from allyl 5-methoxy-1-oxo-2,3-dihydro-1H-indene-2-

carboxylate 2.4.3a (0.500 g, 2.03 mmol), allyl 2-cyano-5-methoxy-1-oxo-

2,3-dihydro-1H-indene-2-carboxylate 2.4.4a (0.518 g, 1.91 mmol, 94% 

yield) was obtained as a light yellow oil. Rf 0.30 (Pentane:EtOAc 4:1). 1H NMR (400 MHz, CDCl3) 

δ  7.78 (d, J = 8.6 Hz, 1H, ArH), 7.00 (dd, J = 8.6, 2.2 Hz, 1H, ArH), 6.94 (d, J = 2.2 Hz, 1H, ArH), 

5.92 (ddt, J = 17.0, 10.5, 5.6 Hz, 1H, CHCH2), 5.40 (dd, J = 17.0, 1.2 Hz, 1H, CCH2), 5.30 (dd, J = 

10.5, 1.2 Hz, 1H, CCH2), 4.75 (dd, J = 5.6, 1.2 Hz, 2H, CH2CH ), 3.93 (s, 3H, OMe), 3.89 (d, J = 
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17.3 Hz, 1H, CH2), 3.63 (d, J = 17.3 Hz, 1H, CH2). 13C NMR (101.00 MHz, CDCl3) δ 188.5, 167.2, 

164.2, 154.9, 130.5, 128.2, 125.1, 119.8, 117.4, 116.5, 109.7, 68.2, 56.1, 54.7, 37.6. IR ν 3017 (w), 

2949 (w), 2844 (w), 2249 (w), 1750 (m), 1722 (s), 1601 (s), 1494 (w), 1311 (m), 1269 (s), 1093 (m). 

HRMS (ESI) calcd for C15H14NO4
+ [M+H]+ 272.0917; found 272.0927. 

2-Methylallyl 2-cyano-5-methoxy-1-oxo-2,3-dihydro-1H-indene-2-carboxylate (2.4.4b) 

Starting from 2-methylallyl 5-methoxy-1-oxo-2,3-dihydro-1H-indene-

2-carboxylate 2.4.3b (1.0 g, 3.8 mmol), 2-methylallyl 2-cyano-5-

methoxy-1-oxo-2,3-dihydro-1H-indene-2-carboxylate 2.4.4b (0.981 g, 

3.44 mmol, 90% yield) was obtained as a yellow resin. Rf 0.25 (Pentane:Ethyl Acetate 4:1). 1H NMR 

(400 MHz, CDCl3) δ 7.70 (d, J = 8.6 Hz, 1H, ArH), 6.93 (dd, J = 8.6, 1.9 Hz, 1H, ArH), 6.89 – 6.85 

(m, 1H, ArH), 4.98 – 4.95 (s, 1H, CCH2), 4.92 – 4.89 (s, 1H, CCH2), 4.64 – 4.54 (m, 2H, CH2CMe), 

3.86 (s, 3H, OMe), 3.83 (d, J = 17.2 Hz, 1H, CH2), 3.56 (d, J = 17.2 Hz, 1H, CH2), 1.70 (s, 3H, CH3). 

13C NMR (101.00 MHz, CDCl3) δ 188.5, 167.2, 164.2, 154.9, 138.5, 128.2, 125.1, 117.4, 116.2, 

114.5, 109.6, 70.9, 56.2, 54.8, 37.5, 19.4. IR ν 2983 (w), 2946 (w), 2844 (w), 2250 (w), 1751 (m), 

1725 (s), 1600 (s), 1451 (w), 1268 (s), 1209 (m), 1093 (m). HRMS (ESI) calcd for C16H16NO4
+ 

[M+H]+ 286.1074; found 286.1085. 

 

2-Methylallyl 2-cyano-5-methyl-1-oxo-2,3-dihydro-1H-indene-2-carboxylate (2.4.4c) 

Starting from 2-methylallyl 5-methyl-1-oxo-2,3-dihydro-1H-indene-2-

carboxylate 2.4.3c (0.195 g, 0.800 mmol), 2-methylallyl 2-cyano-5-

methyl-1-oxo-2,3-dihydro-1H-indene-2-carboxylate 2.4.4c (0.204 g, 

0.758 mmol, 95% yield) was obtained as a yellow oil. Rf 0.3 (Pentane:EtOAc 4:1). 1H NMR (400 

MHz, CDCl3) δ 7.74 (d, J = 8.0 Hz, 1H, ArH), 7.34 (s, 1H, ArH), 7.30 (d, J = 8.0 Hz, 1H, ArH), 5.03 

(s, 1H, CCH2), 4.97 (s, 1H, CCH2), 4.66 (m, 2H, CH2CMe ), 3.90 (d, J = 17.2 Hz, 1H, CH2), 3.64 (d, 

J = 17.2 Hz, 1H, CH2), 2.49 (s, 3H, CH3), 1.77 (s, 3H, CH3). 13C NMR (101.00 MHz, CDCl3) δ  

190.0, 164.1, 152.2, 149.1, 138.5, 130.5, 129.9, 126.9, 126.3, 116.0, 114.5, 70.9, 54.7, 37.5, 22.5, 

19.4. IR ν 2983 (w), 2944 (w), 2865 (w), 2248 (w), 1731 (s), 1609 (m), 1452 (w), 1266 (m), 1207 

(m), 905 (w). HRMS (ESI) calcd for C16H15NNaO3
+ [M+Na]+ 292.0944; found 292.0951. 
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2-Methylallyl 2-cyano-1-oxo-2,3-dihydro-1H-indene-2-carboxylate (2.4.4d) 

Starting from 2-methylallyl 1-oxo-2,3-dihydro-1H-indene-2-carboxylate 

2.4.3d (0.184 g, 0.800 mmol), 2-methylallyl 2-cyano-1-oxo-2,3-dihydro-1H-

indene-2-carboxylate 2.4.4d (0.201 g, 0.787 mmol, 98% yield) was obtained 

as a pale yellow oil. Rf 0.2 (Pentane:EtOAc 4:1). 1H NMR (400 MHz, CDCl3) δ 7.86 (d, J = 7.9 Hz, 

1H, ArH), 7.74 (td, J = 7.5, 1.2 Hz, 1H, ArH), 7.58 – 7.47 (m, 2H, ArH), 5.02 (s, 1H, CCH2), 4.98 (s, 

1H, CCH2), 4.73 – 4.62 (m, 2H, CH2CMe), 3.96 (d, J = 17.2 Hz, 1H, CH2), 3.71 (d, J = 17.3 Hz, 1H, 

CH2), 1.76 (s, 3H, CH3). 13C NMR (101.00 MHz, CDCl3) δ 190.7, 163.9, 151.6, 138.4, 137.2, 132.3, 

129.2, 126.6, 126.5, 115.8, 114.6, 71.0, 54.5, 37.7, 19.4. IR ν 3082 (w), 2983 (w), 2945 (w), 2250 

(w), 1733 (s), 1603 (w), 1466 (w), 1436 (w), 1263 (m), 1205 (m), 909 (m). HRMS (ESI) HRMS 

(ESI) calcd for C15H13NNaO3
+ [M+Na]+ 278.0788; found 278.0791. 

 

2-Methylallyl 5-bromo-2-cyano-1-oxo-2,3-dihydro-1H-indene-2-carboxylate (2.4.4e) 

Starting from 2-methylallyl 5-bromo-1-oxo-2,3-dihydro-1H-indene-2-

carboxylate 2.4.3e (0.200 g, 0.647 mmol), 2-methylallyl 5 bromo-2-

cyano-1-oxo-2,3-dihydro-1H-indene-2-carboxylate 2.4.4e (0.190 g, 

0.569 mmol, 88% yield) was obtained as an orange oil. Rf 0.7 (Pentane:EtOAc 9:1). 1H NMR (400 

MHz, CDCl3) δ 7.76 – 7.68 (m, 2H, ArH ), 7.67 – 7.62 (m, 1H, ArH), 5.03 (s, 1H, CCH2), 4.99 (s, 

1H, CCH2), 4.66 (s, 2H, CH2CMe), 3.94 (d, J = 17.4 Hz, 1H, CH2), 3.68 (d, J = 17.5 Hz, 1H, CH2), 

1.77 (s, 3H, CH3). 13C NMR (101.00 MHz, CDCl3) δ 189.5, 163.5, 152.9, 138.3, 132.9, 131.1, 130.0, 

127.4, 115.4, 114.7, 71.2, 54.5, 37.2, 19.4. IR ν 3088 (w), 2982 (w), 2943 (w), 2251 (w), 1738 (s), 

1595 (m), 1424 (w), 1255 (m), 1060 (w), 909 (m). HRMS (ESI) calcd for C15H13
79BrNO3

+ [M+H]+ 

334.0073; found 334.0087. 

 

2-Methylallyl 2-cyano-6-fluoro-1-oxo-2,3-dihydro-1H-indene-2-carboxylate (2.4.4f) 

Starting from 2-methylallyl 6-fluoro-1-oxo-2,3-dihydro-1H-indene-2-

carboxylate 2.4.3f (0.199 g, 0.800 mmol), 2-methylallyl 2-cyano-6-fluoro-

1-oxo-2,3-dihydro-1H-indene-2-carboxylate 2.4.4f (0.153 g, 0.560 mmol, 

70% yield) was obtained as a yellow oil. Rf 0.7 (Pentane:EtOAc 4:1). 1H NMR (400 MHz, CDCl3) 
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δ 7.54 (m, 1H, ArH), 7.46 (m, 2H, ArH), 4.99 (s, 1H, CCH2), 4.96 (s, 1H, CCH2), 4.64 (s, 2H, 

CH2CMe), 3.91 (d, J = 17.1, 1H, CH2), 3.67 (d, J = 17.1, 1H, CH2), 1.74 (s, 3H, CH3). 13C NMR 

(101.00 MHz, CDCl3) δ 189.9, 163.4, 162.9 (d, J = 251.2 Hz), 147.2 (d, J = 1.9 Hz), 138.2, 133.9 (d, 

J = 8.1 Hz), 128.2 (d, J = 8.1 Hz), 125.0 (d, J = 23.9 Hz), 115.3, 114.5, 111.9 (d, J = 22.8 Hz), 70.9, 

55.2, 37.0, 19.2. IR ν 3089 (w), 2942 (w), 2869 (w), 2251 (w), 1737 (s), 1600 (w), 1491 (m), 1440 

(m), 1298 (m), 1267 (s), 1205 (m). HRMS (ESI) calcd for C15H12FNNaO3
+ [M+Na]+ 296.0693; 

found 296.0696. 

2-(((Tert-butyldiphenylsilyl)oxy)methyl)allyl 2-cyano-5-methoxy-1-oxo-2,3-dihydro-1H-

indene-2-carboxylate (2.4.4g) 

Starting from 2- (((tert-butyldiphenylsilyl)oxy)methyl)allyl 5-methoxy-

1-oxo-2,3-dihydro-1H-indene-2-carboxylate 2.4.3g (0.412 g, 0.800 

mmol), 2-(((Tert-butyldiphenylsilyl)oxy)methyl)allyl 2-cyano-5-

methoxy-1-oxo-2,3-dihydro-1H-indene-2-carboxylate 2.4.4g (0.17 g, 

0.32 mmol, 40% yield) was obtained as a yellow oil. Rf 0.5 (Pentane:EtOAc 4:1). 1H NMR (400 

MHz, CDCl3) δ 7.73 (d, J = 8.6 Hz, 1H, ArH), 7.68 – 7.62 (m, 4H, ArH), 7.40 (m, 6H, ArH), 6.98 

(dd, J = 8.6, 2.1 Hz, 1H, ArH), 6.89 (m, 1H, ArH), 5.28 (s, 1H, CCH2), 5.21 (s, 1H, CCH2), 4.80 (m, 

2H, CH2CCH2), 4.19 (m, 2H, CH2CCH2), 3.92 (s, 3H, OMe), 3.82 (d, J = 17.3 Hz, 1H, CH2), 3.58 (d, 

J = 17.3 Hz, 1H, CH2), 1.05 (s, 9H, SiC(CH3)3). 13C NMR (101.00 MHz, CDCl3) δ 188.4, 167.2, 

164.2, 154.8, 141.4, 135.6, 133.4, 129.9, 127.9, 125.1, 117.4, 116.1, 114.1, 109.7, 67.6, 64.6, 56.2, 

54.8, 37.5, 26.9, 19.4. IR ν 3726 (w), 3708 (w), 3626 (w), 2933 (w), 2857 (w), 2361 (w), 2297 (w), 

1752 (m), 1728 (s), 1600 (s), 1429 (w), 1268 (s), 1114 (m). HRMS (ESI) calcd for C32H33NNaO5Si+ 

[M+Na]+ 562.2020; found 562.2018. 

2-Phenylallyl 2-cyano-5-methoxy-1-oxo-2,3-dihydro-1H-indene-2-carboxylate (2.4.4h) 

Starting from 2-phenylallyl 5-methoxy-1-oxo-2,3-dihydro-1H-indene-2-

carboxylate 2.4.3h (0.258 g, 0.800 mmol), 2-phenylallyl 2-cyano-5-

methoxy-1-oxo-2,3-dihydro-1H-indene-2-carboxylate 2.4.4h (0.139 g, 

0.400 mmol, 50% yield) was obtained as a yellow oil. Rf 0.5 

(Pentane:EtOAc 4:1). 1H NMR (400 MHz, CDCl3) δ 7.74 (d, J = 8.7 Hz, 

1H, ArH), 7.39 – 7.29 (m, 5H, ArH), 6.98 (dd, J = 8.7, 2.2 Hz, 1H, ArH), 6.87 (d, J = 2.2 Hz, 1H, 

ArH), 5.55 (s, 1H, CCH2), 5.43 (s, 1H, CCH2), 5.18 – 5.05 (m, 2H, CH2CPh), 3.92 (s, 3H, OMe), 

3.66 (d, J = 17.3 Hz, 1H, CH2), 3.50 (d, J = 16.8 Hz, 1H, CH2). 13C NMR (101.00 MHz, CDCl3) δ 



Experimental Part and Annexes 

 

232 

 

188.4, 167.2, 164.2, 154.8, 141.3, 137.7, 128.7, 128.4, 126.2, 125.2, 117.4, 116.2, 116.0, 109.6, 68.7, 

56.2, 54.9, 37.5. IR ν 2923 (w), 2853 (w), 2249 (w), 1749 (m), 1724 (s), 1599 (s), 1494 (w), 1265 

(s), 1205 (m), 1092 (m), 908 (w). HRMS (ESI) calcd for C21H17NNaO4
+ [M+Na]+ 370.1050; found 

370.1047 

2-Chloroallyl 2-cyano-5-methoxy-1-oxo-2,3-dihydro-1H-indene-2-carboxylate (2.4.4i) 

Starting from 2-chloroallyl 5-methoxy-1-oxo-2,3-dihydro-1H-indene-2-

carboxylate 2.4.3i (0.224 g, 0.798 mmol), 2-phenylallyl 2-cyano-5-

methoxy-1-oxo-2,3-dihydro-1H-indene-2-carboxylate 2.4.4i (0.095 g, 

0.31 mmol, 39% yield) was obtained as a yellow oil. Rf 0.27 

(Pentane:Ethyl Acetate 4:1). 1H NMR (400 MHz, CDCl3 ) δ 7.78 (d, J = 8.6 Hz, 1H, ArH), 7.01 (dd, 

J = 8.6, 2.3 Hz, 1H, ArH), 6.95 (m, 1H, ArH), 5.59 (s, 1H, CCH2), 5.46 (s, 1H, CCH2), 4.80 (q, J = 

13.8 Hz, 2H, CH2Cl), 3.94 (m, 4H, OMe + CH2), 3.66 (d, J = 17.4 Hz, 1H, CH2). 13C NMR (101.00 

MHz, CDCl3) δ 187.9, 167.2, 163.7, 154.7, 133.8, 128.2, 124.8, 117.4, 115.7, 115.7, 109.6, 68.0, 

56.1, 54.5, 37.4. IR ν 2949 (w), 2845 (w), 2250 (w), 1756 (m), 1726 (s), 1604 (s), 1494 (w), 1449 

(w), 1311 (m), 1269 (s), 1205 (m), 1093 (m). HRMS (ESI) calcd for C15H13ClNO4
+ [M+H]+ 

306.0528; found 306.0517. 
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12.3.3 Decarboxylative asymmetric allylic alkylation of α cyano β keto esters 

General procedure for the asymmetric decarboxylation of α-cyano allyl β-keto esters 

catalyzed by Pd. (GP6) 

 

Substrate 2.4.4 (0.200 mmol), Pd2(dba)3 (2.50 mol%) and ligand 2.4.L1 (5.50 mol%) were placed in 

a micro wave vial which was sealed. The solvent MTBE (20 mL, 0.01 M) was added and the reaction 

was immediately degased three times. The reaction was then monitored by TLC. After 12 hours the 

starting material was consumed and the solvent evaporated. Purification by column chromatography 

using the solvent mixture indicated for the RF of each compound yielded the product that was analyzed 

by chiral HPLC. The procedure used for optimization and scope is the same.  

(S)-2-Allyl-5-methoxy-1-oxo-2,3-dihydro-1H-indene-2-carbonitrile (2.4.5a) 

Following general procedure GP6, but using PdCynnamylCp 12.3.6 (6.00 mg, 

20.0 µmol, 5.00 mol%) as catalyst, starting from substrate 2.4.4a (54.0 g, 0.20 

mmol), (S)-5-methoxy-2-(2-methylallyl)-1-oxo-2,3-dihydro-1H-indene-2-

carbonitrile 2.4.5a (0.041 g, 0.18 mmol, 91 % yield, 79% ee) was obtained as an yellow oil. Rf 0.5 

(Pentane: EtOAc 4:1). Chiral HPLC conditions: ee: 79%; Chiralcel IA 95:5 Hexane/iPrOH, 1 

mL/min, 30 min. tR1 = 19.1 min and tR2 = 23.4 min. λ = 280 cm-1. 1H NMR (400 MHz, CDCl3) δ 7.76 

(d, J = 8.6 Hz, 1H, ArH), 6.98 (dd, J = 8.7, 2.2 Hz, 1H, ArH), 6.92 – 6.82 (m, 1H, ArH), 5.81 (m, 1H, 

CHCH2), 5.35 – 5.16 (m, 2H, CCH2), 3.91 (s, 3H, OMe), 3.52 (d, J = 17.4 Hz, 1H, CH2), 3.29 (d, J = 

17.4 Hz, 1H, CH2), 2.82 (dd, J = 13.9, 6.7 Hz, 1H, CH2CH), 2.47 (dd, J = 13.9, 7.6 Hz, 1H, CH2CH). 

13C NMR (101.00 MHz, CDCl3) δ 195.5, 166.8, 153.9, 130.9, 127.4, 126.5, 121.2, 119.8, 116.9, 

109.8, 56.0, 47.5, 40.8, 37.2. IR ν 3084 (w), 2945 (w), 2929 (w), 2845 (w), 2239 (w), 1718 (s), 1601 

(s), 1492 (w), 1437 (w), 1268 (s), 1150 (w), 1093 (m), 1025 (m). HRMS (ESI) calcd for C14H14NO2
+ 

[M+H]+ 228.1019; found 228.1022. [α]D
25.0 +50.4 (c = 11.0, CHCl3). 
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(S)-5-Methoxy-2-(2-methylallyl)-1-oxo-2,3-dihydro-1H-indene-2-carbonitrile (2.4.5b) 

Starting from substrate 2.4.4b (0.057 g, 0.20 mmol), (S)-5-methoxy-2-(2-

methylallyl)-1-oxo-2,3-dihydro-1H-indene-2-carbonitrile (2.4.5b) (0.044 g, 

0.18 mmol, 92% yield, 89% ee) was obtained as an orange resin. Rf 0.4 

(Pentane: EtOAc 4:1). Chiral HPLC conditions: ee: 89%; Chiralcel IA 95:5 Hexane/iPrOH, 1 

mL/min, 30 min. tR1 = 16.4 min and tR2 = 22.8 min. λ = 254 cm-1. 1H NMR (400 MHz, CDCl3) δ 7.75 

(d, J = 8.6 Hz, 1H, ArH), 6.98 (dd, J = 8.6, 2.2 Hz, 1H, ArH), 6.88 (s, 1H, ArH), 4.99 (s, 1H, CCH2), 

4.88 (s, 1H, CCH2), 3.91 (s, 3H, OMe), 3.53 (d, J = 17.5 Hz, 1H, CH2), 3.37 (d, J = 17.5 Hz, 1H, 

CH2), 2.84 (d, J = 14.5 Hz, 1H, CH2CMe), 2.38 (d, J = 14.5 Hz, 1H, CH2CMe), 1.84 (d, J = 1.5 Hz, 

3H, CH3). 13C NMR (101.00 MHz, CDCl3) δ 195.8, 166.8, 154.1, 139.9, 127.5, 126.1, 120.4, 116.9, 

116.6, 109.8, 56.0, 46.9, 43.7, 37.3, 23.3. IR ν 3082 (w), 2945 (w), 2922 (w), 2844 (w), 2238 (w), 

1715 (s), 1599 (s), 1492 (w), 1265 (s), 1089 (m), 1023 (m), 909 (m). HRMS (ESI) calcd for 

C15H16NO2
+ [M+H]+ 242.1176; found 242.1169. [α]D

25.0 +61.6 (c = 3.1, CHCl3). 

 

(S)-5-Methyl-2-(2-methylallyl)-1-oxo-2,3-dihydro-1H-indene-2-carbonitrile (2.4.5c) 

Starting from substrate 2.4.4c (54.0 mg, 0.200 mmol), (S)-5-methyl-2-(2-

methylallyl)-1-oxo-2,3-dihydro-1H-indene-2-carbonitrile 2.4.5c (44.0 mg, 

0.190 mmol, 98% yield, 82% ee) was obtained as white crystal. Rf 0.35 

(Pentane:EtOAc 4:1). Mp 42-45 °C. Chiral HPLC conditions: ee: 82%; Chiralcel IA 95:5 

Hexane/iPrOH, 1 mL/min, 30 min. tR1 = 10.0 min and tR2 = 15.4 min. λ = 254 cm-1. 1H NMR (400 

MHz, CDCl3) δ 7.73 (d, J = 8.2 Hz, 1H, ArH), 7.26 (m, 2H, ArH319), 5.00 (s, 1H, CCH2), 4.87 (s, 

1H, CCH2), 3.55 (d, J = 17.4 Hz, 1H, CH2), 3.38 (d, J = 17.4 Hz, 1H, CH2), 2.84 (d, J = 14.4 Hz, 1H, 

CH2CMe), 2.47 (s, 3H, ArCH3), 2.43 – 2.29 (m, 1H, CH2CMe), 1.85 (d, J = 1.1 Hz, 3H, CH3). 13C 

NMR (101.00 MHz, CDCl3) δ 197.3, 151.5, 148.3, 139.9, 130.9, 130.1, 127.1, 125.6, 120.3, 116.7, 

46.9, 43.7, 37.2, 23.3, 22.4. IR ν 3079 (w), 2975 (w), 2924 (w), 2857 (w), 2238 (w), 1720 (s), 1609 

(s), 1435 (w), 1275 (m), 1120 (w), 909 (m) HRMS (ESI) calcd for C15H16NO+ [M+H]+ 226.1226; 

found 226.1220. [α]D
25.0 +52.2 (c = 3.6, CHCl3). 
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(S)-2-(2-Methylallyl)-1-oxo-2,3-dihydro-1H-indene-2-carbonitrile (2.4.5d) 

Starting from substrate 2.4.4d (51.0 mg, 0.20 mmol), (S)-2-(2-methylallyl)-1-oxo-

2,3-dihydro-1H-indene-2-carbonitrile 2.4.5d (0.041 g, 0.19 mmol, 96% yield, 85% 

ee) was obtained as an orange oil. Rf 0.25 (Pentane: EtOAc 4:1). Chiral HPLC 

conditions: ee: 85%; Chiralcel IA 95:5 Hexane/iPrOH, 1 mL/min, 30 min. tR1 = 8.5 min and tR2 = 

11.3 min. λ = 254 cm-1. 1H NMR (400 MHz, CDCl3) 7.84 (d, J = 7.7 Hz, 1H, ArH), 7.77 – 7.66 (m, 

1H, ArH), 7.57 – 7.41 (m, 2H, ArH), 5.01 (s, 1H, CCH2), 4.89 (s, 1H, CCH2), 3.61 (d, J = 17.4 Hz, 

1H, CH2), 3.44 (d, J = 17.4 Hz, 1H, CH2), 2.85 (d, J = 14.5, 1H, CH2CMe), 2.39 (d, J = 14.5, 1H, 

CH2CMe), 1.85 (s, 3H, CH3). 13C NMR (101.00 MHz, CDCl3) δ 197.8, 151.0, 139.8, 136.6, 133.2, 

128.8, 126.8, 125.8, 120.1, 116.8, 46.7, 43.7, 37.4, 23.3 IR ν 3076 (w), 2974 (w), 2923 (w), 2856 

(w), 2239 (w), 1731 (s), 1612 (w), 1466 (w), 1436 (w), 1301 (w), 1214 (w), 1016 (w), 912 (w). 

HRMS (ESI) calcd for C14H14NO+ [M+H]+ 212.1070; found 212.1063. [α]D
25.0 +9.3 (c = 3.1, CHCl3). 

 

(S)-5-Bromo-2-(2-methylallyl)-1-oxo-2,3-dihydro-1H-indene-2-carbonitrile (2.4.5e) 

Starting from substrate 2.4.4e (0.067 mg, 0.20 mmol), (S)-5-bromo-2-(2-

methylallyl)-1-oxo-2,3-dihydro-1H-indene-2-carbonitrile 2.4.5e (0.052 mg, 0.18 

mmol, 90% yield, 78% ee) was obtained as an orange oil. Rf 0.75 

(Pentane:EtOAc 9:1). Chiral HPLC conditions: ee: 78%; Chiralcel IA 95:5 Hexane/iPrOH, 1 

mL/min, 30 min. tR1 = 10.0 min and tR2 = 16.9 min. λ = 280 cm-1. 1H NMR (400 MHz, CDCl3) δ 7.75 

– 7.66 (m, 2H, ArH), 7.62 (d, J = 8.2 Hz, 1H, ArH), 5.01 (s, 1H, CCH2), 4.87 (s, 1H, CCH2), 3.58 (d, 

J = 17.8 Hz, 1H, CH2), 3.42 (d, J = 17.6 Hz, 1H, CH2), 2.84 (d, J = 14.4 Hz, 1H, CH2CMe), 2.40 (d, 

J = 14.4 Hz, 1H, CH2CMe), 1.84 (s, 3H, CH3). 13C NMR (101.00 MHz, CDCl3) δ  196.6, 152.4, 

139.5, 132.6, 132.3, 132.1, 130.1, 126.9, 119.6, 117.1, 46.8, 43.7, 36.9, 23.3. IR ν 3081 (w), 2925 

(w), 2852 (w), 2239 (w), 1729 (s), 1596 (s), 1578 (m), 1416 (w), 1318 (m), 1265 (m), 1209 (m), 1061 

(m), 912 (m). HRMS (ESI) calcd for C14H13
79BrNO+ [M+H]+ 290.0175; found 290.0174. [α]D

25.0 

+26.9 (c = 2.3, CHCl3). 
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(S)-6-Fluoro-2-(2-methylallyl)-1-oxo-2,3-dihydro-1H-indene-2-carbonitrile (2.4.5f) 

Starting from substrate 2.4.4f (0.055 g, 0.20 mmol), (S)-6-fluoro-2-(2-

methylallyl)-1-oxo-2,3-dihydro-1H-indene-2-carbonitrile 2.4.5f (0.037 g, 0.16 

mmol, 81% yield, 78% ee) was obtained as an orange oil. Rf 0.8 (Pentane:Ethyl 

acetate 4:1). Chiral HPLC conditions: ee: 78%; Chiralcel IA 95:5 Hexane/iPrOH, 1 mL/min, 30 

min. tR1 = 8.2 min and tR2 = 9.6 min. λ = 280 cm-1. 1H NMR (400 MHz, CDCl3) δ 7.54 – 7.35 (m, 3H, 

ArH), 5.01 (s, 1H, CCH2), 4.87 (s, 1H, CCH2), 3.57 (d, J = 17.5 Hz, 1H, CH2), 3.40 (d, J = 17.5 Hz, 

1H, CH2), 2.83 (d, J = 14.5 Hz, 1H, CH2CMe), 2.41 (d, J = 14.5 Hz, 1H, CH2CMe), 1.84 (s, 3H, 

CH3). 13C NMR (101.00 MHz, CDCl3) δ 196.8, 162.8 (d, J = 250.5 Hz), 146.3 (d, J = 2.0 Hz), 139.4, 

134.9, 134.8 (d, J = 7.8 Hz), 128.2 (d, J = 8.1 Hz), 124.4 (d, J = 23.8 Hz), 119.6, 116.9, 111.3 (d, J = 

22.4 Hz), 47.5, 43.5, 36.7, 23.2. IR ν 3730 (w), 3625 (w), 3076 (w), 2926 (w), 2856 (w), 2241 (w), 

1732 (s), 1614 (w), 1490 (m), 1442 (m), 1268 (m), 908 (w). HRMS (ESI)  calcd for C14H13FNO+ 

[M+H]+ 230.0976; found 230.0975. [α]D
25.0 +21.5 (c = 3.6, CHCl3). 

 

(R)-2-(2-(((tert-butyldiphenylsilyl)oxy)methyl)allyl)-5-methoxy-1-oxo-2,3-dihydro-1H-indene-

2-carbonitrile (2.4.5g) 

Starting from substrate 2.4.4g (0.108 g, 0.200 mmol), (R)-2-(2-(((tert-

butyldiphenylsilyl)oxy)methyl)allyl)-5-methoxy-1-oxo-2,3-dihydro-1H-

indene-2-carbonitrile 2.4.5g (46.0 mg, 90.0 µmol, 46% yield, 93% ee) was 

obtained as white oil after 48 hours of reaction. Rf 0.55 (Pentane:EtOAc 4:1). Chiral HPLC 

conditions: ee: 93%; Chiralcel IC 95:5 Hexane/iPrOH, 1 mL/min, 25 min. tR1 = 8.2 min and tR2 = 9.6 

min. λ = 254 cm-1. 1H NMR (400 MHz, CDCl3) δ 7.73 (d, J = 8.6 Hz, 1H, ArH), 7.68 – 7.60 (m, 4H, 

ArH), 7.47 – 7.33 (m, 6H, ArH), 6.96 (dd, J = 8.6, 2.2 Hz, 1H, ArH), 6.80 (d, J = 2.2 Hz, 1H, ArH), 

5.38 (s, 1H, CCH2), 5.16 (s, 1H, CCH2), 4.21 (d, J = 14.3 Hz, 1H, CH2O), 4.10 (d, J = 14.1 Hz, 1H, 

CH2O), 3.90 (s, 3H, OMe), 3.46 (d, J = 17.5 Hz, 1H, CH2CCH2), 3.35 (d, J = 17.5 Hz, 1H, CH2CCH2), 

2.86 (d, J = 14.8 Hz, 1H, CH2), 2.42 (d, J = 14.8 Hz, 1H, CH2), 1.05 (s, 9H, SiC(CH3)3). 13C NMR 

(101.00 MHz, CDCl3) δ 195.7, 166.8, 154.2, 142.2, 135.6, 133.4, 133.3, 129.9, 127.9, 127.5, 126.2, 

120.1, 116.9, 115.2, 109.8, 77.4, 66.7, 56.0, 47.4, 38.5, 37.6, 27.0, 19.4.320 IR ν 3072 (w), 2958 (w), 

2932 (w), 2857 (w), 2238 (w), 1718 (s), 1601 (s), 1429 (m), 1267 (s), 1113 (s), 912 (m), 827 (m). 
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HRMS (ESI) calcd for C31H33NNaO3Si+ [M+Na]+ 518.2122; found 518.2138. [α]D
25.0 +30.6 (c = 

1.1, CHCl3). 

(S)-5-Methoxy-1-oxo-2-(2-phenylallyl)-2,3-dihydro-1H-indene-2-carbonitrile (2.4.5h) 

Starting from substrate 2.4.4h (70.0 mg, 0.200 mmol), (S)-5-methoxy-1-oxo-2-

(2-phenylallyl)-2,3-dihydro-1H-indene-2-carbonitrile 2.4.5h (52.0 mg, 0.170 

mmol, 86% yield, 88% ee) was obtained as yellow oil after 48 hours of reaction. 

Rf 0.55 (Pentane:Ethyl acetate 4:1). Chiral HPLC conditions: ee: 88%; 

Chiralcel IA 95:5 Hexane/iPrOH, 1 mL/min, 35 min. tR1 = 23.7 min and tR2 = 30.0 min. λ = 254 cm-

1. 1H NMR (400 MHz, CDCl3) δ 7.63 (d, J = 8.6 Hz, 1H, ArH), 7.31 – 7.20 (m, 5H, ArH321), 6.92 

(dd, J = 8.7, 2.2 Hz, 1H, ArH), 6.72 (d, J = 2.2 Hz, 1H, ArH), 5.39 (s, 1H, CCH2), 5.32 (s, 1H, CCH2), 

3.87 (s, 3H, OMe), 3.39 – 3.26 (m, 2H, CH2CPh+ CH2), 3.17 (d, J = 17.5 Hz, 1H, CH2CPh), 2.98 (dd, 

J = 14.3, 1.0 Hz, 1H, CH2). 13C NMR (101.00 MHz, CDCl3) δ 195.6, 166.7, 154.2, 143.1, 140.7, 

135.7, 128.6, 128.2, 127.3, 126.7, 119.9, 119.1, 116.9, 109.5, 56.0, 48.1, 41.3, 37.2. IR ν 3057 (w), 

3022 (w), 2930 (w), 2851 (w), 2239 (w), 1719 (s), 1601 (s), 1493 (w), 1447 (w), 1268 (s), 1092 (m), 

1026 (w), 914 (w). HRMS (ESI) calcd for C20H18NO2
+ [M+H]+ 304.1332; found 304.1321. [α]D

25.0 

+32.0 (c = 1.2, CHCl3). 

(R)-2-(2-Chloroallyl)-5-methoxy-1-oxo-2,3-dihydro-1H-indene-2-carbonitrile (2.4.5i) 

Starting from substrate 2.4.4i (61.0 g, 0.200 mmol), (R)-5-methoxy-1-oxo-2-

(2-phenylallyl)-2,3-dihydro-1H-indene-2-carbonitrile 2.4.5i (39.0 mg, 0.150 

mmol, 75% yield, 92% ee) was obtained as yellow oil after 6 hours of reaction. 

Rf 0.30 (Pentane:EtOAc 4:1). Chiral HPLC conditions: ee: 92%; Chiralcel IA 95:5 Hexane/iPrOH, 

1 mL/min, 35 min. tR1 = 20.6 min and tR2 = 33.4 min. λ = 254 cm-1. 1H NMR (400 MHz, CDCl3) δ 

7.77 (d, J = 8.6 Hz, 1H, ArH), 6.99 (dd, J = 8.6, 2.3 Hz, 1H, ArH), 6.95 – 6.87 (m, 1H, ArH), 5.45 

(s, 2H, CCH2), 3.92 (s, 3H, OMe), 3.63 (s, 2H, CH2CCl), 3.21 (d, J = 14.8 Hz, 1H, CH2), 2.71 (d, J = 

14.8 Hz, 1H, CH2). 13C NMR (101.00 MHz, CDCl3) δ 194.6, 167.0, 154.3, 135.9, 127.6, 126.1, 

119.2, 118.5, 117.2, 109.8, 56.1, 47.6, 44.3, 37.6. IR ν 2923 (w), 2849 (w), 2239 (w), 1717 (s), 1599 

(s), 1493 (w), 1341 (w), 1303 (m), 1263 (s), 1149 (w), 1092 (m), 1022 (m), 908 (w). HRMS (ESI) 

calcd for C14H13ClNO2
+ [M+H]+ 262.0629; found 262.0621. [α]D

25.0 +98.0 (c = 1.6, CHCl3). 
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(S)-2-(Aminomethyl)-2-isobutyl-5-methoxy-2,3-dihydro-1H-inden-1-one (2.4.6) 

Following a reported procedure,322 substrate 2.4.5b (40.0 mg, 0.160 mmol) 

was dissolved in anhydrous MeOH (0.6 mL) and CHCl3 (0.9 mL). Then PtO2 

(15.0 mg, 66.0 µmol, 0.400 equiv.) was added in one portion and the 

resulting suspension bubbled with hydrogen for one hour. Then the reaction was left stirring under 

hydrogen atmosphere for 36 hours. The suspension was then filtrated on a celite pad that was washed 

with MeOH (3x5 mL). Flash chromatography in pure EtOAc afforded (S)-2-(aminomethyl)-2-

isobutyl-5-methoxy-2,3-dihydro-1H-inden-1-one 2.4.6 (17.0 g, 68.0 µmol, 41% yield) as a light 

yellow oil. Rf: 0.2 (EtOAc 100%). 1H NMR (400 MHz, CDCl3) δ 7.68 (d, J = 9.2 Hz, 1H, ArH), 6.95 

– 6.86 (m, 2H, ArH), 3.89 (s, 3H, OMe), 3.19 – 2.93 (m, 3H, CH2), 2.73 (d, J = 12.9 Hz, 1H, CH2), 

2.12 (br s, 2H, NH2), 1.64 – 1.63 (m, 2H, CH2), 1.25 (m, 1H, CH), 0.89 (d, J = 6.4 Hz, 3H, CH3), 

0.75 (d, J = 6.4 Hz, 3H, CH3). 13C NMR (101.00 MHz, CDCl3) δ 209.0, 165.8, 156.6, 130.2, 125.8, 

115.8, 109.7, 55.8, 54.2, 49.4, 43.3, 36.6, 25.2, 25.0, 23.8. IR ν 3441 (w), 2940 (w), 2886 (m), 1697 

(m), 1599 (s), 1492 (w), 1440 (w), 1262 (s), 1092 (w), 1027 (w), 844 (w). HRMS (ESI)  calcd for 

C15H22NO2
+ [M+H]+ 248.1645; found 248.1645. [α]D

25.0 +1.1 (c = 1.7, CHCl3). 

 

(R)-6-Fluoro-2-(2-methylallyl)-1-oxo-2,3-dihydro-1H-indene-2-carboxamide (2.4.7) 

Following a reported procedure,323 a mixture of (S)-6-fluoro-2-(2-methylallyl)-

1-oxo-2,3-dihydro-1H-indene-2-carbonitrile 2.4.5f (50.0 mg, 0.220 mmol)), 

(Z+E)-acetaldehyde oxime (26.0 µL, 0.440 mmol, 2.00 equiv.), Pd(OAc)2 (4.90 

mg, 22.0 µmol, 0.100 equiv) and triphenylphosphine (11.0 g, 44.0 µmol, 0.200 equiv) in EtOH:Water 

in an 1 mL flask (3:1 0.4 mL) were heated to reflux for 3 h under nitrogen atmosphere.  The reaction 

mixture was filtered through a Celite pad and washed with EtOH/DCM (5 mL). After removal of 

solvent and column chromatographic purification process (Pentane:EtOAc 1:1) (R)-6-fluoro-2-(2-

methylallyl)-1-oxo-2,3-dihydro-1H-indene-2-carboxamide 2.4.7 (0.045 g, 0.18 mmol, 83% yield) 

was obtained as a yellow oil. Rf 0.15 (Pentane:EtOAc 1:1). 1H NMR (400 MHz, EtOAc) δ 7.45 (m, 

1H, ArH), 7.42 – 7.30 (m, 2H, ArH), 6.98 (s, 1H, NH2), 5.57 (s, 1H, NH2), 4.86 (s, 1H, CCH2), 4.78 

(s, 1H, CCH2), 3.99 (d, J = 17.8 Hz, 1H, CH2), 3.16 (d, J = 17.8 Hz, 1H, CH2), 2.73 (d, J = 13.0 Hz, 

                                                 
322 BASF Patent US2003/153568 A1, 2003. 
323

 Kim E.S., Kim H.S., Kim J.N., Tetrahedron Lett. 2009, 50(17), 2973-2975 
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1H, CH2CMe), 2.63 (d, J = 13.0 Hz, 1H, CH2CMe), 1.63 (s, 3H, CH3). 13C NMR (101.00 MHz, 

EtOAc) δ 205.7, 171.5, 162.4 (d, J = 248.8 Hz), 149.5 (d, J = 2.0 Hz), 140.6, 136.3 (d, J = 7.3 Hz), 

128.1 (d, J = 7.9 Hz), 123.8 (d, J = 23.8 Hz), 116.9, 110.19 (d, J = 22.0 Hz), 61.8, 46.9, 33.7, 23.2. 

IR ν 3726 (w), 3629 (w), 3599 (w), 3449 (w), 3347 (w), 2271 (w), 1705 (s), 1685 (s), 1610 (w), 1489 

(m), 1444 (w), 1371 (w), 1267 (m), 904 (w), 881 (w). HRMS (ESI) calcd for C14H14FNNaO2
+ 

[M+Na]+ 270.0901; found 270.0903. [α]D
25.0 +26.1 (c = 2.6, CHCl3).  

 

12.4 Part II 

12.4.1 Synthesis of starting materials for the synthesis of IndoleBXs and PyrroleBXs 

2-(1-Methoxypent-3-yn-1-yl)-1-methyl-1H-pyrrole (6.1.1) 

 

A 50 mL two-necked flask was charged with Mg (321 mg, 13.2 mmol, 1.32 equiv), HgCl2 (2.70 mg, 

0.100 mmol, 1.00 mol%) and dry diethyl ether (30 mL), then propargyl bromide was added dropwise 

(2.86 g, 12.0 mmol, 1.20 equiv). When the solution became homogeneous, 12.4.1 (1.09 g, 10.0 mmol, 

1.00 equiv) was added dropwise. The reaction was quenched with sat NH4Cl solution (30 mL) when 

TLC (Pentane/EtOAc: 5/1) indicated that the aldehyde was completely consumed after 4 hours. The 

aqueous and organic layers were separated; the aqueous layer was extracted with diethyl ether (3×20 

mL). The combined organic layers were dried over MgSO4 and concentrated under vaccum to obtain 

1.34 g crude product as brown oil. The crude product was used for the next step directly without 

further purification. Crude propargylic alcohol (1.34 g, 8.98 mmol, 0.89 equiv) in THF (18 mL) was 

added into a suspension of NaH (237 mg, 9.88 mmol, 0.98 equiv) in THF (18 mL). 15 minutes later, 

MeI (1.40 g, 9.88 mmol, 1.10 equiv) was added into the mixture. The reaction was quenched with sat 

NH4Cl after 4 h. The aqueous and organic layers were separated and the aqueous layer was extracted 

with ether (3x10 mL). After drying over MgSO4, filtrating and concentrating under vacuum, the crude 

product was purified by column chromatography (Pentane:EtOAc= 15:1, 1.00 % Et3N) to afford 

12.4.2 as brown oil (1.00 g, 6.13 mmol, 61 % over two steps). Rf : 0.6 (Pentane:EtOAc 25:1). 1H 

NMR (400 MHz, CDCl3) δ 6.62 (m, 1 H, ArH), 6.18 (dd, 1 H, J = 3.6, 1.8 Hz, ArH), 6.10 (dd, 1 H, 
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J = 3.6, 2.7 Hz, ArH), 4.58 (t, 1 H, J = 6.9 Hz, CHO), 3.68 (s, 3 H, NCH3), 3.27 (s, 3 H, OCH3), 2.79 

(ddd, 2 H, J = 16.8, 6.5, 2.7 Hz, CH2), 2.05 (t, 1 H, J = 2.7 Hz, CH). 13C NMR (101 MHz, CDCl3) δ 

129.9, 123.3, 108.5, 106.4, 80.7, 73.9, 69.8, 54.7, 34.0, 24.0.  

448 mg of crude 12.4.2 (3.00 mmol), NaH (144 mg, 6.00 mmol, 2.00 equiv) and CH3I (1.06 g, 7.50 

mmol, 2.5 equiv) were used for the methylation with the same method as before. 6.1.1 was obtained 

as yellow oil (384 mg, 1.83 mmol, 48% over two steps). Rf: 0.5 (Pentane:EtOAc = 15:1). 1H NMR 

(400 MHz, CDCl3) δ 6.59 (m, 1 H, ArH), 6.15 (dd, 1 H, J = 3.6, 1.8 Hz, ArH), 6.08 (dd, 1 H, J = 3.6, 

2.7 Hz, ArH), 4.50 (m, 1 H, CHOCH3), 3.66 (s, 3 H, NCH3), 3.25 (s, 3 H, OCH3), 2.72 (m, 2 H, CH2), 

1.79 (t, 3 H, J = 2.6 Hz, CH3). 13C NMR (101 MHz, CDCl3) δ 130.4, 123.1, 108.2, 106.4, 76.9, 75.4, 

74.4, 54.6, 33.9, 24.3, 3.3. 

 

General Procedure for the N-Methylation of Indoles. (GP7) 

 

The corresponding indole (1.00 - 5.00 mmol, 1.00 equiv.) was dissolved in dry THF (0.3 M). Sodium 

hydride (60% suspension in mineral oil; 1.50 equiv.) was slowly added under N2 flow at 0 °C. After 

being stirred at 0 °C for 15 min,the reaction mixture was allowed to warm to r.t for 1.5 h. It was then 

cooled back to 0 °C and methyl iodide (1.30 equiv.) was added. The mixture was warmed to r.t. and 

stirred overnight. After cooling again to 0° C, the reaction was quenched with water (10 mL), 

extracted with Et2O (3 x 10 mL), the combined organic layers were dried over MgSO4, and the solvent 

removed under reduced pressure. The resulting crude product was purified via flash column 

chromatography (Pentane:EtOAc 9:1-4:1), to give the desired N-methylated indole. 

1,2-Dimethyl-1H-indole (6.1.7c) 

Starting from commercially available 2-methylindole (656 mg, 5.00 mmol), 1,2-

dimethyl-1H-indole 6.1.7c (683 mg, 4.70 mmol, 94% yield) was obtained as an off-

white solid. 1H NMR (400 MHz CDCl3) δ 7.69 (d, J = 7.8 Hz, 1H, ArH), 7.41 (dd, 

J = 8.1, 1.0 Hz, ArH), 7.32 (m, 1H, ArH), 7.24 (ddd, J = 8.0, 7.0, 1.1 Hz, 1H, ArH), 6.42 (s, 1H, 

NC(CH3)CH), 3.79 (s, 3H, NCH3), 2.57 (d, J = 1.0 Hz, 3H, NCCH3). 13C NMR (125 MHz, CDCl3) 

δ  138.1, 136.9, 128.1, 120.6, 119.8, 119.4, 108.8, 99.7, 29.5, 12.9. IR ν (neat) 3050 (w), 3020 (w), 
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2970 (m), 1610 (w), 1400 (s), 1340 (m), 1240 (m), 930 (m), 910 (w), 780 (m), 750 (m), 730 (s). 1H 

NMR values are in accordance with the data reported in literature.44 

5-Methoxy-1-methyl-1H-indole (6.1.7d) 

Starting from commercially available 5-methoxy-1H-indole (736 mg, 5.00 

mmol), 5-methoxy-1-methyl-1H-indole 6.1.7d (730 mg, 4.53 mmol, 91% yield) 

was obtained as a colorless crystalline solid. 1H NMR (400 MHz, CDCl3) δ δ 7.30 

(d, 1H, J = 8.5 Hz, ArH) 7.13 (s, 1H, ArH), 7.05 (s, 1 H, ArH), 6.92 (d, 1H, J = 8.8 Hz, ArH), 6.43 

(d, 1H, J = 1.0 Hz, ArH), 3.90 (s, 3H, NMe), 3.80 (s, 3H, OMe). 13C NMR (101 MHz, CDCl3) δ 

154.0, 132.2, 129.3, 128.8, 111.9, 109.9, 102.5, 100.4, 55.9, 33.0. IR ν 2952 (w), 2918 (w), 2834 (w), 

1622 (m), 1608 (w), 1577 (w), 1496 (s), 1459 (w), 1450 (m), 1449 (m), 1421 (s), 1347 (w), 1293 (w), 

1243 (s), 1191 (m), 1152 (s), 1102 (w), 1026 (m), 942 (w), 855 (m), 845 (w), 805 (s). NMR values 

are in accordance with the data reported in literature.46  

5-Fluoro-1-methyl-1H-indole (6.1.7e) 

Starting from commercially available 5-fluoro-1H-indole (676 mg, 5.00 mmol), 5-

fluoro-1-methyl-1H-indole 6.1.7e (683 mg, 4.58 mmol, 92% yield) was obtained as 

a colorless solid. 1H NMR (400 MHz, CDCl3) δ 7.31 (dd, J = 9.7, 2.4 Hz, 1H, ArH), 

7.26 (m, 1H, ArH), 7.12 (d, J = 3.1 Hz, 1H, ArH), 7.01 (dt, J = 9.1, 2 Hz, 1H, ArH), 6.48 (dd, J = 3.1, 

0.7 Hz, 1H, ArH). 3.81 (s, 3H, NCH3) 13C NMR (101 MHz, CDCl3) δ 158.0 (d, J-F6 = 232 Hz), 

133.4, 130.4, 128.7 (d, J-F6 = 10 Hz), 109.9 (d, J-F6 = 15 Hz), 109.8, 105.5 (d, J-F6 = 23 Hz), 100.8 

(d, J-F6 = 5.0 Hz), 33.1. IR 3104 (w), 2946 (w), 2922 (w), 2907 (w), 2887 (w), 2362 (w), 2343 (w), 1626 

(w), 1576 (w), 1514 (m), 1492 (s), 1449 (m), 1423 (m), 1340 (m), 1283 (m), 1238 (s), 1228 (s), 1140 (m), 

1129 (m), 1122 (m), 1100 (m), 1081 (m), 1013 (w), 949 (m), 859 (m), 811 (s). NMR values are in 

accordance with the data reported in literature.46 

5-Chloro-1-methyl-1H-indole (6.1.7f) 

Starting from commercially available 5-chloro-1H-indole (758 mg, 5.00 mmol), 5-

chloro-1-methyl-1H-indole 6.1.7f (800 mg, 4.83 mmol, 97% yield) was obtained as 

a colorless solid. 1H NMR (400 MHz, CDCl3) δ 7.64 (d, J = 2.1 Hz, 1H, ArH), 7.30 

– 7.19 (m, 2H, ArH), 7.10 (d, J = 3.1 Hz, 1H, ArH), 6.47 (dd, J = 3.1, 0.7 Hz, 1H, ArH), 3.80 (s, 3H, 

NCH3). 13C NMR (101 MHz, CDCl3) δ 135.1, 130.1, 130.1, 125.1, 121.8, 120.2, 110.2, 100.6, 33.1. 

IR ν 3102 (w), 2943 (w), 2913 (w), 2881 (w), 2817 (w), 1567 (w), 1513 (m), 1475 (s), 1441 (m), 

1421 (s), 1379 (w), 1331 (m), 1278 (s), 1241 (s), 1199 (m), 1146 (m), 1106 (w), 1082 (m), 1063 (s), 
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1009 (m), 909 (m), 870 (m), 869 (m). NMR values are in accordance with the data reported in 

literature.46 

5-Iodo-1H-indole (6.1.7g) 

Starting from commercially available 5-iodo-1H-indole (257 mg, 1.00 mmol), 5-

iodo-1-methyl-1H-indole 6.1.7g (380 mg, 0.755 mmol, 76% yield) was obtained as a 

colorless solid. 1H NMR (400 MHz, CDCl3) δ 7.98 (s, 1 H, ArH), 7.49 (d, J = 8.6 

Hz, 1H, ArH), 7.13 (d, J = 8.6 Hz, 1H, ArH), 7.04 (s, 1H, ArH), 6.43 (s, 1H, ArH), 3.80 (s, 3H, 

NCH3). 13C NMR (101 MHz, CDCl3) δ 135.8, 131.0, 129.8, 129.7, 129.6, 111.3, 100.3, 82.9, 33.0.  

IR ν 3093 (w), 3053 (w), 2940 (w), 2919 (w), 2886 (w), 2876 (w), 2856 (w), 1557 (m), 1510 (s), 

1473 (s), 1432 (m), 1420 (s), 1379 (w), 1329 (m), 1277 (s), 1242 (s), 1193 (w), 1151 (w), 1103 (m), 

1079 (m), 1045 (w), 1007 (m), 888 (s), 868 (m). NMR values are in accordance with the data reported 

in literature.46 

 

N-Functionalized Indoles 

1-(1-(tert-Butyldimethylsilyl)-1H-pyrrole (6.1.12a) 

 

Following a reported procedure,324 commercially available 1H-pyrrole (700 µl, 10.0 mmol) was 

dissolved in dry THF (30 ml, 0.3 M). Sodium hydride (60% suspension in mineral oil; 600 mg, 15.0 

mmol, 1.50 equiv.) was slowly added under N2 flow at 0 °C. After being stirred at 0°C for 15 min, 

the reaction mixture was allowed to warm to r.t for 1.50 h. Then it was cooled back to 0°C and tert-

butylchlorodimethylsilane (1.96 g, 13.0 mmol, 1.30 equiv.) was added. The mixture was warmed to 

r.t. and stirred overnight. The reaction was quenched by addition of water (10 mL) at 0°C. The 

aqueous layer was extracted with Et2O (3 x 10 mL), the combined organic layers were dried over 

MgSO4, and the solvent was removed under reduced pressure. The crude product was purified via 

flash column chromatography (Pentane:EtOAc 8:1), to give the desired 1-(tert-butyldimethylsilyl)-

                                                 
324 A. F. G. Maier, S. Tussing, T. Schneider, U. Flörke, Z.-W. Qu, S. Grimme, J. Paradies, Angew. Chem. Int. Ed. 2016, 

55, 12219–12223. 
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1H-pyrrole 6.1.12a (1.30 g, 7.17 mmol, 72% yield). 1H NMR (400 MHz, CDCl3) δ 6.86 – 6.62 (m, 

2H, ArH), 6.39 – 6.21 (m, 2H, ArH), 0.86 (s, 9H, SiC(CH3)3), 0.41 (s, 6H, Si(CH3)2). IR ν 3100 (w), 

2956 (m), 2931 (m), 2858 (m), 1707 (w), 1473 (m), 1364 (w), 1259 (s), 1222 (w), 1190 (s), 1084 (s), 

1048 (s), 1008 (w), 942 (w), 839 (s). 1H NMR values are in accordance with the data reported in 

literature.325 

1-(tert-Butyldimethylsilyl)-1H-Indole (6.1.7b) 

 

Following a reported procedure,326 commercially available 1H-indole (586 mg, 5.00 mmol) was 

dissolved in dry THF (10 mL, 0.5 M). Sodium hydride (60% suspension in mineral oil; 300 mg, 7.50 

mmol, 1.50 equiv.) was slowly added under N2 atmosphere at 0 °C. After being stirred at 0 °C for 15 

min, the reaction mixture was allowed to warm to r.t for 1.5 h. Then it was cooled back to 0 °C and 

tert-butylchlorodimethylsilane (980 mg, 6.50 mmol, 1.30 equiv.) was added. The mixture was 

warmed to r.t. and stirred overnight. After cooling again to 0 °C, the reaction was quenched with 

water (10 mL), extracted with Et2O (3 x 10 mL), the combined organic layers were dried over MgSO4, 

and the solvent was removed under reduced pressure. The residue was purified via flash column 

chromatography (Pentane:EtOAc 4:1), to give the desired 1-(tert-butyldimethylsilyl)-1H-indole 

6.1.7b (869 mg, 3.76 mmol, 75% yield). 1H NMR (400 MHz, CDCl3) δ 7.79 (m, 1H, ArH), 7.72 (dt, 

J = 8.2, 1.1 Hz, 1H, ArH), 7.37 (d, J = 3.2 Hz, 1H, ArH), 7.32 (ddd, J = 8.3, 7.0, 1.6 Hz, 1H, ArH), 

7.25 (m, 1H), 6.78 (dd, J = 3.3, 1.0 Hz, 1H, ArH), 1.11 (s, 9H, SiCCH3), 0.78 (s, 6H, Si(CH3)2). IR 

ν 3064.6 (w), 2950.5 (w), 2929.7 (m), 2855.9 (w), 1512.0 (s), 1427.6 (s), 1449.9 (m), 1284.3 (s), 

1271.6 (s), 1255.8 (m), 1158.9 (s), 1140.9 (s), 984.2 (w), 840.1 (m). 1H NMR values are in accordance 

with the data reported in literature.327 

  

                                                 
325 G. Simchen, M. W. Majchrzak, Tetrahedron Lett. 1985, 26, 5035–5036. 
326 S. Islam, I. Larrosa, Chem. – Eur. J. 2013, 19, 15093–15096 
327 D. Saha, R. Ghosh, A. Sarkar, Tetrahedron 2013, 69, 3951–3960. 
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1-(But-3-en-1-yl)-1H-Indole (6.1.7i) 

 

Following a reported procedure,328 potassium tertbutoxide (1.24 mg, 11.0 mmol, 1.10 equiv.) was 

added to a solution of 18-crown-6 ether (26.4 mg, 0.100 mmol, 10 mol%.) in dry THF (25 mL, 0.4 

M) under a nitrogen atmosphere. Then, commercially available 1H-indole (1.17 g, 10.0 mmol, 1.00 

equiv.) was added under vigorous stirring. The reaction was cooled to 0°C in an ice bath. A solution 

of 4-bromobut-1-ene (1.20 mL, 11.0 mmol, 1.10 equiv.) in THF (5 mL) was added dropwise to the 

reaction mixture and the latter was stirred overnight. After cooling again to 0 °C, the reaction was 

quenched with water (20 mL), extracted with Et2O (3 x 20 mL), the combined organic layers were 

dried over MgSO4, and the solvent was removed under reduced pressure. The residue was purified 

via flash column chromatography (Pentane:EtOAc 9:1) to give the desired 1-(but-3-en-1-yl)-1H-

indole 6.1.7i (280 mg, 1.64 mmol, 17% yield) as a yellow oil. 1H NMR (400 MHz, CDCl3) δ 7.84 

(d, J = 8.0 Hz, 1H, ArH), 7.52 (d, J = 8.2 Hz, 1H, ArH), 7.41 (t, J = 7.6 Hz, 1H, ArH), 7.31 (t, J = 7.4 

Hz, 1H, ArH), 7.23 (d, J = 3.2 Hz, 1H, ArH), 6.68 (d, J = 3.2 Hz, 1H, ArH), 5.94 (ddt, J = 17.1, 10.2, 

6.8 Hz, 1H, ArH), 5.32 – 5.12 (m, 2H, NCH2CH2CH=CH2), 4.31 – 4.27 (m, 2H, CH2), 2.72 (q, J = 

7.1 Hz, 2H, CH2). IR ν 2936 (w), 1640 (s), 1612 (s), 1508 (m), 1458 (s), 910 (m), 740 (m), 712 (m). 

1H NMR values are in accordance with the data reported in literature.329 

  

                                                 
328 W. C. Guida, D. J. Mathre, J. Org. Chem. 1980, 45, 3172–3176. 
329 H. A. Kerchner, J. Montgomery, Org. Lett. 2016, 18, 5760–5763. 
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1-(3-Phenylpropyl)-1H-indole (6.1.7j)  

 

Following a reported procedure330, commercially available 1H-indole (585 mg, 5.00 mmol, 1.00 

equiv.) was dissolved in THF (15 mL). Sodium hydride (60% suspension in mineral oil; 300 mg, 7.50 

mmol, 1.50 equiv.) was added at 0 °C and the reaction mixture was stirred for 30 min. (3-

bromopropyl)benzene (760 µL, 5.00 mmol, 1.00 equiv.) was then added dropwise. After 15 min the 

ice bath was removed and the reaction mixture was stirred for 4 hours at r.t.. The reaction was cooled 

back to 0 °C, quenched with water, diluted with EtOAc (10 mL), extracted with water (2 x 10 mL), 

washed with brine (10 mL), and dried over MgSO4. After filtration, the solvent was removed under 

reduced pressure. Flash column chromatography (Pentane:EtOAc 20:1) afforded 1-(3-phenylpropyl)-

1H-indole 6.1.7j (1.12 g, 4.76 mmol, 95% yield) as a colorless oil. 1H NMR (400 MHz, CDCl3) δ 

7.87 (d, J = 8 Hz, 1H, ArH), 7.53-7.23 (m, 9H, ArH), 6.72 (dd, J = 3.1, 0.8 Hz, 1H, ArH), 4.26 (t, J 

= 7.1 Hz, 2H, NCH2), 2.77 (t, J = 8 Hz, 2H, CH2Ph), 2.34 (qi, J = 7.8 Hz, 2H, CH2CH2CH2). 13C 

NMR (101 MHz, CDCl3) δ 141.2, 136.2, 128.7, 128.7, 128.6, 128.0, 126.3, 121.6, 121.2, 119.5, 

109.6, 101.3, 45.8, 33.2, 31.7331 IR 3085 (w), 3057 (w), 3026 (w), 3004 (w), 2946 (w), 2945 (w), 

2870 (w), 1780 (w), 1738 (s), 1717 (s), 1612 (w), 1603 (w), 1511 (m), 1497 (m), 1483 (m), 1464 (s), 

1455 (s), 1400 (m), 1377 (s), 1354 (s), 1336 (s), 1315 (s), 1254 (s), 1207 (s), 1179 (m), 1166 (m), 

1143 (m), 1143 (m), 1122 (m), 1114 (m), 1080 (m), 1031 (m), 1020 (m), 1004 (w), 952 (w), 928 (w), 

909 (w), 885 (m), 855 (w), 838 (w), 821 (w), 811 (w), 802 (w). NMR values are in accordance with 

the data reported in literature.46 

 

  

                                                 
330 Y. R. Jorapur, J. M. Jeong, D. Y. Chi, Tetrahedron Lett. 2006, 47, 2435–2438. 
331 one aromatic Carbon signal not resolved. 
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(2-Iodoethoxy)triisopropylsilane (12.4.3)  

 

Following a reported procedure,332 commercially available 2-iodoethanol (1.10 mL, 10.0 mmol, 1.00 

equiv.) was added to a solution of imidazole (885 mg, 13.0 mmol, 1.30 equiv.) in DMF (5 mL, 2.0 

M) under nitrogen atmosphere. chloro-triisopropylsilane (2.80 mL, 13.0 mmol, 1.30 equiv.) was then 

added dropwise. After 1 h, the reaction turned into a thick suspension and a colorless solid 

precipitated. The mixture was allowed to warm to room temperature removed and was stirred for an 

additional hour. Water (5 mL) was added to dissolve the solid. The organic layer was separated and 

eluted through a SiO2 plug with pentane (100 mL). The solvent was removed under reduced pressure 

to give (2-iodoethoxy)triisopropylsilane 12.4.3 (3.15 g, 9.60 mmol, 96% yield) as a slightly yellow 

oil. 1H NMR (400 MHz, CDCl3) δ 3.85 (t, J = 6.9 Hz, 2H, OCH2), 3.15 (t, J = 7.0 Hz, 2H, ICH2), 

1.11-0.88 (m, 21H, TIPS). 13C NMR (101 MHz, CDCl3) δ 64.6, 18.0, 12.1, 6.9. IR ν 2958 (m), 2942 

(m), 2891 (w), 2866 (m), 1464 (m), 1384 (w), 1275 (w), 1249 (w), 1190 (w), 1169 (w), 1123 (s), 

1092 (s), 1069 (s), 1013 (w), 999 (m), 943 (w), 920 (w), 882 (s), 857 (w). NMR values are in 

accordance with the data reported in literature.46 

 

1-(2-((Triisopropylsilyl)oxy)ethyl)- 1H-Indole (6.1.7k) 

 

Commercially available 1H-indole (586 mg, 5.00 mmol) was dissolved in N,N-dimethylformamide 

(5 mL, 0.5 M in total). Sodium hydride (60% suspension in mineral oil; 144 mg, 6.00 mmol, 1.20 

equiv.) was added at r.t. and the reaction mixture was stirred for one hour. N,N-Dimethylformamide 

(5 mL) was then added to dissolve the resulting colorless precipitate. The reaction was cooled to 0 °C 

and (2-iodoethoxy)triisopropylsilane 12.4.3 (1.90 g, 5.50 mmol, 1.10 equiv.) was added dropwise. 

The reaction mixture was stirred overnight, allowing it to warm to r.t. The reaction was then quenched 

with water (20 mL) and the reaction mixture was extracted with EtOAc (3 x 25 mL). The combined 

                                                 
332 J. W. Bode, E. M. Carreira, J. Org. Chem. 2001, 66, 6410–6424. 
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organic layers were washed with water (10 mL), brine (3x10 mL), and dried over MgSO4. The solvent 

was then removed under reduced pressure. Flash column chromatography (Pentane:EtOAc 9:1) 

afforded 1-(2-((triisopropylsilyl)oxy)ethyl)- 1H-indole 6.1.7k (1.20 g, 3.78 mmol, 76% yield) as a 

colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.66 (m, 1 H, ArH), 7.38 (dd, J = 8.2, 0.8 Hz, 1H, ArH), 

7.25 - 7.19 (m, 2H, ArH), 7.13 (m, 1H, ArH), 6.52 (dd, J = 3.1, 0.8 Hz, 1H, ArH), 4.30 (t, J = 6.0 Hz, 

2H, CH2), 4.04 (t, J = 5.8 Hz, 2H, CH2), 1.17 - 0.85 (m, 21H, TIPS). 13C NMR (101 MHz, CDCl3) δ 

136.1, 128.7, 128.6, 121.3, 120.9, 119.2, 109.3, 101.0, 62.8, 48.8, 17.9, 11.9. IR ν 3056 (w), 2891 

(m), 2865 (s), 1514 (w), 1464 (s), 1439 (w), 1387 (w), 1360 (w), 1334 (w), 1317 (m), 1115 (s), 1077 

(m), 1013 (m), 923 (m), 819 (w). NMR values are in accordance with the data reported in literature.46 
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12.4.2 Synthesis of IndoleBXs and PyrroleBXs 

Synthesis of compounds 6.1.2/6.1.3. 

 

A solution of 2-(1-methoxypent-3-yn-1-yl)-1-methyl-1H-pyrrole 6.1.1 (0.100 mmol, 1.0 equiv) in 

THF (0.33 mL) was added into a solution of PtBr2 (3.55 mg, 10.0 µmol, 0.10 equiv), NaHCO3 (17.0 

mg, 0.200 mmol, 2.0 equiv) and 1-azido-3,3-bis(trifluoromethyl)-3-(1H)-1,2-benziodoxole 1.3.27 

(330 mg, 0.600 mmol, 2.00 equiv) in CH3CN (0.180 mL). The reaction was stopped after 72 hrs, 

EtOAc was added to solubilize the precipitate and a TLC (Pentane:EtOAc 4:1 for the starting, 

DCM:MeOH 9:1 for the product) was taken: full conversion of the starting to 6.1.3. The solvent was 

removed under reduced pressure, and a crude NMR (extremely wet of EtOAc) and a MS analysis 

were taken.  

HR-ESI-MS 546.0372 ([M+H]+, C20H18F6INO2
+; calc. for 545.02864) 

The crude 1H-NMR shows a 2:1 ratio between known peaks of iodobenzoic hexafluorodimethyl-

alcohol and the new product. The peak of the new compound are reported here: 

1H NMR (400 MHz, CDCl3) δ 7.83 (dd, J = 6.8, 1.4 Hz, 1H, ArH), 7.75 – 7.70 (m, 1H, ArH), 7.69 – 

7.64 (m, 1H, ArH), 6.59 (d, J = 2.2 Hz, 1H, ArH), 6.14 (dd, J = 3.6, 1.8 Hz, 1H, ArH), 6.06 (dd, J = 

3.6, 2.7 Hz, 1H, ArH), 4.49 (dd, J = 7.5, 6.3 Hz, 1H, CH), 3.65 (m, 3H, CH3), 3.24 (m, 3H, CH3), 

2.77 (m, 1H, CH2), 2.64 (m, 1H, CH2), 1.77 (t, J = 2.5 Hz, 3H, CH3). 

Subsequently, the crude was columned over silica using an eluent mixture of 9:1 DCM:MeOH; no 

product was obtained as the compound degraded on silica. 
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General Procedure for the Synthesis of Heterocyclic-BX Reagents. (GP8) 

 

Note: prior to the reaction, the glassware requires to be carefully cleaned with aqua regia to remove 

all metal traces; the commercially available heterocyclic starting material were purified through a 

short plug of silica prior to being used. Compound 1.3.12 can be prepared or purchased from 

commercial suppliers. Slow decomposition of 1.3.12 is observed at room temperature; for this reason, 

compound 1.3.12 should be stored at 3-5 °C and best results are obtained if it is prepared freshly. 

 

In an open air flask, the corresponding heterocycle (1.00 mmol, 1.00 equiv.), 1-acetoxy-1,2-

benziodoxol-3-(1H)-one 1.3.12 (337 mg, 1.10 mmol, 1.10 equiv.) and zinc(II) 

trifluoromethanesulfonate (72.7 mg, 0.200 mmol, 20 mol%.) were dissolved in DCM (20 mL 0.05 

M). The reaction was stirred while being monitored by TLC (Pentane:EtOAc 9:1 for the starting 

materials, DCM:MeOH 9:1 for the products). Upon consumption of the starting material, the crude 

was directly submitted to short-path flash chromatography (DCM:MeOH 10:1 or EtOAc:MeOH 10:1 

for the separation of pyrrole-based reagents) to afford the desired Heterocyclic-BX compounds 

6.1.10a-6.1.10r.The structure of compounds 6.1.10b and 6.1.10n was confirmed by X-Ray analysis 

(see Annexes). 

 

1-(3-1-Methyl-1H-indole)-3,3-bis(trifluoromethyl)-1,3-dihydro-1λ3-benzo[d][1,2]iodaoxole 

(6.1.9) 

Starting from commercially available 1-methyl-1-H-indole (26.2 mg, 0.100 

mmol), 1-acetoxy-1,3-dihydro-3,3-bis(trifluoromethyl)-1,2-benziodoxole 

1.3.30 (94.0 mg, 0.220 mmol, 1.10 equiv.) and in Et2O 0.05 M, after 16 hours 

1-(3-1-methyl-1H-indole)-3,3-bis(trifluoromethyl)-1,3-dihydro-1λ3-

benzo[d][1,2]iodaoxole 6.1.9 (56.1 mg, 0.112 mmol, 56% yield) was obtained as a brown foam. Rf: 

0.7 (DCM:MeOH 9:1). IR ν 3069 (w), 2922 (w), 2852 (w), 1732 (w), 1504 (m), 1457 (w), 1263 (s), 

1212 (m), 1178 (s), 1157 (s), 1130 (m), 1047 (w), 948 (s). 1H NMR (400 MHz, CDCl3) δ 7.86 (m, 

1H, ArH), 7.53 (s, 1H, NCHCI), 7.52 – 7.46 (m, 3H, ArH), 7.41 (ddd, J = 8.3, 7.0, 1.1 Hz, 1H, ArH), 



Experimental Part and Annexes 

 

251 

 

7.28 (m, 1H, ArH), 7.23 (m, 1H, ArH), 6.95 (d, J = 8.3 Hz, 1H, ArH), 3.96 (s, 3H, NCH3). 13C NMR 

(101 MHz, CDCl3) δ 137.5, 137.4, 131.7, 131.4, 130.1, 129.9, 126.9, 123.9, 123.2 (m), 122.1, 120.4, 

112.2, 110.3, 84.2, 81.55 (dt, J = 57.1, 28.5 Hz), 33.6 (one aromatic Carbon signal not resolved). 

HRMS (ESI) calcd for C18H13F6INO+ [M+H]+ 499.9941; found 499.9946. The structure of the 

obtained regioisomer was assigned by NMR analysis.  

1-(3-1-Methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.10a)  

The synthesis of 1-(3-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one 

6.1.10a was scaled up to 10 mmol without reoptimization of the protocol. 

Starting from commercially available 1-methyl-1-H-indole (1.35 g, 10.0 

mmol), after 16 hours 1-(3-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-

one 6.1.10a (3.28 g, 8.70 mmol, 87% yield) was obtained as a brown foam. Rf: 0.4 (DCM:MeOH 

9:1). 1H NMR (400 MHz, CDCl3) δ 8.40 (dd, J = 7.5, 1.7 Hz, 1H, ArH), 7.82 (s, 1H, NCHCI), 7.55 

– 7.48 (m, 2H, ArH), 7.39 – 7.35 (m, 2H, ArH), 7.34 – 7.23 (m, 2H, ArH + CDCl3), 6.84 (d, J = 8.3 

Hz, 1H, ArH), 4.02 (s, 3H, NCH3). 13C NMR (101 MHz, CDCl3) δ 166.8, 138.6, 137.6, 133.4, 133.3, 

132.5, 130.5, 129.3, 125.2, 124.3, 122.6, 119.9, 116.1, 110.7, 78.9, 33.9. IR ν 3107 (w), 3059 (w), 

2948 (w), 1599 (s), 1552 (m), 1506 (m), 1454 (w), 1392 (m), 1277 (s), 1245 (s), 1225 (s), 1166 (s), 

1131 (m), 1031 (s), 1004 (w), 842 (w). HRMS (ESI) calcd for C16H13INO2
+ [M+H]+ 377.9986; found 

377.9990. The structure of the obtained regioisomer was assigned by NMR correlation to compound 

6.1.10b. DSC-analysis was performed on compound 6.1.10a. 

 

1-(3-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.10b) 

Starting from 1-(tert-butyldimethylsilyl)-1H-indole 6.1.7b (231 mg, 1.00 

mmol) and using Sc(OTf)3 as the Lewis acid (20 mol %), after 16 hours 1-(3-

1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one 6.1.10b (294 mg, 8.10 mmol, 78% 

yield) was obtained as a brown solid. Rf: 0.4 (DCM:MeOH 9:1). Mp: 174.2°C (decomposition) 1H 

NMR (400 MHz, DMSO-d6) δ 12.33 (s, 1H, NH), 8.21 (s, 1H, NCHCI), 8.08 (dd, J = 7.3, 1.7 Hz, 

1H, ArH), 7.59 (d, J = 8.2 Hz, 1H, ArH), 7.52 (t, J = 7.3 Hz, 1H, ArH), 7.43 (d, J = 7.5 Hz, 1H, ArH), 

7.36 (ddd, J = 8.5, 7.3, 1.7 Hz, 1H, ArH), 7.26 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H, ArH), 7.15 (t, J = 7.5 

Hz, 1H, ArH), 6.72 (d, J = 8.5 Hz, 1H, ArH). 13C NMR (101 MHz, DMSO-d6) δ 166.1, 136.6, 134.5, 

133.3, 131.4, 130.2, 128.5, 126.3, 123.4, 122.3, 121.6, 119.2, 116.1, 112.9, 80.0. IR ν 3302 (w), 2975 

(w), 2903 (w), 1722 (w), 1609 (m), 1584 (m), 1557 (w), 1490 (w), 1457 (w), 1385 (w), 1277 (s), 1258 
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(s), 1230 (m), 1174 (m), 1087 (w), 1036 (s), 880 (w), 841 (w). HRMS (ESI) calcd for 

C15H11INO2
+ [M+H]+ 363.9829; found 363.9832. The structure of the reagent was determined 

through X-Ray diffraction of a single crystal (CCDC number: 1540821). 

1-(3-1,2-Dimethyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.10c) 

Starting from 2-methyl-1-methyl-1H-indole 6.1.7c (145 mg, 1.00 mmol), after 

16 hours 1-(3-1,2-dimethyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one 

6.1.10c (364 mg, 0.930 mmol, 93% yield) was obtained as a dark violet foam. 

Rf: 0.43 (DCM:MeOH 9:1). 1H NMR (400 MHz, CDCl3) δ 8.42 (dd, J = 7.3, 

1.7 Hz, 1H, ArH), 7.52 (td, J = 7.3, 0.9 Hz, 1H, ArH), 7.44 (d, J = 8.2 Hz, 1H, ArH), 7.35 (m, 2H, 

ArH), 7.28 (m, 1H, ArH), 7.23 (ddd, J = 8.2, 6.9, 1.0 Hz, 1H, ArH), 6.77 (m, 1H, ArH), 3.91 (s, 3H, 

CH3N), 2.65 (s, 3H, ICH=CHCH3). 13C NMR (101 MHz, CDCl3) δ 166.8, 145.3, 137.9, 133.7, 133.2, 

132.7, 130.5, 128.9, 124.7, 123.6, 122.4, 119.2, 115.5, 110.4, 80.1, 31.1, 13.2. IR ν 3055 (w), 2987 

(w), 2948 (w), 1717 (w), 1605 (s), 1584 (m), 1553 (m), 1516 (w), 1472 (w), 1437 (w), 1395 (m), 

1378 (m), 1268 (m), 1154 (w), 1032 (w), 1011 (w), 829 (w). HRMS (ESI) calcd for C17H15INO2
+ 

[M+H]+ 392.0142; found 392.0146. The structure of the obtained regioisomer was assigned by NMR 

correlation to compound 6.1.10b. 

1-(3-5-Methoxy-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.10d) 

Starting from 5-methoxy-1-methyl- 1H-indole 6.1.7d (161 mg, 1.00 mmol), 

after 16 hours 1-(3-5-methoxy-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-

3(2H)-one 6.1.10d (346 mg, 0.850 mmol, 85% yield) was obtained as an 

orange resin. Rf: 0.42 (DCM:MeOH 9:1). NB: the reagent was isolated in 

presence of a small amount of the polymerized form of the heterocycles (4% of estimated impurity).  

1H NMR (400 MHz, CDCl3) δ 8.35 (dd, J = 7.5, 1.6 Hz, 1H, ArH), 7.82 (s, 1H, NCHCI), 7.48 (t, J 

= 7.3 Hz, 1H, ArH), 7.40 (d, J = 9.0 Hz, 1H, ArH), 7.27 (m, 1H, ArH), 7.04 (dd, J = 9.0, 2.4 Hz, 1H, 

ArH), 6.84 (d, J = 8.3 Hz, 1H, ArH), 6.79 (d, J = 2.3 Hz, 1H, ArH), 3.99 (s, 3H, CH3N), 3.78 (s, 3H, 

OCH3). 13C NMR (101 MHz, CDCl3) δ 167.1, 156.4, 138.9, 133.3, 132.5, 132.5, 130.5, 130.1, 125.2, 

116.0, 114.8, 111.7, 100.8, 77.4, 55.8, 34.0 (the signal for one aromatic C could not be resolved). IR 

ν 3110 (w), 3062 (w), 3000 (w), 2944 (w), 2837 (w), 1719 (w), 1604 (m), 1584 (m), 1556 (w), 1504 

(m), 1489 (m), 1439 (w), 1378 (w), 1249 (s), 1223 (s), 1158 (m), 1031 (s), 970 (w), 845 (m). HRMS 

(ESI) calcd for C17H15INO3
+ [M+H]+ 408.0091; found 408.0093. The structure of the obtained 

regioisomer was assigned by NMR correlation to compound 6.1.10b. 
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1-(3-5-Fluoro-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.10e) 

Starting from 5-fluoro-1-methyl-1H-indole 6.1.7e (149 mg, 1.00 mmol), after 

16 hours 1-(3-5-fluoro-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one 

6.1.10e (336 mg, 0.850 mmol, 85% yield) was obtained as an yellow foam. Rf: 

0.3 (DCM:MeOH 9:1). NB: the reagent was isolated in presence of a small 

amount of the polymerized form of the heterocycles (7% of estimated impurity).  1H NMR (400 

MHz, CD3OD) δ 8.1 (dd, J = 7.6, 1.7 Hz, 1H, ArH), 8.01 (s, 1H, NCHCI), 7.57 (ddd, J = 8.8, 4.2, 0.8 

Hz, 1H, ArH), 7.49 (td, J = 7.4, 1.0 Hz, 1H, ArH), 7.30 (ddd, J = 8.3, 7.2, 1.7 Hz, 1H, ArH), 7.14 – 

7.03 (m, 2H, ArH), 6.80 (dd, J = 8.3, 0.9 Hz, 1H, ArH), 3.93 (s, 3H, CH3N). 13C NMR (101 MHz, 

CD3OD) δ 170.3, 160.91 (d, J = 238.2 Hz), 142.6, 135.9, 135.1, 134.4, 133.2, 131.7, 131.40 (d, J = 

10.7 Hz), 127.7, 116.8, 113.71 (d, J = 9.8 Hz), 113.47 (d, J = 26.7 Hz), 105.67 (d, J = 25.3 Hz), 77.5, 

34.3. 19F NMR (376 MHz, CDCl3) δ -119.8. IR ν 3083 (w), 2952 (w), 1717 (w), 1601 (s), 1557 (m), 

1503 (m), 1485 (m), 1438 (w), 1338 (m), 1242 (m), 1193 (m), 1121 (m), 1032 (w), 1005 (w), 850 

(m). HRMS (ESI) calcd for C16H12FINO2
+ [M+H]+ 395.9891; found 395.9894. The structure of the 

obtained regioisomer was assigned by NMR correlation to compound 6.1.10b. 

1-(3-5-Chloro-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.10f) 

Starting from 5-chloro-1-methyl-1H-indole 6.1.7f (166 mg, 1.00 mmol), after 

16 hours 1-(3-5-chloro-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one 

6.1.10f (256 mg, 0.622 mmol, 62% yield) was obtained as an orange 

amorphous solid. Rf: 0.4 (DCM:MeOH 9:1). 1H NMR (400 MHz, CD2Cl2) δ 

8.20 (d, J = 7.4 Hz, 1H, ArH), 7.78 (s, 1H, NCHCI), 7.38 (d, J = 8.7 Hz, 1H, ArH), 7.34 – 7.22 (m, 

3H, ArH), 7.17 (t, J = 7.7 Hz, 1H, ArH), 6.68 (d, J = 8.2 Hz, 1H, ArH), 3.87 (s, 3H, CH3NCHCI). 

13C NMR (101 MHz, CD3OD) δ 170.3, 142.5, 137.8, 135.1, 134.4, 133.2, 131.7, 131.7, 129.6, 127.8, 

125.4, 120.0, 116.8, 113.7, 77.5, 34.2. IR ν 3095 (w), 2953 (w), 1605 (s), 1556 (m), 1505 (m), 1438 

(m), 1388 (m), 1370 (m), 1260 (s), 1226 (m), 1164 (m), 1144 (m), 1115 (w), 1070 (w), 1032 (s), 1004 

(w), 837 (w). HRMS (ESI) calcd for C16H12ClINO2
+ [M+H]+ 411.9596; found 411.9603. The 

structure of the obtained regioisomer was assigned by NMR correlation to compound 6.1.10b. 
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1-(3-5-Iodo-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.10g) 

Starting from 5-iodo-1-methyl-1H-indole 6.1.7g (257 mg, 1.00 mmol), after 

16 hours 1-(3-5-iodo-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one 

6.1.10g (380 mg, 0.755 mmol, 76% yield) was obtained as a yellow amorphous 

solid. Rf: 0.3 (DCM:MeOH 9:1). NB: the reagent is unstable in acidic 

deuterated solvents and it decompose in short time, we recommend the immediate use after the 

synthesis. The proton NMR presents about 21% of the open protonated form. 1H NMR (400 MHz, 

CDCl3) δ 8.24 (m, 1H, ArH), 7.83 (s, 1H, NCHCI), 7.58 – 7.47 (m, 2H, ArH), 7.26 (m, 1H, ArH + 

CDCl3 ), 7.21 - 7.18 (m, 2H, ArH), 6.67 (d, J = 8.1 Hz, 1H, ArH), 3.87 (s, 3H, CH3N). 13C NMR (101 

MHz, CDCl3) δ 168.6, 140.5, 136.8, 133.7, 132.6, 132.3, 131.4, 130.3, 128.1, 126.0, 122.3, 119.1, 

115.7, 112.9, 86.1, 34.0. IR ν 3092 (w), 3061 (w), 1600 (s), 1584 (m), 1557 (m), 1503 (m), 1436 (w), 

1422 (w), 1371 (m), 1265 (s), 1245 (s), 1225 (m), 1163 (m), 1113 (w), 1031 (s), 1004 (w), 836 (w). 

HRMS (ESI) calcd for C16H12I2NO2
+ [M+H]+ 503.8952; found 503.8952. The structure of the 

obtained regioisomer was assigned by NMR correlation to compound 6.1.10b. 

1-(3-1-Methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole)-1H-1λ3 -

benzo[b]iodo-3(2H)-one (6.1.10h) 

Starting from commercially available 1-methyl-5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)-1H-indole (149 mg, 1.00 mmol), after 16 hours 1-(3-1-

methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole)-1H-1λ3 -

benzo[b]iodo-3(2H)-one 6.1.10h (276 mg, 0.549 mmol, 54% yield) was 

obtained as an orange amorphous solid. Rf: 0.46 (DCM:MeOH 9:1). 1H NMR (400 MHz, CD2Cl2) δ 

8.32 (dd, J = 7.5, 1.7 Hz, 1H, ArH), 7.93 (s, 1H, NCHCI), 7.81 (dd, J = 8.4, 1.1 Hz, 1H, ArH), 7.74 

(s, 1H, CCHCBPin), 7.59 – 7.48 (m, 2H, ArH), 7.31 (ddd, J = 8.6, 7.1, 1.7 Hz, 1H, ArH), 6.85 (dd, J 

= 8.3, 0.9 Hz, 1H, ArH), 3.99 (s, 3H, CH3N), 1.30 (s, 12H, CBPin). 13C NMR (101 MHz, CD2Cl2) δ 

167.0, 140.1, 139.6, 134.1, 133.8, 132.6, 131.0, 130.5, 129.5, 127.6, 126.0, 117.1, 110.7, 84.5, 80.3, 

34.4, 25.2 (one aromatic Carbon signal not resolved). IR ν 3095 (w), 2979 (w), 1611 (s), 1558 (w), 

1507 (w), 1436 (w), 1360 (s), 1303 (w), 1263 (w), 1142 (s), 1114 (w), 1074 (w), 970 (w), 861 (w). 

HRMS (ESI) calcd for C22H24BINO4
+ [M+H]+ 504.0838; found 504.0835. The structure of the 

obtained regioisomer was assigned by NMR correlation to compound 6.1.10b. 
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1-(3-1-(But-3-en-1-yl)-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.10i) 

Starting from 1-(but-3-en-1-yl)-1H-indole 6.1.7i (171 mg, 1.00 mmol), 

after 16 hours 1-(3-1-(but-3-en-1-yl)-1H-indole)-1H-1λ3 -benzo[b]iodo-

3(2H)-one 6.1.10i (359 mg, 0.860 mmol, 86% yield) was obtained, as a 

yellow amorphous solid. Rf: 0.44 (DCM:MeOH 9:1). 1H NMR (400 MHz, 

CDCl3) δ 8.35 (dd, J = 7.4, 1.7 Hz, 1H, ArH), 7.91 (s, 1H, NCHCI), 7.54 (m, 1H, ArH), 7.49 (td, J = 

7.3, 0.9 Hz, 1H, ArH), 7.46 – 7.39 (m, 2H, ArH), 7.32 – 7.19 (m, 2H, ArH), 6.73 (dd, J = 8.3, 0.9 Hz, 

1H, ArH), 5.82 (ddt, J = 17.1, 10.3, 6.9 Hz, 1H, NCH2CH2CH=CH2), 5.12 – 4.97 (m, 2H, 

NCH2CH2CH=CH2), 4.41 (t, J = 6.9 Hz, 2H, NCH2), 2.71 (m, 2H, CH2). 13C NMR (101 MHz, 

CDCl3) δ 166.8, 137.9, 136.7, 133.6, 133.4, 133.2, 132.5, 130.5, 129.4, 125.2, 124.2, 122.5, 120.0, 

118.6, 116.2, 110.9, 79.0, 46.9, 34.2. IR ν 3082 (w), 1607 (s), 1557 (m), 1500 (m), 1456 (w), 1437 

(w), 1389 (w), 1358 (m), 1262 (w), 1160 (w), 1005 (w), 919 (w), 830 (w). HRMS (ESI) calcd for 

C19H17INO2
+ [M+H]+ 418.0299; found 418.0294. The structure of the obtained regioisomer was 

assigned by NMR correlation to compound 6.1.10b. 

1-(3-1-(3-Phenylpropyl)-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.10j) 

Starting from 1-(3-phenylpropyl)--indole 6.1.7j (235 mg, 1.00 mmol), 

after 16 hours 1-(3-1-(3-phenylpropyl)-1H-indole)-1H-1λ3 -

benzo[b]iodo-3(2H)-one 6.1.10j (436 mg, 0.906 mmol, 91% yield) was 

obtained as an orange resin. Rf: 0.45 (DCM:MeOH 9:1). 1H NMR 

(400 MHz, CDCl3) δ 8.37 (dd, J = 7.5, 1.7 Hz, 1H, ArH), 7.86 (s, 1H, NCHCI), 7.54 – 7.36 (m, 4H, 

ArH), 7.33 – 7.19 (m, 5H, ArH), 7.18 – 7.14 (m, 2H, ArH), 6.79 (dd, J = 8.3, 0.8 Hz, 1H, ArH), 4.34 

(t, J = 7.2 Hz, 2H, NCH2), 2.73 (t, J = 7.5 Hz, 2H, CH2Ph), 2.35 (m, 2H, CH2-CH2-CH2). 13C NMR 

(101 MHz, CDCl3) δ 166.8, 140.0, 137.8, 136.8, 133.4, 133.2, 132.4, 130.4, 129.3, 128.6, 128.3, 

126.4, 125.2, 124.1, 122.5, 120.0, 116.1, 110.9, 78.9, 46.7, 32.8, 31.1. IR ν 3060 (w), 3026 (w), 2939 

(w), 1717 (w), 1601 (s), 1551 (m), 1498 (m), 1455 (w), 1364 (w), 1245 (w), 1165 (w), 1005 (w), 828 

(m). HRMS (ESI) calcd for C24H21INO2
+ [M+H]+ 482.0612; found 482.0614. The structure of the 

obtained regioisomer was assigned by NMR correlation to compound 6.1.10b. 
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1-(3-1-(2-((Triisopropylsilyl)oxy)ethyl)-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.10k) 

Starting from 1-(2-((triisopropylsilyl)oxy)ethyl)-1H-indole 6.1.7k 

(318 mg, 1.00 mmol), after 16 hours 1-(3-1-(2-

((triisopropylsilyl)oxy)ethyl)-1H-indole)-1H-1λ3 -benzo[b]iodo-

3(2H)-one 6.1.10k (873 mg, 0.929 mmol, 60% yield) was obtained as 

an orange oil. Rf: 0.40 (DCM:MeOH 9:1). 1H NMR (400 MHz, CDCl3) δ 8.47 (d, J = 7.5 Hz, 1H, 

ArH), 7.99 (s, 1H, NCHCI), 7.65 (d, J = 8.5 Hz, 1H, ArH), 7.59 (t, J = 7.5 Hz, 1H, ArH), 7.51 – 7.45 

(m, 2H, ArH), 7.35 (m, 2H, ArH), 6.94 (d, J = 8.3 Hz, 1H, ArH), 4.54 (t, J = 5.0 Hz, 2H, CH2), 4.20 

(t, J = 5.0 Hz, 2H, CH2), 1.09 (dd, J = 8.7, 5.6 Hz, 3H, SiCH(CH3)2), 1.01 (d, J = 7.1 Hz, 18H, 

SiCH(CH3)2). 13C NMR (101 MHz, CDCl3) δ 167.0, 138.8, 137.1, 133.2, 133.2, 132.4, 130.4, 129.1, 

125.3, 124.0, 122.4, 119.7, 115.8, 111.0, 78.3, 62.3, 49.8, 17.7, 11.6. IR ν 2942 (w), 2890 (w), 2865 

(m), 1716 (w), 1604 (s), 1555 (w), 1500 (w), 1458 (w), 1358 (m), 1249 (m), 1169 (w), 1115 (w), 

1015 (w), 883 (m), 831 (m). HRMS (ESI) calcd for C26H35INO3Si+ [M+H]+ 564.1425; found 

564.1431. The structure of the obtained regioisomer was assigned by NMR correlation to compound 

6.1.10b. 

5,6-Dimethoxy-1-(3-1-Methyl-1H-indole)- 1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.10l) 

Starting from commercially available 1-methyl-1-H-indole 6.1.7a (26.2 mg, 

0.100 mmol) and 5,6-dimethoxy-3-oxobenzo[d][1,2]iodaoxol-1(3H)-yl acetate 

1.3.31 (81.0 mg, 0.220 mmol, 1.10 equiv.), after 16 hours 1-(3-1-methyl-1H-

indole)-3,3-dimethyl-1,3-dihydro-1λ3-benzo[d][1,2]iodoxole 6.1.10l (49.0 mg, 

0.112 mmol, 56% yield) was obtained as a brown foam. Rf: 0.7 (DCM:MeOH 

9:1). 1H NMR (400 MHz, CDCl3) δ 8.04 (s, 1H, ArH), 7.73 (s, 1H, ArH), 7.53 – 7.47 (m, 1H, ArH), 

7.43 (m, 1H, ArH), 7.40 (dd, J = 8.2, 1.2 Hz, 1H, ArH), 7.29 (ddd, J = 8.0, 7.1, 1.0 Hz, 1H, ArH), 

6.12 (s, 1H, ArH), 4.03 (s, 3H, Me), 3.87 (s, 3H, Me), 3.20 (s, 3H, Me). 13C NMR (101 MHz, CDCl3) 

δ 167.2, 153.2, 150.9, 139.3, 137.4, 129.1, 126.4, 124.2, 122.5, 119.9, 113.3, 110.6, 107.3, 104.9, 

79.0, 56.3, 55.7, 33.9. IR ν 3113 (w), 2942 (w), 1603 (s), 1499 (s), 1455 (m), 1394 (s), 1330 (s), 1270 

(s), 1212 (s), 1131 (m), 1017 (m).  HR-ESI-MS 438.0197 ([M+H]+, C18H17INO4
+; calc. for 

438.0197). The structure of the obtained regioisomer was assigned by NMR correlation to compound 

6.1.13a 
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5-Nitro-1-(3-1-Methyl-1H-indole)- 1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.10m) 

Starting from commercially available 1-methyl-1-H-indole 6.1.7a (26.2 mg, 

0.100 mmol) and 5-nitro-3-oxobenzo[d][1,2]iodaoxol-1(3H)-yl acetate 1.3.33 

(77.0 mg, 0.220 mmol, 1.10 equiv.), after 16 hours 5-nitro-1-(3-1-Methyl-1H-

indole)- 1H-1λ3 -benzo[b]iodo-3(2H)-one 6.1.10m (36.5 mg, 86.0 µmol, 43% 

yield) was obtained as a yellow amorphous solid. The compound has low 

solubility in organic solvents, it is highly unstable and tends to decompose under air and in acidic 

solvents. Rf: 0.2 (DCM:MeOH 9:1). 1H NMR (400 MHz, CDCl3+AcOH) δ 9.10 (d, J = 2.6 Hz, 1H, 

ArH), 8.03 (dd, J = 8.9, 2.6 Hz, 1H, ArH), 7.73 (s, 1H, ArH), 7.50 (dt, J = 8.4, 1.0 Hz, 1H, ArH), 

7.42 (ddd, J = 8.4, 7.0, 1.2 Hz, 1H, ArH), 7.37 (dt, J = 8.1, 1.0 Hz, 1H, ArH), 7.28 (ddd, J = 8.0, 7.0, 

1.0 Hz, 1H, ArH), 6.97 (d, J = 9.0 Hz, 1H, ArH, 3.98 (s, 3H, CH3N). 13C NMR (101 MHz, CDCl3 

+AcOH) δ 150.5, 138.6, 137.7, 128.9, 127.3, 127.3, 126.9, 126.7, 124.9, 124.9, 123.3, 121.7, 119.7, 

111.1, 88.6, 30.9. HRMS (ESI) calcd for C16H12IN2O4
+ [M+H]+ 422.9836; found 422.9847. The 

structure of the obtained regioisomer was assigned by NMR correlation to compound 6.1.13a 

1-(3-1-Methyl-1H-pyrrolo[2,3-b]pyridine)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.10n) 

Starting from commercially available 1-methyl-1H-pyrrolo[2,3-b]pyridine 

(132 mg, 1.00 mmol), after 16 hours 1-(3-1-methyl-1H-pyrrolo[2,3-

b]pyridine)-1H-1λ3 -benzo[b]iodo-3(2H)-one 6.1.10n (114 mg, 0.301 mmol, 

30% yield) was obtained as a brown amorphous solid. Rf: 0.2 (DCM:MeOH 

9:1). 1H NMR (400 MHz, CD2Cl2) δ 8.37 (dd, J = 4.7, 1.6 Hz, 1H, ArH), 8.06 (dd, J = 7.9, 1.2 Hz, 

1H, ArH), 7.96 (dd, J = 7.9, 1.7 Hz, 1H, ArH), 7.92 (dd, J = 7.9, 1.7 Hz, 1H, ArH), 7.46 (td, J = 7.7, 

1.2 Hz, 1H, ArH), 7.25 – 7.19 (m, 2H, ArH), 7.14 (dd, J = 7.9, 4.7 Hz, 1H, ArH), 3.86 (s, 3H, CH3N). 

13C NMR (101 MHz, CD2Cl2) δ 168.6, 144.4, 142.3, 134.3, 133.8, 132.1, 128.7, 127.0, 126.3, 118.8, 

116.5, 103.2, 94.9, 31.7 (one Carbon signal not resolved). IR ν 2925 (w), 2852 (w), 1719 (s), 1599 

(m), 1585 (m), 1468 (m), 1408 (w), 1348 (w), 1289 (m), 1262 (s), 1136 (m), 1103 (w), 1042 (w), 

1017 (m), 976 (w). HRMS (ESI) calcd for C15H12IN2O2
+ [M+H]+ 378.9938; found 378.9945. The 

structure of the obtained regioisomer was assigned by NMR correlation to compound 6.1.10b. 

1-(3-9-Methyl-9H-carbazole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.10o) 

Starting from commercially available 9-methyl-9H-carbazole (181 mg, 

1.00 mmol), after 16 hours 1-(3-9-methyl-9H-carbazole)-1H-1λ3 -

benzo[b]iodo-3(2H)-one 6.1.10o (110 mg, 0.257 mmol, 33% yield) was 
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obtained as a grey amorphous solid. Rf: 0.2 (DCM:MeOH 9:1). 1H NMR (400 MHz, CDCl3) δ 8.67 

(d,  J = 1.6 Hz, 1H, ArH), 8.47 (dd, J = 7.5, 1.7 Hz, 1H, ArH), 8.14 (d, J = 7.9 Hz, 1H, ArH), 7.96 

(dd,  J = 8.5, 1.6 Hz, 1H, ArH), 7.63 (ddd, J = 8.4, 7.1, 1.2 Hz, 1H, ArH), 7.59 (d, J = 8.5 Hz, 1H, 

ArH), 7.57 – 7.52 (m, 2H, ArH), 7.37 (td, J = 7.5, 1.2 Hz, 1H, ArH), 7.30 (ddd, J = 8.5, 7.1, 1.7 Hz, 

1H, ArH), 6.69 (dd, J = 8.5, 0.9 Hz, 1H, ArH), 3.98 (s, 3H, NCH3). 13C NMR (101 MHz, CDCl3) δ 

166.5, 142.4, 141.4, 133.4, 133.3, 132.7, 130.6, 130.0, 127.7, 125.8, 125.7, 121.4, 120.8, 120.7, 116.3, 

112.0, 109.3, 101.8, 53.4, 29.5. IR ν 3082 (w), 2974 (w), 2924 (w), 2816 (w), 1652 (s), 1588 (w), 

1570 (w), 1456 (w), 1440 (m), 1295 (m), 1245 (w), 1139 (w), 1017 (w), 982 (m), 831 (w). HRMS 

(ESI) calcd for C20H15INO2
+ [M+H]+ 428.0142; found 428.0147. 

1-(3-1-Methyl-1H-indole)-3,3-dimethyl-1,3-dihydro-1λ3-benzo[d][1,2]iodoxole (6.1.11) 

Starting from commercially available 1-methyl-1-H-indole (26.2 mg, 0.100 

mmol) and 3,3-dimethyl-1λ3-benzo[d][1,2]iodoxol-1(3H)-yl acetate 1.3.22 

(70.4 mg, 0.220 mmol, 1.10 equiv.), after 16 hours 1-(3-1-methyl-1H-indole)-

3,3-dimethyl-1,3-dihydro-1λ3-benzo[d][1,2]iodoxole 6.1.11 (40.1 mg, 0.102 

mmol, 51% yield) was obtained as a brown foam. Rf: 0.7 (DCM:MeOH 9:1). 1H NMR (400 MHz, 

CDCl3) δ 7.92 (s, 1H, NCHCI), 7.54 (m, 1H, ArH), 7.47 (m, 1H, ArH), 7.45 – 7.40 (m, 3H, ArH), 

7.34 (ddd, J = 8.0, 6.9, 1.0 Hz, 1H, ArH), 7.08 (ddd, J = 8.7, 5.8, 2.9 Hz, 1H, ArH), 6.87 (m, 1H, 

ArH), 4.02 (s, 3H, NCH3), 1.75 (s, 6H, C(CH3)2). 13C NMR (101 MHz, CDCl3) δ 146.3, 140.2, 137.7, 

130.9, 130.4, 128.9, 128.7, 127.0, 124.8, 123.3, 119.6, 111.0, 108.9, 74.6, 72.9, 34.2, 30.5. IR ν 3115 

(w), 3050 (w), 2986 (w), 1509 (w), 1455 (w), 1372 (w), 1284 (s), 1247 (s), 1225 (m), 1166 (m), 1110 

(w), 1031 (s), 992 (w). HRMS (ESI) calcd for C18H19INO+ [M+H]+ 392.0506; found 392.0510.  The 

structure of the obtained regioisomer was assigned by NMR correlation to compound 6.1.9. 

1-(3-1H-Pyrrole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.13a) 

Starting from 1-(tert-butyldimethylsilyl)-1H-pyrrole 6.1.12a (181 mg, 1.00 

mmol) and using Sc(OTf)3 as the Lewis Acid (20 mol%), after 16 hours 1-(3-

1H-pyrrole)- 1H-1λ3 -benzo[b]iodo-3(2H)-one 6.1.13a (225 mg, 0.719 mmol, 

72% yield) was obtained as a slightly brown solid. Rf: 0.5 (DCM:MeOH 9:1). Mp: 147°C 

(decomposition). 1H NMR (400 MHz, CD3OD) δ 8.40 (dd, J = 7.5, 1.7 Hz, 1H, ArH), 7.72 (d, J = 

7.4 Hz, 1H, ArH), 7.68 – 7.59 (m, 2H, ArH), 7.23 (t, J = 2.4 Hz, 1H, ArH), 7.14 (d, J = 8.2 Hz, 1H, 

ArH), 6.74 (dd, J = 2.8, 1.5 Hz, 1H, ArH) (NH signal exchanges with CD3OD). 13C NMR (101 MHz, 

CD3OD) δ 170.3, 135.0, 134.4, 132.9, 131.5, 130.4, 128.0, 123.7, 117.3, 115.9, 83.4. IR ν 3484 (w), 

1607 (w), 1558 (w), 1439 (w), 1397 (w), 1260 (s), 1236 (s), 1174 (s), 1084 (w), 1050 (m), 1038 (m), 
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903 (w), 882 (w). HRMS (ESI) calcd for C11H9INO2
+ [M+H]+ 313.9673; found 313.9673. The 

structure of the reagent was assigned based on X-Ray diffraction (CCDC number 1541174). 

1-(3-1-Methyl-1H-pyrrole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.13c) and 1-(2-1-methyl-1H-

pyrrole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.13b) 

Starting from commercially available 1-methyl-1H-

pyrrole (0.890 ml, 1.00 mmol), after 12 hours 1-(3-1-

methyl-1H-pyrrole)-1H-1λ3 -benzo[b]iodo-3(2H)-one 

6.1.13b and 1-(2-1-methyl-1H-pyrrole)-1H-1λ3 -

benzo[b]iodo-3(2H)-one 6.1.13c were obtained as a 1:1 mixture (overall yield 95%) as an off-white, 

sticky amorphous solid. Rf: 0.5 (DCM:MeOH 9:1). The two compounds were separated by slow flash 

column chromatography (EtOAc:MeOH 9:1). The structure of the obtained regioisomers were 

assigned by NMR correlation to compound 6.1.13a. 

 

1-(3-1-methyl-1H-pyrrole)-1H-1λ3 -benzo[b]iodo-3(2H)-one 6.1.13c (158 

mg, 0.483 mmol, 48% yield; off-white, sticky amorphous solid). Rf: 0.25 

(EtOAc:MeOH 9:1). 1H NMR (400 MHz, CD3OD) δ 8.15 (dd, J = 7.5, 1.7 

Hz, 1H, ArH), 7.53 (td, J = 7.3, 1.1 Hz, 1H, ArH), 7.49 – 7.40 (m, 2H, ArH), 

7.04 – 6.98 (m, 2H, ArH), 6.58 (d, J = 1.2 Hz, 1H, ArH), 3.85 (s, 3H, NMe). 13C NMR (101 MHz, 

CD3OD) δ 170.0, 134.9, 134.2, 133.4, 132.8, 131.5, 127.9, 127.7, 117.4, 116.6, 82.8, 37.1. IR ν 3447 

(w), 3106 (w), 2947 (w), 2863 (w), 1603 (s), 1591 (m), 1558 (m), 1512 (m), 1437 (w), 1354 (m), 

1294 (w), 1110 (m), 1083 (w), 1007 (w), 829 (m). HRMS (ESI) calcd for C12H11INO2
+ [M+H]+ 

327.9829; found 327.9831. DSC-analysis was performed on compound 6.1.13b: see par.5 of 

Supplementary informations. 

 

1-(2-1-methyl-1H-pyrrole)-1H-1λ3 -benzo[b]iodo-3(2H)-one 6.1.13b (152 mg, 

0.465 mmol, 47% yield; off-white, sticky amorphous solid) Rf: 0.3 

(EtOAc:MeOH 9:1). 1H NMR (400 MHz, CD3OD) δ 8.24 (dd, J = 7.5, 1.6 Hz, 

1H, ArH), 7.65 (td, J = 7.4, 1.0 Hz, 1H, ArH), 7.55 (m, 1H, ArH), 7.27 (t, J = 2.1 

Hz, 1H, ArH), 7.01 (dd, J = 3.9, 1.6 Hz, 1H, ArH), 6.72 (dd, J = 8.3, 1.0 Hz, 1H, ArH), 6.43 (dd, J = 

3.9, 2.1 Hz, 1H, ArH), 3.78 (s, 1H, NCH3). 13C NMR (101 MHz, CD3OD) δ 170.1, 135.5, 134.2, 

133.2, 131.9, 131.4, 127.7, 126.6, 119.4, 112.9, 96.0, 37.4. IR ν 3415 (w), 3105 (w), 3049 (w), 2950 
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(w), 1604 (s), 1584 (m), 1558 (w), 1508 (w), 1437 (w), 1346 (m), 1288 (m), 1223 (w), 1149 (w), 

1091 (w), 1047 (w), 1005 (w), 829 (m). HRMS (ESI) calcd for C12H11INO2
+ [M+H]+ 327.9829; 

found 327.9842. DSC-analysis was performed on compound 6.1.13c: see par.5 of Supplementary 

informations. 

1-(3-1-benzyl-1H-pyrrole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.13e) and 1-(2-1-benzyl-1H-

pyrrole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.13d) 

Starting from commercially available 1-methyl-1H-

pyrrole (0.890 ml, 1.00 mmol), after 12 hours 1-(3-

1-benzyl-1H-pyrrole)-1H-1λ3 -benzo[b]iodo-

3(2H)-one 6.1.13e and 1-(2-1-benzyl-1H-pyrrole)-

1H-1λ3 -benzo[b]iodo-3(2H)-one 6.1.13d were 

obtained in 3:1 mixture (overall yield 86%), as a 

colorless amorphous solid. Rf: 0.7 (DCM:MeOH 9:1). The two compounds were separated by slow 

flash column chromatography (EtOAc:MeOH 9:1). The structure of the obtained regioisomers were 

assigned by NMR correlation to compound 6.1.13a. 

 

1-(3-1-benzyl-1H-pyrrole)-1H-1λ3 -benzo[b]iodo-3(2H)-one 6.1.13e 

(260 mg, 0.645 mmol, 65% yield) as a colorless foam. Rf: 0.46 

(EtOAc:MeOH 9:1). 1H NMR (400 MHz, 2:1 mixture CD3OD:C6D6, 

refered to CD3OD) δ 8.29 (dd, J = 7.5, 1.7 Hz, 1H, ArH), 7.36 (t, J = 

7.3 Hz, 1H, ArH), 7.30 – 7.20 (m, 3H ArH + C6D6), 7.18 – 7.08 (m, 3H, ArH), 6.97 (d, J = 2.0 Hz, 

1H, ArH), 6.83 – 6.78 (m, 2H, ArH), 6.30 (dd, J = 3.0, 1.7 Hz, 1H, ArH), 4.93 (s, 2H, NCH2Ph). 13C 

NMR (101 MHz, 2:1 mixture CD3OD:C6D6, refered to CD3OD) δ 168.7, 136.8, 133.5, 133.0, 131.8, 

130.9, 130.3, 128.8, 128.1, 127.4, 126.2, 125.5, 116.3, 115.3, 82.4, 53.5. IR ν 3409 (w), 3114 (w), 

2971 (w), 1609 (s), 1585 (m), 1558 (w), 1456 (w), 1438 (w), 1365 (m), 1277 (s), 1160 (w), 1079 (w), 

1032 (m), 835 (w). HRMS (ESI) calcd for C18H15INO2
+ [M+H]+ 404.0142; found 404.0140. 
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1-(2-1-benzyl-1H-pyrrole)-1H-1λ3 -benzo[b]iodo-3(2H)-one 6.1.13d (85.0 mg, 

0.211 mmol, 21% yield) as a colorless foam. Rf: 0.5 (EtOAc:MeOH 9:1). 1H 

NMR (400 MHz, 2:1 mixture CD3OD:C6D6, referered to CD3OD) δ 8.18 (dd, J 

= 7.5, 1.6 Hz, 1H, ArH), 7.28 (t, J = 7.4 Hz, 1H, ArH), 7.10 (t, J = 2.2 Hz, 1H, 

ArH), 6.92 (m, J = 7.6, 2.9 Hz, 6H, ArH + C6D6), 6.71 (dd, J = 3.9, 1.7 Hz, 1H, 

ArH), 6.35 (t, J = 3.4 Hz, 1H, ArH), 6.23 (d, J = 8.3 Hz, 1H, ArH), 4.90 (s, 2H, 

NCH2Ph). 13C NMR (101 MHz, 2:1 mixture CD3OD:C6D6, referered to CD3OD) δ 169.8, 136.9, 

134.6, 132.7, 131.2, 131.1, 129.5, 129.0, 128.5, 127.2, 119.2, 112.9, 94.8, 54.7 (two Carbon signals 

under the deuterated benzene). IR ν 3109 (w), 3064 (w), 2968 (w), 2875 (w), 1609 (s), 1585 (m), 

1558 (w), 1503 (w), 1456 (w), 1440 (w), 1357 (m), 1277 (w), 1103 (m), 1079 (w), 1032 (w), 1031 

(w), 830 (w). HRMS (ESI) calcd for C18H15INO2
+ [M+H]+ 404.0142; found 404.0140. 

 

1-(2-1-Methyl-1H-pyrrole)-3,3-bis(trifluoromethyl)-1,3-dihydro-1λ3-benzo[d][1,2]iodaoxole 

(6.1.6a) and 1-(3-1-methyl-1H-pyrrole)-3,3-bis(trifluoromethyl)-1,3-dihydro-1λ3-

benzo[d][1,2]iodaoxole (6.1.6b) 

Starting from commercially available 1-methyl-1H-

pyrrole (17.8 µl, 0.200 mmol) and 1-acetoxy-1,3-

dihydro-3,3-bis(trifluoromethyl)-1,2-benziodoxole 

1.3.30 (94.0 mg, 0.220 mmol, 1.10 equiv.), after 12 

hours 1-(2-1-methyl-1H-pyrrole)-3,3-bis(trifluoromethyl)-1,3-dihydro-1λ3-benzo[d][1,2]iodaoxole 

6.1.6a and 1-(3-1-methyl-1H-pyrrole)-3,3-bis(trifluoromethyl)-1,3-dihydro-1λ3-

benzo[d][1,2]iodaoxole 6.1.6b were obtained in 1:1 mixture (81.5 mg, 182 mmol, overall yield 90%), 

as a slightly grey amorphous solid. Rf: 0.5 (DCM:MeOH 9:1). The two compounds were separated 

by slow flash column chromatography (EtOAc:MeOH 20:1). The structure of the obtained 

regioisomers were assigned by NMR correlation to compound 6.1.13a. 

1-(2-1-methyl-1H-pyrrole)-3,3-bis(trifluoromethyl)-1,3-dihydro-1λ3-

benzo[d][1,2]iodaoxole 6.1.6a (41.2 mg, 92.0 µmol, 45% yield); colorless foam. 

Rf: 0.50 (EtOAc:MeOH 9:1). IR ν 3734 (w), 3702 (w), 3628 (w), 1716 (w), 1509 

(w), 1459 (w), 1288 (m), 1265 (s), 1214 (m), 1181 (s), 1158 (s), 966 (m), 951 (m), 

914 (w). 1H NMR (400 MHz, CDCl3) δ 7.86 (dd, J = 7.7, 1.3 Hz, 1H, ArH), 7.57 (td, J = 7.4, 1.1 Hz, 

1H, ArH), 7.41 (ddd, J = 8.5, 7.1, 1.5 Hz, 1H, ArH), 6.97 (dd, J = 2.7, 1.6 Hz, 1H, ArH), 6.78 (dd, J 

= 3.8, 1.6 Hz, 1H, ArH), 6.63 (dd, J = 8.3, 1.1 Hz, 1H, ArH), 6.34 (dd, J = 3.8, 2.7 Hz, 1H, ArH), 
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3.68 (s, 3H, NCH3).  13C NMR (101 MHz, CDCl3) δ 132.3, 131.3, 130.5, 130.2, 128.3, 126.4, 124.2, 

122.6 (m), 114.3, 111.3, 102.5, 81.40 (dt, J = 57.9, 29.6 Hz), 37.0. HR-APCI-MS 449.9771 ([M+H]+, 

C14H11F6INO+; calc. for 449.9784). The structure of the obtained regioisomer was assigned by NMR 

correlation to  compound 6.1.13a. 

1-(3-1-methyl-1H-pyrrole)-3,3-bis(trifluoromethyl)-1,3-dihydro-1λ3-

benzo[d][1,2]iodaoxole 6.1.6b (40.3 mg, 90.0 µmol, 45% yield); slightly grey 

amorphous foam. Rf: 0.48 (EtOAc:MeOH 9:1). IR ν 2938 (w), 2929 (w), 

1718 (w), 1510 (w), 1464 (w), 1264 (s), 1181 (s), 1161 (s), 1108 (w), 966 (m), 949 (m). 1H NMR 

(400 MHz, CDCl3) δ 7.82 (m, 1H, ArH), 7.52 (ddd, J = 7.8, 7.1, 1.1 Hz, 1H, ArH), 7.37 (ddd, J = 8.5, 

7.1, 1.5 Hz, 1H, ArH), 7.08 (dd, J = 8.3, 1.1 Hz, 1H, ArH), 6.99 (t, J = 1.9 Hz, 1H, ArH), 6.76 (dd, J 

= 2.7, 2.1 Hz, 1H, ArH), 6.42 (dd, J = 2.8, 1.7 Hz, 1H, ArH), 3.80 (s, 3H, NCH3). 13C NMR (101 

MHz, CDCl3) δ 131.6, 131.3, 130.4, 129.9, 129.8, 126.9, 125.38, 124.19 (q, J = 291.5 Hz), 115.77, 

112.69, 89.21, 81.47 (p, J = 28.7 Hz), 36.65. HR-APCI-MS 449.9771 ([M+H]+, C14H11F6INO+; calc. 

for 449.9784). The structure of the obtained regioisomer was assigned by NMR correlation to 

compound 6.1.13a. 

 

1-(2-1-Methyl-1H-pyrrole)-3,3-dimethyl-1,3-dihydro-1λ3-benzo[d][1,2]iodoxole (6.1.14a) and 1-

(3-1-methyl-1H-pyrrole)-3,3-dimethyl-1,3-dihydro-1λ3-benzo[d][1,2]iodoxole (6.1.14b) 

Starting from commercially available 1-methyl-1H-

pyrrole (17.8 µl, 0.200 mmol) and 3,3-dimethyl-1λ3-

benzo[d][1,2]iodoxol-1(3H)-yl acetate 1.3.24 (70.4 mg, 

0.220 mmol, 1.10 equiv.), after 12 hours 1-(2-1-Methyl-

1H-pyrrole)-3,3-dimethyl-1,3-dihydro-1λ3-benzo[d][1,2]iodoxole 6.1.14a and 1-(3-1-methyl-1H-

pyrrole)-3,3-dimethyl-1,3-dihydro-1λ3-benzo[d][1,2]iodoxole 6.1.14b were obtained in 1:9 

unseparable mixture (62.0 mg, 0.182 mmol, overall yield 91%), as a slightly grey amorphous solid. 

Rf: 0.4 (DCM:MeOH 20:1). NB: the reagent is unstable in acidic deuterated solvents and it 

decompose in short time, we recommend the immediate use after the synthesis. The proton and 

carbon NMRs present about 2% of the open protonated alcohol form.  IR ν 3115 (w), 2986 (w), 

1614 (w), 1509 (w), 1455 (w), 1372 (w), 1284 (s), 1247 (s), 1225 (m), 1163 (m), 1110 (w), 1031 (s), 

992 (w). 1H NMR (400 MHz, CD2Cl2) on a maj:min (9:1) δ 7.53 (m, 0.26H, 2 ArH min), 7.50 (dd, J 

= 7.0, 1.0 Hz, 1H, ArH maj), 7.45 (dd, J = 7.8, 1.8 Hz, 1H, ArH maj), 7.33 (t, J = 2.0 Hz, 1H, ArH 

maj), 7.28 (dtd, J = 8.7, 7.0, 6.5, 1.8 Hz, 1.24H, ArH maj + 2H ArH min), 7.23 (dd, J = 2.9, 1.7 Hz, 
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0.12H, ), 7.04 (dd, J = 8.4, 1.1 Hz, 1H, ArH maj), 6.94 (dd, J = 2.9, 2.1 Hz, 1H, ArH maj), 6.66 (dd, 

J = 8.4, 0.9 Hz, 0.12H, ArH min), 6.57 (dd, J = 3.0, 1.8 Hz, 1H, ArH maj), 6.48 (dd, J = 4.1, 2.8 Hz, 

0.12H, ArH min), 3.85 (s, 3.32H, NCH3 maj+min), 1.68 (s, 6.73H, N(CH3)2 maj+min). Major 

regioisomer C3 6.1.14b: 13C NMR (101 MHz, CD2Cl2) δ 146.4, 133.4, 131.5, 131.0, 129.0, 127.7, 

127.7, 116.5, 109.9, 77.8, 75.1, 37.8, 30.8. Minor regioisomer C2 6.1.14a: 13C NMR (101 MHz, 

CD2Cl2) δ 146.6, 132.6, 131.9, 129.5, 128.4, 127.4, 122.6, 119.4, 113.6, 89.3, 75.4, 37.9, 30.8. (the 

last two overlap with the major regioisomers). HR-ESI-MS 342.0350 ([M+H]+, C14H17INO+; calc. 

for 342.0349). The structure of the obtained regioisomer was assigned by NMR correlation to  

compound 6.1.13a. 

 

5,6-Dimethoxy-1-(2-1-methyl-1H-pyrrole)- 1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.13f) and 5,6-

dimethoxy-1-(3-1-methyl-1H-pyrrole)- 1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.13g) 

Starting from commercially available 1-methyl-1H-pyrrole 

(17.8 µl, 0.200 mmol) and 5,6-dimethoxy-3-

oxobenzo[d][1,2]iodaoxol-1(3H)-yl acetate 1.3.31 (81.0 mg, 

0.220 mmol, 1.10 equiv.), after 12 hours 5,6-dimethoxy-1-(2-

1-methyl-1H-pyrrole)- 1H-1λ3 -benzo[b]iodo-3(2H)-one 6.1.13f and 5,6-dimethoxy-1-(3-1-methyl-

1H-pyrrole)- 1H-1λ3 -benzo[b]iodo-3(2H)-one 6.1.13g were obtained in 1:2 mixture (77.0 mg, 0.199 

mmol, overall yield 99%), as a yellow foam. Rf: 0.40 (DCM:MeOH 9:1). The two compounds were 

separated by slow flash column chromatography (EtOAc:MeOH 20:1). The structure of the obtained 

regioisomers were assigned by NMR correlation to compound 6.1.13a. 

5,6-dimethoxy-1-(2-1-methyl-1H-pyrrole)- 1H-1λ3 -benzo[b]iodo-3(2H)-one 

6.1.13f (26.0 mg, 67.0 µmol, 33% yield); yellow foam. Rf: 0.40 (EtOAc:MeOH 

9:1). 1H NMR (400 MHz, CDCl3) δ 7.88 (s, 1H, ArH), 7.07 (dd, J = 2.8, 1.6 Hz, 

1H, ArH), 6.92 (dd, J = 3.9, 1.6 Hz, 1H, ArH), 6.42 (dd, J = 3.9, 2.8 Hz, 1H, ArH), 

5.83 (s, 1H, ArH), 3.95 (s, 3H, Me), 3.76 (s, 3H, Me), 3.57 (s, 3H, Me). 13C NMR (101 MHz, CDCl3) 

δ 166.8, 154.1, 151.5, 129.3, 126.5, 125.3, 113.6, 112.1, 107.6, 106.2, 98.0, 56.6, 56.1, 37.4. IR ν 

3104 (w), 2942 (w), 2848 (w), 1607 (s), 1562 (s), 1498 (s), 1392 (s), 1270 (s), 1212 (s), 1182 (m), 

1019 (m).  HR-ESI-MS 388.0034 ([M+H]+, C14H15INO4
+; calc. for 388.0040). The structure of the 

obtained regioisomer was assigned by NMR correlation to  compound 6.1.13a. 
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5,6-dimethoxy-1-(3-1-methyl-1H-pyrrole)- 1H-1λ3 -benzo[b]iodo-3(2H)-one 

6.1.13g (51.0 mg, 0.132 mmol, 66% yield); yellow foam. Rf: 0.38 

(EtOAc:MeOH 9:1). 1H NMR (400 MHz, CDCl3) δ 7.84 (s, 1H, ArH), 7.25 (d, 

J = 1.9 Hz, 1H, ArH), 6.84 (s, 1H, ArH), 6.54 (m, 1H, ArH), 6.36 (s, 1H, ArH), 

3.94 (s, 3H, Me), 3.85 (s, 3H, Me), 3.62 (s, 3H, Me).13C NMR (101 MHz, CDCl3) δ 167.0, 153.3, 

151.0, 131.3, 126.6, 125.9, 115.7, 113.4, 107.3, 105.6, 85.0, 56.4, 56.0, 37.0. IR ν 3109 (w), 2941 

(w), 2850 (w), 1609 (m), 1562 (s), 1498 (s), 1392 (s), 1326 (m), 1270 (s), 1212 (s), 1182 (w), 1128 

(w), 1019 (m).  HR-ESI-MS 388.0035 ([M+H]+, C14H15INO4
+; calc. for 388.0040). The structure of 

the obtained regioisomer was assigned by NMR correlation to  compound 6.1.13a. 

4-Fluoro-1-(2-1-methyl-1H-pyrrole)- 1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.13h) and 4-Fluoro-1-

(3-1-methyl-1H-pyrrole)- 1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.13i) 

 

Starting from commercially available 1-methyl-1H-pyrrole 

(17.8 µl, 0.200 mmol) and 4-fluoro-3-oxo-1λ3-

benzo[d][1,2]iodaoxol-1(3H)-yl acetate 1.3.32 (71.3 mg, 0.220 

mmol, 1.10 equiv.), after 12 hours 4-Fluoro-1-(2-1-methyl-1H-

pyrrole)- 1H-1λ3 -benzo[b]iodo-3(2H)-one 6.1.13h and -Fluoro-1-(3-1-methyl-1H-pyrrole)- 1H-1λ3 -

benzo[b]iodo-3(2H)-one 6.1.13i were obtained in 1:3 mixture (44.1 mg, 0.128 mmol, overall yield 

64%), as a yellow foam. Rf: 0.40 (DCM:MeOH 9:1). The two compounds were separated by slow 

flash column chromatography (EtOAc:MeOH 20:1). The structure of the obtained regioisomers were 

assigned by NMR correlation to compound 6.1.13a. 

4-Fluoro-1-(2-1-methyl-1H-pyrrole)- 1H-1λ3 -benzo[b]iodo-3(2H)-one 6.1.13h 

(11.1 mg, 32.0 µmol, 16% yield); yellow foam. Rf: 0.36 (EtOAc:MeOH 9:1). 1H 

NMR (400 MHz, CDCl3) δ 7.45 – 7.28 (m, 2H, ArH), 7.07 (dd, J = 2.8, 1.6 Hz, 1H, 

ArH), 6.91 (dd, J = 3.9, 1.6 Hz, 1H, ArH), 6.48 (dt, J = 7.9, 1.0 Hz, 1H, ArH), 6.42 (dd, J = 3.9, 2.8 

Hz, 1H, ArH), 3.74 (s, 3H, NMe). 13C NMR (101 MHz, CDCl3) δ 152.6, 134.0, 133.9, 129.9, 125.6, 

121.6, 120.7, 120.6, 120.3, 120.0, 112.3, 37.3. IR ν 3105 (w), 2918 (w), 2851 (w), 1636 (s), 1593 

(m), 1564 (w), 1515 (w), 1449 (m), 1422 (w), 1325 (m), 1242 (m), 1112 (m).  HR-ESI-MS 345.9730 

([M+H]+, C12H10FINO2
+; calc. for 345.9735).  The structure of the obtained regioisomer was 

assigned by NMR correlation to  compound 6.1.13a. 
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4-Fluoro-1-(3-1-methyl-1H-pyrrole)- 1H-1λ3 -benzo[b]iodo-3(2H)-one 6.1.13h 

(33.0 mg, 96.0 µmol, 48% yield); yellow foam. Rf: 0.38 (EtOAc:MeOH 9:1). 

1H NMR (400 MHz, CDCl3) δ 7.32 (td, J = 8.1, 4.6 Hz, 1H, ArH), 7.27 – 7.22 

(m, 2H, ArH), 6.87 – 6.82 (m, 2H, ArH), 6.50 (dd, J = 2.9, 1.7 Hz, 1H, ArH), 

3.85 (s, 3H, NMe). 13C NMR (101 MHz, CDCl3) δ 164.6 (d, J = 266.7 Hz), 163.2, 133.11 (d, J = 8.6 

Hz), 131.3, 126.2, 121.80 (d, J = 12.7 Hz), 121.36 (d, J = 3.8 Hz), 119.8, 119.5 (d, J = 23.7 Hz), 

115.7, 85.9, 37.0. IR ν 2919 (m), 2851 (w), 1638 (s), 1612 (s), 1592 (m), 1452 (w), 1339 (w), 1311 

(w), 1287 (m), 1233 (w). HR-ESI-MS 345.9731 ([M+H]+, C12H10FINO2
+; calc. for 345.9735).  The 

structure of the obtained regioisomer was assigned by NMR correlation to compound 6.1.13a. 

5-Nitro-1-(2-1-Methyl-1H-pyrrole)-1H-1λ3-benzo[d][1,2]iodoxol-3-one (6.1.13j) and 5-Nitro-1-

(3-1-methyl-1H-pyrrole)-1H-1λ3-benzo[d][1,2]iodoxol-3-one (6.1.13k) 

Starting from commercially available 1-methyl-1H-pyrrole 

(17.8 µl, 0.200 mmol) and 1-acetoxy-5-nitro-1,2-benziodoxol-

3(1H)-one 1.3.33 (77.0 mg, 0.220 mmol, 1.10 equiv.), after 12 

hours 5-nitro-1-(2-1-methyl-1H-pyrrole)-1H-1λ3-

benzo[d][1,2]iodoxol-3-one 6.1.13j and 5-nitro-1-(3-1-

methyl-1H-pyrrole)-1H-1λ3-benzo[d][1,2]iodoxol-3-one 6.1.13k were obtained in 4:1 mixture (69.5 

mg, 0.187 mmol, overall yield 93%), as a yellow foam. Rf: 0.50 (DCM:MeOH 9:1). The two 

compounds were separated by slow flash column chromatography (EtOAc:MeOH 20:1). The 

structure of the obtained regioisomers were assigned by NMR correlation to compound 6.1.13a. 

5-nitro-1-(2-1-Methyl-1H-pyrrole)-1H-1λ3-benzo[d][1,2]iodoxol-3-one 6.1.13j 

(54.9 mg, 0.148 mmol, 74% yield); yellow foam. Rf: 0.50 (EtOAc:MeOH 9:1). NB: 

the reagent is unstable in acidic deuterated solvents and it decompose in short 

time, we recommend the immediate use after the synthesis. The proton NMR 

presents about 6% of the open protonated acidic form. 1H NMR (400 MHz, 

CDCl3) δ 9.13 (d, J = 2.6 Hz, 1H, ArH), 8.27 (dd, J = 8.8, 2.5 Hz, 1H, ArH), 7.13 (dd, J = 2.8, 1.5 

Hz, 1H, ArH), 6.97 (dd, J = 4.0, 1.6 Hz, 1H, ArH), 6.82 (d, J = 8.9 Hz, 1H, ArH), 6.47 (d, J = 1.1 Hz, 

1H, ArH), 3.80 (s, 3H, NMe).13C NMR (101 MHz, CDCl3) δ 164.9, 150.6, 135.6, 130.4, 127.8, 127.0, 

126.6, 126.0, 124.8, 112.7, 96.6, 37.5. IR ν 3103 (w), 2935 (w), 2925 (w), 2856 (w), 1785 (w), 1716 

(m), 1617 (m), 1530 (s), 1459 (w), 1346 (s), 1288 (m), 1250 (m). HR-ESI-MS 372.9690 ([M+H]+, 

C12H10IN2O4
++; calc. for 372.9680).  The structure of the obtained regioisomer was assigned by NMR 

correlation to compound 6.1.13a. 
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5-nitro-1-(3-1-Methyl-1H-pyrrole)-1H-1λ3-benzo[d][1,2]iodoxol-3-one 6.1.13k 

(14.6 mg, 0.039 mmol, 19% yield); yellow foam. Rf: 0.46 (EtOAc:MeOH 9:1). 

NB: the reagent is unstable in acidic deuterated solvents and it decompose in 

short time, we recommend the immediate use after the synthesis. The proton 

and carbon NMRs present about 8% of the open protonated acidic form. 1H NMR (400 MHz, 

CDCl3) δ 9.18 (d, J = 2.6 Hz, 1H, ArH), 8.24 (dd, J = 8.9, 2.7 Hz, 1H, ArH), 7.23 (t, J = 1.9 Hz, 1H, 

ArH), 7.20 (d, J = 8.9 Hz, 1H, ArH), 6.90 (m, 1H, ArH), 6.56 (dd, J = 2.9, 1.7 Hz, 1H, ArH), 3.89 (s, 

3H, NMe).13C NMR (101 MHz, CDCl3) δ 194.4, 150.5, 135.6, 131.3, 127.1, 126.8, 126.7, 126.6, 

122.3, 115.8, 84.2, 37.2. IR ν 3092 (w), 2957 (w), 2928 (w), 1716 (m), 1623 (m), 1529 (s), 1346 (s), 

1303 (w), 1109 (w), 1076 (w). HR-ESI-MS 372.9691 ([M+H]+, C12H10IN2O4
+; calc. for 

372.9680).  The structure of the obtained regioisomer was assigned by NMR correlation to  

compound 6.1.13a. 

1-(2-1H-Thiophene)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.15) 

Starting from commercially available thiophene (80.0 µL, 1.00 mmol) and using 

Sc(OTf)3 as the Lewis Acid (20 mol%), after 16 hours 1-(2-1H-thiophene)-1H-1λ3 

-benzo[b]iodo-3(2H)-one (6.1.15) (102 mg, 0.309 mmol, 31% yield) was obtained  

as a light yellow amorphous solid. Rf: 0.4 (DCM:MeOH 9:1). NB: the reagent is unstable in protic 

deuterated solvents and it decompose in short time, we recommend the immediate use after the 

synthesis. The proton NMR presents about 7% of the open protonated form. 1H NMR 1H NMR 

(400 MHz, CD3OD) δ 8.28 (dd, J = 7.5, 1.7 Hz, 1H, ArH), 8.05 (dd, J = 5.2, 1.2 Hz, 1H, ArH), 7.98 

(dd, J = 3.7, 1.2 Hz, 1H, ArH), 7.70 (td, J = 7.4, 0.9 Hz, 1H, ArH), 7.61 (ddd, J = 8.7, 7.2, 1.7 Hz, 

1H, ArH), 7.37 (dd, J = 5.3, 3.6 Hz, 1H, ArH), 6.92 (dd, J = 8.3, 0.9 Hz, 1H, ArH). 13C NMR (101 

MHz, CDCl3) δ 166.6, 141.5, 137.1, 134.1, 132.7, 131.0, 130.4, 125.2, 117.8, 104.2 (one aromatic 

Carbon signal not resolved). IR ν 3080 (w), 2958 (w), 2925 (m), 2853 (w), 1716 (w), 1622 (s), 1603 

(s), 1558 (m), 1438 (w), 1354 (w), 1341 (w), 1299 (w), 1223 (w), 1006 (w), 951 (w), 834 (w), 830 

(w). HRMS (ESI) calcd for C11H8IO2S
+ [M+H]+ 330.9284; found 330.9291. 
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1-(3-1H-2,5-dimethylfuran)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.16) 

Starting from commercially available 2,5-dimethylfuran (107 µL, 1.00 mmol) 

and using In(OTf)3 as the Lewis Acid (20 mol%), after 24 hours 1-(3-1H-2,5-

dimethylfuran)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.16) (47.0 mg, 0.137 

mmol, 14% yield) was obtained  as a brown resin. Rf: 0.3 (DCM:MeOH 9:1). 

1H NMR (400 MHz, CDCl3) δ 8.28 (dd, J = 7.4, 1.8 Hz, 1H, ArH), 7.50 (t, J = 7.3 Hz, 1H, ArH), 

7.43 (td, J = 7.7, 7.3, 1.8 Hz, 1H, ArH), 7.00 (d, J = 8.1 Hz, 1H, ArH), 6.21 (s, 1H, ArH), 2.42 (s, 3H, 

FuraneCH3), 2.31 (s, 3H, FuraneCH3). 13C NMR (101 MHz, CDCl3) δ 166.9, 158.9, 154.2, 133.5, 

133.1, 132.4, 130.4, 125.4, 115.0, 110.4, 88.0, 13.4, 13.2. IR ν 3430 (w), 3111 (w), 3065 (w), 2923 

(w), 2854 (w), 1607 (s), 1559 (m), 1438 (m), 1348 (m), 1298 (w), 1229 (w), 1128 (w), 1039 (w), 

1007 (w), 926 (w), 831 (m). HRMS (ESI) calcd for C13H12IO3
+ [M+H]+ 342.9826; found 342.9827. 

Preparation of Deuterated IndoleBX (6.1.10aD). 

 

Following a reported procedure, a flame dried flask is charged with freshly distilled 1-methyl-1H-

indole 6.1.7a (0.374 ml, 3.00 mmol) and then flushed with argon. Anhydrous THF (9 mL, 0.3 M) is 

added, and the reaction is allowed to stir until all the 1-methylindole is dissolved. The solution is 

cooled to 0 °C, and nBuLi 2.5 M (1.80 mL, 4.50 mmol, 1.5 equiv.) is added dropwise. The resulting 

solution is allowed to warm to ambient temperature, and allowed to stir for an additional 20 minutes. 

Then, D2O (1.20 mL, 60.0 mmol, 20.0 equiv.) is added dropwise. After the solution is fully quenched 

with D2O, it is extracted with hexane (5x3 mL). Then the organic phase is dried over Na2SO4 and the 

solvent is removed in vacuo. The final product 6.1.7aD was purified by distillation from molecular 

sieves. The product was 88 % enriched with deuterium in the 2-position, as determined by 1H NMR. 

Following GP7, 1-(2‐D‐1‐methylindole)-1H-1λ3-benzo[b]iodo-3(2H)-one 6.1.10aD (215 mg, 0.569 

mmol, 56.9 % yield) is obtained as a slightly brown foam. The product was 88 % enriched with 

deuterium in the 2-position, as determined by 1H NMR. Rf: 0.28 (DCM:MeOH 9:1). IR ν 3057 (w), 

2945 (w), 2326 (w), 1601 (s), 1555 (m), 1474 (m), 1415 (m), 1359 (m), 1277 (m), 1262 (m), 1157 

(w), 1032 (m), 899 (m), 832 (m). 1H NMR (400 MHz, CDCl3:AcOH 10:1) δ 8.22 (dd, J = 7.5, 1.7 

Hz, 1H, ArH), 8.02 (s, 0.12H, CH + CD), 7.48 (d, J = 8.3 Hz, 1H, ArH), 7.40 – 7.33 (m, 2H, ArH), 
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7.32 (d, J = 7.9 Hz, 1H, ArH), 7.22 (t, J = 7.5 Hz, 1H, ArH), 7.18 (ddd, J = 8.6, 5.8, 2.3 Hz, 1H, ArH), 

6.76 (d, J = 8.3 Hz, 1H, ArH), 4.00 (s, 3H, NCH3). 13C NMR (101 MHz, CDCl3) δ 167.3, 139.3 (m, 

C-D), 137.4, 133.2, 133.0, 132.1, 130.2, 129.1, 125.5, 123.9, 122.3, 119.5, 115.8, 110.7, 77.3, 33.8. 

HR-ESI-MS 378.9989 ([M+H]+, C16H13INO2
+; calc. for 378.9987). 
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12.4.3 Preparation of β-Phenyliodonioindole Tetrafluoroborate (6.1.10salt). 

 

Following a reported procedure,333 to a stirred solution of fine crushed KOH (5.61 g, 100 mmol, 5.00 

equiv.) in MeOH (20.0 mL, 1.0 M), commercially available 1H-indole (2.34 g, 20.0 mmol, 1.00 

equiv.) was added in portions at 0 °C. The resulting mixture was left stirring at 0 °C until complete 

dissolution of the 1H-indole (1.5 h). Then PIDA (6.44 g, 20.0 mmol, 1.00 equiv.) was added 

portionwise and the reaction mixture left stirring at 0 °C for 1.5 h. Betaine I intermediate (dark yellow 

green solid in suspension) was then removed by filtration over a glass-synthered funnel, washed with 

cold MeOH and CHCl3 and air dried in the dark at 0 °C. Betaine I intermediate (2.20 g, 6.89 mmol, 

35% yield) was obtained as a dark yellow green amorphous solid. 

Caution: Betaine I is a highly unstable intermediate, it is reported to detonate at room temperature; 

do NOT grind it, it may explode. The Betaine I intermediate decomposes at -20 °C, it is 

recommended to be used immediately after its preparation. 

HBF4 (450 µL, 6.89 mmol, 1.00 equiv., 48 wt.% solution in H2O) was added to EtOH (10 mL) and 

the resulting solution cooled at -15 °C; then Betaine I intermediate (2.20 g, 6.89 mmol, 1.00 equiv.) 

was added portionwise under vigorous stirring at -15 °C. After all of Betaine I had been added, the 

dark brown resulting reaction mixture was diluted with Et2O (50 mL) and stirred for 1.5 h at -15 °C. 

Then stirring was stopped and the reaction left at -15 °C for 30 min. The resulting precipitate was 

then removed by filtration over a glass-synthered funnel and dried at 0 °C to give β-

Phenyliodonioindole Tetrafluoroborate 6.1.10salt (2.10 g, 5.16 mmol, 75% yield) as a yellowish 

green amorphous solid.  

Caution: β-Phenyliodonioindole Tetrafluoroborate 18 is an unstable salt and it was immediately 

used after its preparation. 

                                                 
333 B. Y. Karele, L. é. Treigute, S. V. Kalnin’, I. P. Grinberga, O. Y. Neiland, Chem. Heterocycl. Compd. 1974, 10, 189–

192. 
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1H NMR (400 MHz, DMSO-d6) δ 12.32 (brs, 1H, NH), 8.40 (d, J = 2.7 Hz, 1H, 

ArH), 8.14 – 8.12 (m, 2H, ArH), 7.74 (m, 1H, ArH), 7.58 – 7.55 (m, 2H), 7.47 – 

7.43 (m, 2H), 7.35 – 7.16 (m, 2H). (presence of Et2O residual solvent as the NMR 

analysis was performed on the slightly wet compound to prevent decomposition). 

13C NMR (101 MHz, DMSO-d6) δ 135.8, 135.1, 134.0, 131.5, 127.1, 123.6, 121.9, 118.8, 117.3, 

113.0, 78.0. (one aromatic Carbon signal not resolved). IR ν 3375 (s), 3132 (w), 1561 (m), 1491 (m), 

1472 (s), 1411 (s), 1340 (m), 1328 (m), 1279 (s), 1244 (s). HRMS (ESI) calcd for C14H11IN [M+] 

319.9931; found 319.9932.  

12.4.4 Synthesis of Starting Materials for the Rh-catalyzed C-H activation.  

All commercially available chemicals were purchased from the suppliers quoted in Paragraph 1.0 of 

Supplementary Informations: these chemicals were purified through a short plug of celite prior to 

their use in catalysis. The synthesis of non commercial available compounds is presented below. 

Methyl 4-(pyridin-2-yl)benzoate (12.4.4) 

  

Following a reported procedure,334 to a solution of commercially available 2-bromopyridine (100 µL, 

1.00 mmol) in a mixture of 4/1 toluene/EtOH (5 mL, 0.2 M) was added Na2CO3 (106 mg, 1.00 mmol, 

1.00 equiv.) followed by Pd(PPh3)4  (34.7 mg, 30.0 µmol, 3 mol %) and (4-

(methoxycarbonyl)phenyl)boronic acid (234 mg, 1.30 mmol, 1.30 equiv.) under argon atmosphere in 

a 50 mL two-necked flask.  The reaction mixture was refluxed for 12 h, and then cooled to room 

temperature. To the reaction mixture was added sat. aqueous NH4Cl (15 mL), then the mixture was 

extracted by EtOAc (3x5 ml). The combined organic extracts were dried over MgSO4, filtered and 

and concentrated in vacuo. The resulting crude product was purified by flash chromatography 

(Pentane:EtOAc 4:1) to afford methyl 4-(pyridin-2-yl)benzoate 12.4.4.1 (181 mg, 0.849 mmol, 85% 

yield) as a white solid. 1H NMR (400 MHz, CDCl3) δ 8.64 (d, J = 4.7 Hz, 1H, ArH), 8.06 (d, J = 8.4 

Hz, 2H, ArH), 7.98 (d, J = 8.3 Hz, 2H, ArH), 7.73 – 7.63 (m, 2H, ArH), 7.19 (q, J = 4.6 Hz, 1H, 

                                                 
334 H. Mizuno, J. Takaya, N. Iwasawa, J. Am. Chem. Soc. 2011, 133, 1251–1253 
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ArH), 3.85 (s, 3H COOMe). 13C NMR (101 MHz, CDCl3) δ 166.8, 156.1, 149.8, 143.4, 136.8, 130.3, 

130.0, 126.7, 122.8, 120.9, 52.1.IR ν 2944 (w), 2848 (w), 1708 (s), 1606 (w), 1586 (m), 1466 (w), 

1435 (m), 1405 (w), 1319 (w), 1274 (s), 1194 (m), 1183 (m), 1153 (w), 1111 (s), 1014 (m), 965 (m), 

868 (w), 830 (w), 797 (w), 754 (vs), 699 (m). NMR values are in accordance with the data reported 

in literature.335 

 

1-(Pyrimidin-2-yl)-1H-indole (12.4.5) 

 

Following a reported procedure,336 commercially available 1H-indole (586 mg, 5.00 mmol) was 

dissolved in N,N-dimethylformamide (15.0 mL, 0.3M) and sodium hydride (60% suspension in 

mineral oil, 300 mg, 7.50 mmol, 1.50 equiv.) was added at r.t. and the reaction mixture was stirred 

for one hour. Upon seizing of gas release, commercially available 2-chloropyrimidine (573 mg, 5.00 

mmol, 1.00 equiv.) was added portionwise. The reaction was heated up to 150 °C and stirred 

overnight. After 10 hours the reaction was allowed cooling to r.t. and was then quenched with water 

(20 mL). The majority of the solvent was removed under reduced pressure, then the crude was diluted 

with Et2O (25 mL), the organic layer washed with brine (3x10 mL), dried over MgSO4, filtered and 

concentrated under reduced pressure. Flash column chromatography (Pentane:EtOAc 4:1) afforded 

1-(pyrimidin-2-yl)-1H-indole 12.4.5 (926 mg, 4.74 mmol, 95% yield) as a light brown oil. 1H NMR 

(400 MHz, CDCl3) δ  8.94 (d, J = 8.4 Hz, 1H, ArH), 8.75 (d, J = 4.8 Hz, 2H, ArH), 8.40 (d, J = 3.7 

Hz, 1H, ArH), 7.75 (d, J = 7.8 Hz, 1H, ArH), 7.51 – 7.43 (m, 1H, ArH), 7.37 (t, J = 7.5 Hz, 1H, ArH), 

7.07 (t, J = 4.8 Hz, 1H, ArH), 6.83 (d, J = 3.6 Hz, 1H, ArH). 13C NMR (101 MHz, CDCl3) δ 157.7, 

157.4, 135.1, 131.1, 125.6, 123.4, 121.9, 120.6, 116.2, 115.8, 106.6. IR ν 3138 (w), 3108 (w), 1575 

(s), 1525 (m), 1456 (s), 1309 (m), 1204 (s), 1080 (m), 970 (s), 776 (m), 750 (w), 731 (w). NMR values 

are in accordance with the data reported in literature.337 

  

                                                 
335 K. Muto, T. Hatakeyama, K. Itami, J. Yamaguchi, Org. Lett. 2016, 18, 5106–5109. 
336 M. Nishino, K. Hirano, T. Satoh, M. Miura, Angew. Chem. Int. Ed. 2012, 51, 6993–6997. 
337 L. Ackermann, A. V. Lygin, Org. Lett. 2011, 13, 3332–3335. 
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(2R,3R,4R,5R)-2-(Acetoxymethyl)-5-(6-phenyl-9H-purin-9-yl)tetrahydrofuran-3,4-diyl 

diacetate (12.4.7) 

 

Following a reported procedure,338 commercially available (2R,3R,4S,5R)-2-(6-chloro-9H-purin-9-

yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-diol (573 mg, 2.00 mmol, 1.00 equiv.) was suspended in 

MeCN (12.5 mL, 0.15 M). Then Triethylamine (2.90 mL, 20.0 mmol, 10.0 equiv.) and Acetic 

Anhydride (1.10 mL µl, 12.00 mmol, 6.00 equiv.) were added at 0° C. After stirring for 1h at room 

temperature, the mixture was refluxed for 5 hours. The resulting solution was evaporated to dryness 

and EtOAc (30 mL) and water (30 mL) were added. The organic layer was separated, dried over 

Na2SO4, filtered and concentrated under reduced pressure to give a light brown oil, which was 

recrystallized from EtOAc/Ether to give (2R,3R,4R,5R)-2-(acetoxymethyl)-5-(6-chloro-9H-purin-9-

yl)tetrahydrofuran-3,4-diyl diacetate 12.4.6 (693 mg, 1.68 mmol, 84 % yield)  

 

Subsequently, to a solution of (2R,3R,4R,5R)-2-(acetoxymethyl)-5-(6-chloro-9H-purin-9-

yl)tetrahydrofuran-3,4-diyl diacetate 12.4.6 (500 mg, 1.21 mmol) in a mixture of 4/1 toluene (12 mL, 

0.1 M) was added K2CO3 (218 mg, 1.58 mmol, 1.30 equiv.) followed by Pd(PPh3)4  (42.0 mg, 30.0 

µmol, 3 mol %) and phenylboronic acid (192 mg, 1.58 mmol, 1.30 equiv.) under argon atmosphere 

in a 20 mL two-necked flask. The reaction mixture was refluxed for 12 h, and then cooled to room 

temperature. To the reaction mixture was added sat. aqueous NH4Cl (15 mL), then the mixture was 

extracted by EtOAc (3x5 mL). The combined organic extracts were dried over MgSO4, filtered and 

and concentrated in vacuo. The resulting crude product was purified by flash chromatography 

(Pentane:EtOAc 4:1) to afford (2R,3R,4R,5R)-2-(acetoxymethyl)-5-(6-phenyl-9H-purin-9-

yl)tetrahydrofuran-3,4-diyl diacetate 12.4.7 (523 mg, 1.15 mmol, 95% yield) as a white solid. 1H 

NMR (400 MHz, CDCl3) δ 8.95 (s, 1H, ArH), 8.68 (dd, J = 8.0, 1.8 Hz, ArH), 8.21 (s, 1H, ArH), 

7.52 – 7.43 (m, 3H, ArH), 6.22 (d, J = 5.3 Hz, 1H, CH), 5.95 (t, J = 5.4 Hz, 1H, CH), 5.64 (m, 1H, 

                                                 
338 M. A. Ali, X. Yao, H. Sun, H. Lu, Org. Lett. 2015, 17, 1513–1516. 
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CH), 4.45 – 4.24 (m, 3H, CH + CH2), 2.08 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.00 (s, 3H, CH3. 
13C 

NMR (101 MHz, CDCl3) δ 169.9, 169.2, 169.0, 154.7, 152.1, 151.6, 142.5, 135.0, 131.2, 130.7, 

129.4, 128.2, 86.1, 79.9, 72.7, 70.2, 62.7, 20.3, 20.1, 20.0. IR ν 2926 (m), 1749 (s), 1583 (s), 1566 

(s), 1439 (m), 1220 (s), 1101 (m), 766 (m), 693 (m). NMR values are in accordance with the data 

reported in literature.338
 

12.4.5 General Procedure for the Rh-Catalyzed Hetero-arylation via C-H activation. (GP9) 

 

GP9: In a screw capped vial, the corresponding heterocycle (0.300 mmol, 1.00 equiv.), the relative 

heterocyclic hypervalent iodine reagent 6.1.10a –k,n,o and 6.1.13a-e (0.330 mmol, 1.10 equiv.), 

[Rh(Cp*Cl2)]2 (4.60 mg, 7.50 µmol, 2.5 mol%), AgSbF6 (10.3 mg, 30.0 µmol, 10 mol%) and NaOPiv 

(3.70 mg, 30.0 µmol, 10 mol%) were dissolved in dry 1,2-DCE (3 ml, 0.1M) under nitrogen. the 

reaction mixture was degassed (freeze-thaw-pump) and stirred at the reported T in °C overnight. The 

reaction mixture was then allowed to cool to r.t., the organic layer was washed with sat. aqueous 

NaHCO3 (2 mL), and the solvent was removed under reduced pressure. Flash column chromatography 

(Pentane:EtOAc) afforded the desired products 6.2.2-6.2.15. 

 

1-Methyl-3-(2-(pyridin-2-yl)phenyl)-1H-indole (6.2.2a) 

Starting from commercially available 2-phenylpyridine 6.2.1a (43.0 µl, 0.300 

mmol, 1.00 equiv.) and with 1-(3-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-

3(2H)-one 6.1.10a (124 mg, 0.330 mmol, 1.10 equiv.) at 50 °C, 2-(2-(1-methyl-

1H-pyrrol-2-yl)phenyl)pyridine 6.2.2a (60.0 mg, 0.256 mmol, 85% yield) was 

obtained as a pale yellow oil. Rf: 0.48 (Pentane:EtOAc 4:1). 1H NMR (400 MHz, CDCl3) δ 8.65 (m, 

1H, ArH), 7.73 (dd, J = 7.4, 1.7 Hz, 1H, ArH), 7.59 (m, 1H, ArH), 7.52 – 7.38 (m, 3H, ArH), 7.35 – 

7.22 (m, 2H, ArH), 7.19 (ddd, J = 8.2, 7.0, 1.1 Hz, 1H, ArH), 7.11 – 6.94 (m, 3H, ArH), 6.71 (s, 1H, 

NCHC), 3.70 (s, 3H, NCH3). 13C NMR (101 MHz, CDCl3) δ 159.9, 149.3, 139.8, 136.8, 135.1, 133.3, 

131.0, 130.5, 128.4, 128.2, 127.0, 126.7, 124.9, 121.6, 121.2, 119.9, 119.5, 115.4, 109.1, 32.7. IR ν 

3057 (w), 2934 (w), 1725 (w), 1586 (s), 1545 (m), 1461 (s), 1425 (s), 1377 (s), 1330 (m), 1219 (m), 
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1162 (w), 1091 (w), 1024 (w), 942 (w), 910 (w). HRMS (ESI) calcd for C20H17N2
+ [M+H]+ 285.1386; 

found 285.1388. 

3-(2-(Pyridin-2-yl)phenyl)-1H-indole (6.2.2b) 

Starting from commercially available 2-phenylpyridine 6.2.1a (43.0 µl, 0.300 

mmol, 1.00 equiv.) and with 1-(3-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one 

6.1.10b (120 mg, 0.330 mmol, 1.10 equiv.) at 50 °C, 2-(2-(1-methyl-1H-pyrrol-2-

yl)phenyl)pyridine 6.2.2b (60.3 mg, 0.223 mmol, 74% yield) was obtained as a 

slightly brown foam. Rf: 0.30 (Pentane:EtOAc 4:1). 1H NMR (400 MHz, CDCl3) δ 8.63 (m, 1H, 

ArH), 8.40 (s, 1H, NH), 7.72 (dd, J = 7.3, 1.8 Hz, 1H, ArH), 7.60 (dd, J = 7.3, 1.8 Hz, 1H, ArH), 7.51 

– 7.39 (m, 3H, ArH), 7.33 – 7.22 (m, 2H, ArH), 7.14 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H, ArH), 7.02 (m, 

3H, ArH), 6.76 (d, J = 2.5 Hz, 1H, NHCHC). 13C NMR (101 MHz, CDCl3) δ 159.8, 149.0, 139.8, 

135.9, 135.3, 133.3, 131.0, 130.5, 128.5, 126.9, 126.6, 125.0, 123.7, 122.0, 121.3, 119.9, 119.7, 116.7, 

111.0. IR ν 3409 (w), 3170 (w), 3058 (w), 2921 (w), 1668 (w), 1600 (m), 1589 (s), 1544 (w), 1489 

(w), 1464 (s), 1332 (w), 1245 (m), 1153 (w), 1098 (w), 910 (m). HRMS (ESI) calcd for 

C19H15N2
+ [M+H]+ 271.1230; found 271.1233. 

2-(2-(1-Methyl-1H-pyrrol-3-yl)phenyl)pyridine (6.2.2c) 

Starting from commercially available 2-phenylpyridine 6.2.1a (43.0 µl, 0.300 

mmol, 1.00 equiv.) and with 1-(3-1-methyl-1H-pyrrole)-1H-1λ3 -benzo[b]iodo-

3(2H)-one 6.1.13c (108 mg, 0.330 mmol, 1.10 equiv.) at 80°C, 2-(2-(1-Methyl-1H-

pyrrol-3-yl)phenyl)pyridine 6.2.2c (60.0 mg, 0.256 mmol, 85% yield) was obtained 

as a yellow oil. Rf: 0.38 (Pentane:EtOAc 4:1). 1H NMR (400 MHz, CDCl3) δ 8.67 

(d, J = 5.0 Hz, 1H, ArH), 7.57 – 7.46 (m, 3H, ArH), 7.37 (t, J = 7.5 Hz, 1H, ArH), 7.31 (d, J = 7.5 

Hz, 1H, ArH), 7.22 (d, J = 7.9 Hz, 1H, ArH), 7.18 (dd, J = 7.4, 5.1 Hz, 1H, ArH), 6.43 (t, J = 2.5 Hz, 

1H, ArH), 6.30 (d, J = 1.6 Hz, 1H, ArH), 5.80 (d, J = 1.6 Hz, 1H, ArH), 3.54 (s, 3H, NCH3). 13C 

NMR (101 MHz, CDCl3) δ 160.6, 149.1, 138.7, 135.2, 134.8, 130.2, 129.3, 128.3, 125.8, 125.2, 

123.8, 121.5, 121.3, 120.6, 109.2, 36.1. IR ν 3056 (w), 3007 (w), 2943 (w), 1586 (s), 1551 (m), 1508 

(m), 1463 (s), 1424 (s), 1361 (m), 1260 (w), 1202 (s), 1150 (w), 1087 (w), 1024 (w), 990 (w), 926 

(w). HRMS (ESI) calcd for C16H15N2
+ [M+H]+ 235.1230; found 235.1230. 
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2-(2-(1-methyl-1H-pyrrol-2-yl)phenyl)pyridine (6.2.2d) 

Starting from commercially available 2-phenylpyridine 6.2.1a (43.0 µl, 0.300 mmol, 

1.00 equiv.) and with 1-(2-1-methyl-1H-pyrrole)-1H-1λ3 -benzo[b]iodo-3(2H)-one 

6.1.13b (108 mg, 0.330 mmol, 1.10 equiv.) at 80 °C, 2-(2-(1-methyl-1H-pyrrol-2-

yl)phenyl)pyridine 6.2.2d (60.0 mg, 0.256 mmol, 85% yield) was obtained as a pale 

yellow oil. Rf: 0.42 (Pentane:EtOAc 4:1) 1H NMR (400 MHz, CDCl3) δ 8.67 (m, 1H, ArH), 7.86 (d, 

J = 7.5 Hz, 1H, ArH), 7.55 – 7.40 (m, 4H, ArH), 7.14 (ddd, J = 7.5, 4.9, 1.1 Hz, 1H, ArH), 6.80 (m, 

1H, ArH), 6.51 (t, J = 2.3 Hz, 1H, ArH), 6.18 – 6.15 (m, 2H, ArH), 2.90 (s, 3H, NCH3). 13C NMR 

(101 MHz, CDCl3) δ 158.6, 149.5, 140.0, 135.7, 133.2, 131.8, 131.5, 130.1, 128.5, 128.4, 123.7, 

122.2, 121.5, 109.2, 107.7, 33.8. IR ν 3098 (w), 3059 (w), 2926 (m), 2854 (w), 1707 (w), 1585 (s), 

1473 (s), 1429 (s), 1310 (s), 1239 (w), 1090 (m), 1056 (m), 1024 (m). HRMS (ESI) calcd for 

C16H15N2
+ [M+H]+ 235.1230; found 235.1233. 

2-(2-(1H-Pyrrol-3-yl)phenyl)pyridine (6.2.2e) 

Starting from commercially available 2-phenylpyridine 6.2.1a (43.0 µl, 0.300 mmol, 

1.00 equiv.) and with 1-(3-1H-pyrrole)-1H-1λ3 -benzo[b]iodo-3(2H)-one 6.1.13a 

(103 mg, 0.330 mmol, 1.10 equiv.) in a mixture of 1,2-DCE:MeOH (2:1, 0.1M) at 50 

°C, 2-(2-(1H-pyrrol-3-yl)phenyl)pyridine 6.2.2e (52.0 mg, 0.236 mmol, 79% yield) 

was obtained as a light brown foam. Rf: 0.42 (Pentane:EtOAc 4:1) 1H NMR (400 MHz, CDCl3) δ 

8.67 (m, 1H, ArH), 8.29 (m, 1H, NH), 7.57 – 7.47 (m, 3H, ArH), 7.40 (dd, J = 8.2, 6.8 Hz, 1H, ArH), 

7.32 (t, J = 7.3 Hz, 1H, ArH), 7.23 – 7.15 (m, 2H, ArH), 6.62 (d, J = 2.6 Hz, 1H, ArH), 6.43 (d, J = 

2.6 Hz, 1H, ArH), 5.95 (dd, J = 2.9, 1.6 Hz, 1H, ArH). 13C NMR (101 MHz, CDCl3) δ 160.6, 149.2, 

139.0, 135.2, 134.7, 130.2, 129.6, 128.4, 126.1, 125.2, 123.8, 121.4, 117.6, 116.8, 109.3. IR ν 3191 

(m), 3054 (m), 2928 (w), 1601 (s), 1589 (s), 1562 (m), 1505 (m), 1464 (s), 1426 (s), 1267 (w), 1152 

(w), 1078 (w), 1028 (m), 996 (w), 917 (w). HRMS (ESI) calcd for C15H13N2
+ [M+H]+ 221.1073; 

found 221.1077. 

5-Methoxy-1-methyl-3-(2-(pyridin-2-yl)phenyl)-1H-indole (6.2.2f) 

Starting from commercially available 2-phenylpyridine 6.2.1a (43.0 µl, 0.300 

mmol) and with 1-(3-5-methoxy-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-

3(2H)-one 6.1.10d (134 mg, 0.330 mmol, 1.10 equiv.) at 50 °C, 5-methoxy-1-

methyl-3-(2-(pyridin-2-yl)phenyl)-1H-indole 6.2.2f (84.0 mg, 0.267 mmol, 

89% yield) was obtained as a yellow oil. Rf: 0.40 (Pentane:EtOAc 4:1). 1H 

NMR (400 MHz, CDCl3) δ 8.67 (dd, J = 4.9, 0.9 Hz, 1H, ArH), 7.76 (dd, J = 7.2, 1.9 Hz, 1H, ArH), 
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7.56 (dd, J = 7.2, 1.9 Hz, 1H, ArH), 7.57 – 7.42 (m, 2H, ArH), 7.26 (td, J = 7.7, 1.9 Hz, 1H, ArH), 

7.14 (d, J = 8.9 Hz, 1H, ArH), 7.10 – 7.02 (m, 2H, ArH), 6.84 (s, 1H, NCHC), 6.79 (dd, J = 8.9, 2.4 

Hz, 1H, ArH), 6.67 (d, J = 2.4 Hz, 1H, CCHCOMe), 3.71 (s, 3H, NCH3), 3.64 (s, 3H, OCH3). 13C 

NMR (101 MHz, CDCl3) δ 159.9, 153.9, 149.3, 139.4, 135.2, 133.4, 132.0, 131.0, 130.5, 128.5, 

128.3, 126.9, 126.8, 124.9, 121.3, 115.3, 112.2, 109.8, 100.8, 55.6, 32.9. IR ν 3051 (w), 2946 (w), 

1585 (m), 1489 (s), 1463 (m), 1424 (m), 1295 (w), 1266 (s), 1228 (m), 1210 (s), 1181 (w), 1136 (m), 

1088 (w), 1031 (m), 866 (m). HRMS (ESI) calcd for C21H19N2O
+ [M+H]+ 315.1492; found 

315.1493. 

5-Fluoro-1-methyl-3-(2-(pyridin-2-yl)phenyl)-1H-indole (6.2.2g) 

Starting from commercially available 2-phenylpyridine 6.2.1a (43.0 µl, 0.300 

mmol) and with 1-(3-5-fluoro-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-

one 6.1.10e (130 mg, 0.330 mmol, 1.10 equiv.) at 50 °C, 5-fluoro-1-methyl-3-(2-

(pyridin-2-yl)phenyl)-1H-indole 6.2.2g (66.0 mg, 0.218 mmol, 73% yield) was 

obtained as a yellow oil. Rf: 0.40 (Pentane:EtOAc 4:1). 1H NMR (400 MHz, 

CDCl3) δ 8.65 (d, J = 4.9 Hz, 1H, ArH), 7.71 (d, J = 7.2 Hz, 1H, ArH), 7.55 (d, J = 7.2 Hz, 1H, ArH), 

7.51 – 7.38 (m, 2H), 7.33 (t, J = 7.7 Hz, 1H, ArH), 7.17 (dd, J = 9.0, 4.3 Hz, 1H, ArH), 7.08 (t, J = 

6.3 Hz, 1H, ArH), 7.08 – 6.97 (m, 2H, ArH), 6.91 (t, J = 9.0 Hz, 1H, ArH), 6.77 (s, 1H, NCHC), 3.70 

(s, 3H, NCH3). 13C NMR (101 MHz, CDCl3) δ 159.8, 158.0 (d, J = 234.6 Hz), 149.3, 139.7, 135.2, 

133.4, 132.9, 130.8, 130.6, 129.7, 128.5, 127.3 (d, J = 9.9 Hz), 126.9, 124.8, 121.3, 115.5 (d, J = 4.9 

Hz), 110.0 (d, J = 26.5 Hz), 109.7 (d, J = 9.7 Hz), 104.7 (d, J = 24.2 Hz), 33.0. 19F NMR (376 MHz, 

CDCl3) δ -125.1. IR ν 3063 (w), 2930 (w), 1624 (m), 1585 (m), 1488 (s), 1464 (m), 1425 (m), 1292 

(w), 1192 (s), 1123 (m), 1060 (w), 873 (s). HRMS (ESI) calcd for C20H16FN2
+ [M+H]+ 303.1292; 

found 303.1295 

5-Chloro-1-methyl-3-(2-(pyridin-2-yl)phenyl)-1H-indole (6.2.2h) 

Starting from commercially available 2-phenylpyridine 6.2.1a (43.0 µl, 0.300 

mmol) and with 1-(3-5-chloro-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-

one 6.1.10f (136 mg, 0.330 mmol, 1.10 equiv.) at 50°C, 5-fluoro-1-methyl-3-(2-

(pyridin-2-yl)phenyl)-1H-indole 6.2.2h (77.0 mg, 0.242 mmol, 81% yield) was 

obtained as a yellow oil. Rf: 0.36 (Pentane:EtOAc 4:1). 1H NMR (400 MHz, 

CDCl3) δ 8.65 (m, 1H, ArH), 7.72 (dd, J = 7.3, 1.8 Hz, 1H, ArH), 7.55 (m, 1H, ArH), 7.46 (pd, J = 

7.3, 1.8 Hz, 2H, ArH), 7.38 – 7.31 (m, 2H, ArH), 7.17 (d, J = 8.6 Hz, 1H, ArH), 7.14 – 7.07 (m, 2H, 
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ArH), 7.04 (m, 1H, ArH), 6.75 (s, 1H, NCHC), 3.69 (s, 3H, NCH3). 13C NMR (101 MHz, CDCl3) δ 

159.6, 149.0, 139.5, 135.6, 135.2, 132.7, 131.0, 130.6, 129.4, 128.7, 128.0, 127.1, 125.5, 124.9, 121.9, 

121.4, 119.3, 115.2, 110.2, 33.0. IR ν 3055 (w), 3014 (w), 2924 (w), 1586 (w), 1543 (w), 1477 (s), 

1424 (m), 1374 (w), 1288 (w), 1218 (w), 1152 (w), 1096 (w), 1058 (w), 953 (w). HRMS (ESI) calcd 

for C20H16ClN2
+ [M+H]+ 319.0997; found 319.1006. 

5-Iodo-1-methyl-3-(2-(pyridin-2-yl)phenyl)-1H-indole (6.2.2i) 

Starting from commercially available 2-phenylpyridine 6.2.1a (43.0 µl, 0.300 

mmol) and with 1-(3-5-iodo-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-

one 6.1.10g (166 mg, 0.330 mmol, 1.10 equiv.) at 50 °C, 5-Iodo-1-methyl-3-(2-

(pyridin-2-yl)phenyl)-1H-indole 6.2.2i (91.0 mg, 0.222 mmol, 74% yield) was 

obtained as a yellow oil. Rf: 0.45 (Pentane:EtOAc 4:1). 1H NMR (400 MHz, 

CDCl3) δ 8.66 (dd, J = 5.0, 0.9 Hz, 1H, ArH), 7.71 (m, 1H, ArH), 7.65 (d, J = 1.6 Hz, 1H, ArH), 7.53 

(m, 1H, ArH), 7.50 – 7.42 (m, 2H, ArH), 7.39 (dd, J = 8.5, 1.6 Hz, 1H, ArH), 7.32 (td, J = 7.7, 1.9 

Hz, 1H, ArH), 7.08 (ddd, J = 7.7, 5.0, 1.1 Hz, 1H, ArH), 7.07 – 6.97 (m, 2H, ArH), 6.70 (s, 1H, 

NCHC), 3.67 (s, 3H, NCH3). 13C NMR (101 MHz, CDCl3) δ 159.7, 149.3, 139.8, 135.7, 135.2, 132.5, 

130.9, 130.5, 129.8, 129.2, 128.7, 128.7, 128.5, 127.0, 124.7, 121.4, 114.9, 111.1, 83.2, 32.9. IR ν 

3058 (w), 2920 (w), 1606 (w), 1585 (m), 1474 (s), 1422 (m), 1371 (w), 1287 (w), 1266 (w), 1217 

(w), 1148 (w), 1092 (w), 1024 (w), 943 (w), 874 (w). HRMS (ESI) calcd for 

C20H16IN2
+ [M+H]+ 411.0353; found 411.0348. 

 

1-Methyl-3-(2-(pyridin-2-yl)phenyl)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole 

(6.2.2j) 

Starting from commercially available 2-phenylpyridine 6.2.1a (43.0 µl, 0.300 

mmol) and with 1-(3-1-methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one 6.2.2j (166 mg, 0.330 mmol, 

1.10 equiv.) at 50 °C, 1-Methyl-3-(2-(pyridin-2-yl)phenyl)-5-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole 6.2.2j (73.0 mg, 0.178 mmol, 

59% yield) was obtained as a yellow oil. Rf: 0.30 (Pentane:EtOAc 4:1). 1H NMR (400 MHz, CDCl3) 

δ 8.64 (d, J = 5.0 Hz, 1H, ArH), 8.00 (s, 1H, ArH), 7.71 (d, J = 7.5 Hz, 1H, ArH), 7.64 (dd, J = 8.3, 

1.1 Hz, 1H, ArH), 7.61 (m, 1H, ArH), 7.46 (td, J = 7.4, 1.7 Hz, 1H, ArH), 7.41 (td, J = 7.4, 1.6 Hz, 

1H, ArH), 7.29 – 7.26 (m, 2H, ArH), 7.00 (ddd, J = 7.5, 4.9, 1.2 Hz, 1H, ArH), 6.95 (dt, J = 7.9, 1.0 

Hz, 1H, ArH), 6.62 (s, 1H, ArH), 3.68 (s, 3H, NCH3), 1.34 (s, 12H, BPin). 13C NMR (101 MHz, 
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CDCl3) δ 159.9, 149.1, 140.0, 138.6, 135.0, 133.1, 131.2, 130.3, 128.4, 128.2, 127.7, 127.7, 126.9, 

126.7, 124.9, 121.1, 116.0, 108.5, 83.3, 32.6, 24.8 (one aromatic Carbon signal not resolved). IR ν 

3063 (w), 2978 (w), 2940 (w), 2245 (w), 2214 (w), 1608 (m), 1605 (m), 1568 (w), 1463 (m), 1438 

(m), 1383 (s), 1349 (s), 1311 (s), 1273 (m), 1142 (s), 1097 (m), 967 (m), 910 (s), 866 (m). HRMS 

(ESI) calcd for C26H28BN2O2
+ [M+H]+ 411.2238; found 411.2248. 

 

3-(5-Methoxy-2-(pyridin-2-yl)phenyl)-1-methyl-1H-indole (6.2.2k) 

Starting from commercially available 2-(4-methoxyphenyl)pyridine (55.6 mg, 

0.300 mmol) and with 1-(3-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-

one 6.1.10a (124 mg, 0.330 mmol, 1.10 equiv.) at 50 °C, 3-(5-methoxy-2-(pyridin-

2-yl)phenyl)-1-methyl-1H-indole 6.2.2k (83.0 mg, 0.264 mmol, 88% yield) was 

obtained as a yellow oil. Rf: 0.38 (Pentane:EtOAc 4:1). 1H NMR (400 MHz, 

CDCl3) δ 8.64 (d, J = 5.0 Hz, 1H, ArH), 7.70 (d, J = 8.5 Hz, 1H, ArH), 7.45 (d, J = 8.0 Hz, 1H, ArH), 

7.31 – 7.23 (m, 2H, ArH), 7.20 (t, J = 7.6 Hz, 1H, ArH), 7.13 (d, J = 2.7 Hz, 1H, ArH), 7.06 – 6.95 

(m, 4H, ArH), 6.73 (s, 1H, CH3NCHC), 3.89 (s, 3H, NCH3), 3.71 (s, 3H, OCH3). 13C NMR (101 

MHz, CDCl3) δ 159.6, 159.4, 148.9, 136.7, 135.2, 134.6, 132.3, 131.9, 128.2, 126.8, 125.0, 121.6, 

120.8, 119.9, 119.5, 115.9, 115.3, 112.6, 109.1, 55.3, 32.8. IR ν 3049 (w), 2933 (w), 2834 (w), 1602 

(s), 1568 (m), 1463 (s), 1426 (m), 1278 (s), 1232 (s), 1210 (m), 1062 (m), 1017 (m), 844 (w). HRMS 

(ESI) calcd for C21H19N2O
+ [M+H]+ 315.1492; found 315.1494.  

3-(5-Chloro-2-(pyridin-2-yl)phenyl)-1-methyl-1H-indole (6.2.2l) 

Starting from commercially available 2-(4-chlorophenyl)pyridine (57.0 mg, 0.300 

mmol) and with 1-(3-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one 

6.1.10a (124 mg, 0.330 mmol, 1.10 equiv.) at 50 °C, 3-(5-chloro-2-(pyridin-2-

yl)phenyl)-1-methyl-1H-indole 6.2.2l (81.2 mg, 0.255 mmol, 85% yield) was 

obtained as a yellow oil. Rf: 0.40 (Pentane:EtOAc 4:1). 1H NMR (400 MHz, 

CDCl3) δ 8.65 (m, 1H, ArH), 7.68 (d, J = 8.3 Hz, 1H, ArH), 7.59 (d, J = 2.2 Hz, 1H, ArH), 7.40 (dd, 

J = 8.3, 2.2 Hz, 1H, ArH), 7.37 (dd, J = 8.0, 1.0 Hz, 1H, ArH), 7.30 (dd, J = 7.7, 1.7 Hz, 1H, ArH), 

7.27 (m, 1H, ArH), 7.19 (ddd, J = 8.2, 7.0, 1.1 Hz, 1H, ArH), 7.08 (ddd, J = 7.5, 4.9, 1.1 Hz, 1H, 

ArH), 7.04 – 6.99 (m, 2H, ArH), 6.75 (s, 1H, NCHC), 3.71 (s, 3H, NCH3). 13C NMR (101 MHz, 

CDCl3) δ 158.7, 149.2, 137.9, 136.8, 135.4, 135.1, 134.3, 132.0, 130.7, 128.4, 126.7, 126.6, 124.9, 

121.8, 121.5, 119.8, 119.7, 114.3, 109.2, 32.8. IR ν 3055 (w), 2926 (w), 1595 (s), 1566 (m), 1476 
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(m), 1461 (s), 1427 (w), 1329 (m), 1219 (w), 1163 (w), 1100 (m), 1026 (w), 913 (w), 830 (w). HRMS 

(ESI) calcd for C20H16ClN2
+ [M+H]+ 319.0997; found 319.0999. 

 

3-(5-Bromo-2-(pyridin-2-yl)phenyl)-1-methyl-1H-indole (6.2.2m) 

Starting from commercially available 2-(4-bromophenyl)pyridine (70.2 mg, 0.300 

mmol) and with 1-(3-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one 

6.1.10a (124 mg, 0.330 mmol, 1.10 equiv.) at 50 °C, 3-(5-methoxy-2-(pyridin-2-

yl)phenyl)-1-methyl-1H-indole 6.2.2m (91.0 mg, 0.251 mmol, 84% yield) was 

obtained as a yellow oil. Rf: 0.40 (Pentane:EtOAc 4:1). 1H NMR (400 MHz, 

CDCl3) δ 8.66 (m, 1H, ArH), 7.75 (d, J = 2.0 Hz, 1H, ArH), 7.63 (d, J = 8.3 Hz, 1H, ArH), 7.56 (dd, 

J = 8.3, 2.0 Hz, 1H, ArH), 7.36 – 7.31 (m, 2H, ArH), 7.28 (dt, J = 8.2, 0.9 Hz, 1H, ArH), 7.19 (ddd, 

J = 8.2, 6.9, 0.9 Hz, 1H, ArH), 7.11 (t, J = 6.3 Hz, 1H, ArH), 7.04 (d, J = 8.0 Hz, 1H, ArH), 6.99 (m, 

1H, ArH), 6.77 (s, 1H, NCHC), 3.72 (s, 3H, NCH3). 13C NMR (101 MHz, CDCl3) δ 158.7, 149.3, 

138.5, 136.7, 135.4, 135.2, 133.5, 132.1, 129.6, 128.3, 126.5, 124.7, 122.4, 121.8, 121.5, 119.7, 119.6, 

114.2, 109.2, 32.7. IR ν 2956 (w), 2929 (w), 2851 (w), 1678 (w), 1592 (m), 1510 (m), 1453 (m), 

1453 (m), 1434 (s), 1399 (s), 1364 (s), 1264 (m), 1108 (m), 1031 (m), 956 (m). HRMS (ESI) calcd 

for C20H16
79BrN2

+ [M+H]+ 363.0491; found 363.0490 

Methyl 3-(1-methyl-1H-indol-3-yl)-4-(pyridin-2-yl)benzoate (6.2.2n) 

 

Starting from methyl 4-(pyridin-2-yl)benzoate 12.4.4 (64.0 mg, 0.300 mmol) and 

with 1-(3-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one 6.1.10a (124 

mg, 0.330 mmol, 1.10 equiv.) at 50°C, methyl 3-(1-methyl-1H-indol-3-yl)-4-

(pyridin-2-yl)benzoate 6.2.2n (94.0 mg, 0.275 mmol, 92% yield) was obtained as 

an orange oil. Rf: 0.33 (Pentane:EtOAc 4:1). 1H NMR (400 MHz, CDCl3) δ 8.61 (dd, J = 5.1, 1.6 

Hz, 1H, ArH), 8.20 (d, J = 1.7 Hz, 1H, ArH), 7.99 (dd, J = 8.1, 1.8 Hz, 1H, ArH), 7.72 (d, J = 8.1 Hz, 

1H, ArH), 7.26 (d, J = 8.0 Hz, 1H, ArH), 7.24 – 7.16 (m, 2H, ArH), 7.09 (t, J = 7.6 Hz, 1H, ArH), 

7.03 – 6.96 (m, 2H, ArH), 6.90 (t, J = 7.5 Hz, 1H, ArH), 6.71 (s, 1H, NCHC), 3.85 (s, 3H, COOMe), 

3.61 (s, 3H, NCH3). 13C NMR (101 MHz, CDCl3) δ 167.0, 158.8, 149.4, 143.8, 136.8, 135.3, 133.7, 

132.3, 130.7, 129.9, 128.3, 127.6, 126.7, 124.7, 121.8, 121.7, 119.7, 114.7, 109.1, 52.1, 32.8 (two 

aromatic Carbon signals overlapping at 119.7). IR ν 3052 (w), 2950 (w), 2252 (w), 2218 (w), 1718 

(s), 1587 (m), 1436 (m), 1365 (m), 1330 (m), 1286 (s), 1251 (s), 1162 (m), 1113 (m), 994 (w), 911 

(s). HRMS (ESI) calcd for C22H19N2O2
+ [M+H]+ 343.1441; found 343.1438. 
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1'-Methyl-1-(pyrimidin-2-yl)-1H,1'H-2,3'-biindole (6.2.5) 

Starting from 1-(pyrimidin-2-yl)-1H-indole 12.4.5 (59.0 mg, 0.300 mmol) 

and with 1-(3-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one 

6.1.10a (124 mg, 0.330 mmol, 1.10 equiv.) at 50 °C, 1'-methyl-1-(pyrimidin-

2-yl)-1H,1'H-2,3'-biindole 6.2.5 (80.0 mg, 0.247 mmol, 82% yield) was 

obtained as a yellow oil. Rf: 0.38 (Pentane:EtOAc 4:1). 1H NMR (400 MHz, 

CDCl3) δ 8.51 (d, J = 4.8 Hz, 2H, ArH), 8.01 (m, 1H, ArH), 7.56 (dd, J = 7.9, 1.3 Hz, 1H, ArH), 7.22 

– 7.14 (m, 3H, ArH), 7.13 (s, 1H, ArH), 7.06 (dd, J = 8.3, 6.9 Hz, 2H, ArH), 6.93 (t, J = 4.8 Hz, 1H, 

ArH), 6.82 (td, J = 7.4, 0.9 Hz, 1H, ArH), 6.69 (s, 1H, CH3NCHC), 3.71 (s, 3H, NCH3). 13C NMR 

(101 MHz, CDCl3) δ 158.2, 158.2, 137.5, 136.8, 134.6, 129.6, 127.8, 126.8, 122.6, 121.8, 121.7, 

120.0, 119.8, 119.5, 117.5, 112.4, 109.3, 108.9, 106.5, 32.9. IR ν 3049 (w), 2931 (w), 1592 (w), 1563 

(m), 1454 (m), 1423 (s), 1372 (w), 1350 (w), 1309 (m), 1258 (w), 1217 (w), 910 (w). HRMS (ESI) 

calcd for C21H17N4
+ [M+H]+ 325.1448; found 325.1452. 

10-(1-Methyl-1H-indol-3-yl)benzo[h]quinoline (6.2.6) 

Starting from commercially available benzo[h]quinoline (54.0 mg, 0.300 mmol) 

and with 1-(3-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one 6.1.10a 

(124 mg, 0.330 mmol, 1.10 equiv.) at 50 °C, 10-(1-methyl-1H-indol-3-

yl)benzo[h]quinoline 6.2.6 (70.0 mg, 0.227 mmol, 76% yield) was obtained as 

a light yellow oil. Rf: 0.40 (Pentane:EtOAc 4:1). 1H NMR (400 MHz, CDCl3) δ 8.27 (d, J = 2.4 Hz, 

1H, ArH), 8.10 (dd, J = 8.0, 1.9 Hz, 1H, ArH), 7.93 – 7.90 (m, 1H, ArH), 7.88 (d, J = 8.7 Hz, 1H, 

ArH), 7.75 – 7.65 (m, 3H, ArH), 7.37 (d, J = 8.2 Hz, 1H, ArH), 7.29 (m, 1H, ArH), 7.24 (m, 1H, 

ArH), 7.16 (ddd, J = 8.2, 4.7, 3.5 Hz, 1H, ArH), 6.79 (s, 1H, NCHC), 6.78 (t, J = 1.1 Hz, 1H, ArH), 

3.93 (s, 3H, NCH3). 13C NMR (101 MHz, CDCl3) δ 147.0, 146.8, 137.0, 135.4, 135.3, 133.9, 132.8, 

129.7, 128.5, 128.4, 127.8, 127.5, 127.4, 127.1, 126.2, 125.7, 121.0, 120.8, 120.7, 118.5, 108.9, 32.9. 

IR ν 3046 (m), 2929 (m), 1677 (w), 1615 (w), 1588 (m), 1569 (m), 1475 (s), 1418 (s), 1375 (s), 1323 

(s), 1263 (w), 1230 (s), 1161 (w), 1129 (w), 1014 (w), 910 (m). HRMS (ESI) calcd for C22H17N2
+ 

[M+H]+ 309.1386; found 309.1398. 
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1-Methyl-3-(2-(pyrimidin-2-yl)phenyl)-1H-indole (6.2.7) 

Starting from commercially available 2-phenylpyrimidine (47.0 mg, 0.300 mmol) 

and with 1-(3-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one 6.1.10a 

(124 mg, 0.330 mmol, 1.10 equiv.) at 80 °C, 1-methyl-3-(2-(pyrimidin-2-

yl)phenyl)-1H-indole 6.2.7 (69.0 mg, 0.242 mmol, 81% yield) was obtained as a 

yellow oil. Rf: 0.40 (Pentane:EtOAc 4:1). 1H NMR (400 MHz, CDCl3) δ 8.58 (d, J = 4.9 Hz, 2H, 

PyrimidineH), 7.84 (dd, J = 7.7, 1.5 Hz, 1H, ArH), 7.59 (dd, J = 7.7, 1.5 Hz, 1H, ArH), 7.51 (m, 1H, 

ArH), 7.44 (td, J = 7.5, 1.5 Hz, 1H, ArH), 7.24 (d, J = 8.2 Hz, 1H, ArH), 7.10 (dd, J = 9.3, 7.5 Hz, 

2H, ArH), 7.03 (s, 1H, NCHCI), 7.00 (t, J = 4.9 Hz, 1H, ArH), 6.84 (t, J = 7.5 Hz, 1H, ArH), 3.76 (s, 

3H, NCH3). 13C NMR (101 MHz, CDCl3) δ 168.5, 156.7, 138.1, 136.7, 134.1, 131.3, 130.7, 129.4, 

127.5, 126.8, 126.5, 121.3, 119.3, 119.2, 118.2, 116.2, 109.0, 32.8 (two aromatic Carbon signals 

overlapping at 156.7). IR ν 3048 (w), 2932 (w), 1599 (w), 1568 (s), 1554 (m), 1473 (w), 1414 (s), 

1377 (w), 1330 (w), 1268 (w), 1221 (w), 1162 (w), 1135 (w), 1015 (w), 943 (w), 822 (w). HRMS 

(ESI) calcd for C19H16N3
+ [M+H]+ 286.1339; found 286.1344. 

 

3-(2-(1H-Pyrazol-1-yl)phenyl)-1-methyl-1H-indole (6.2.8) 

Starting from commercially available 1-phenyl-1H-pyrazole (43.0 mg, 0.300 

mmol) and with 1-(3-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one 

6.1.10a (124 mg, 0.330 mmol, 1.10 equiv.) at 80 °C, 3-(2-(1H-pyrazol-1-

yl)phenyl)-1-methyl-1H-indole 6.2.8 (59.0 mg, 0.216 mmol, 72% yield) was 

obtained as a yellow oil. Rf: 0.40 (Pentane:EtOAc 4:1). 1H NMR (400 MHz, CDCl3) δ 7.69 (dd, J = 

7.8, 1.6 Hz, 1H, ArH), 7.67 (d, J = 1.7 Hz, 1H, ArH), 7.62 (dd, J = 7.8, 1.6 Hz, 1H, ArH), 7.52 – 7.44 

(m, 2H, ArH), 7.40 (td, J = 7.8, 1.6 Hz, 1H, ArH), 7.31 (d, J = 8.2 Hz, 1H, ArH), 7.25 – 7.20 (m, 2H, 

ArH), 7.07 (m, 1H, ArH), 6.60 (s, 1H, NCHC), 6.15 (m, 1H, ArH), 3.72 (s, 3H, NCH3). 13C NMR 

(101 MHz, CDCl3) δ 139.9, 138.5, 136.7, 131.1, 131.0, 130.6, 128.2, 127.6, 127.0, 126.9, 126.6, 

121.8, 119.9, 119.3, 112.0, 109.3, 106.2, 32.8. IR ν 3049 (w), 2926 (m), 2853 (w), 1680 (w), 1615 

(w), 1604 (w), 1548 (m), 1518 (s), 1473 (s), 1423 (w), 1394 (s), 1378 (s), 1329 (s), 1264 (w), 1221 

(m), 1089 (m), 1045 (s), 1019 (m), 936 (s). HRMS (ESI) calcd for C18H16N3
+ [M+H]+ 274.1339; 

found 274.1343. 
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2-(2-(1-Benzyl-1H-pyrrol-3-yl)phenyl)pyridine (6.2.9) 

Starting from commercially available 2-phenylpyridine 6.2.1a (43.0 µl, 0.300 mmol, 

1.00 equiv.) and with 1-(3-1-benzyl-1H-pyrrole)-1H-1λ3 -benzo[b]iodo-3(2H)-one 

6.1.13e (133 mg, 0.330 mmol, 1.10 equiv.) at 80 °C, 2-(2-(1-Benzyl-1H-pyrrol-3-

yl)phenyl)pyridine 6.2.9 (54.0 mg, 0.174 mmol, 58% yield) was obtained as an pale 

yellow oil. Rf: 0.30 (Pentane:EtOAc 4:1). 1H NMR (400 MHz, CDCl3) δ 8.62 (m, 1H, 

ArH), 7.51 – 7.45 (m, 3H, ArH), 7.38 (td, J = 7.5, 1.6 Hz, 1H, ArH), 7.34 – 7.26 (m, 

4H, ArH), 7.20 (d, J = 7.9 Hz, 1H, ArH) 7.13 (ddd, J = 7.4, 4.9, 1.2 Hz, 1H, ArH), 7.03 – 6.97 (m, 

2H, ArH), 6.54 (t, J = 2.5 Hz, 1H, ArH), 6.25 (t, J = 1.8 Hz, 1H, ArH), 5.99 (dd, J = 2.5, 1.8 Hz, 1H, 

ArH), 4.92 (s, 2H, NCH2Ph). 13C NMR (101 MHz, CDCl3) δ 160.5, 149.1, 138.8, 137.9, 135.2, 134.8, 

130.1, 129.4, 128.6, 128.3, 127.6, 126.9, 126.0, 125.2, 123.9, 121.3, 121.0, 120.4, 109.4, 53.3. IR ν 

3062 (m), 2925 (m), 2854 (w), 1708 (m), 1586 (s), 1562 (m), 1498 (s), 1463 (s), 1425 (s), 1355 (m), 

1190 (m), 1082 (m), 1025 (m). HRMS (ESI) calcd for C22H19N2
+ [M+H]+ 311.1543; found 311.1545. 

 

2-(2-(1-benzyl-1H-pyrrol-2-yl)phenyl)pyridine (6.2.10) 

Starting from commercially available 2-phenylpyridine 6.2.1a (43.0 µl, 0.300 

mmol, 1.00 equiv.) and with 1-(2-1-benzyl-1H-pyrrole)-1H-1λ3 -benzo[b]iodo-

3(2H)-one 6.1.13d (133 mg, 0.330 mmol, 1.10 equiv.) at 80 °C, 2-(2-(1-benzyl-

1H-pyrrol-2-yl)phenyl)pyridine 6.2.10 (63.0 mg, 0.203 mmol, 68% yield) as an 

pale yellow oil. Rf: 0.32 (Pentane:EtOAc 4:1). 1H NMR (400 MHz, CDCl3) δ 

8.68 (d, J = 4.9 Hz, 1H, ArH), 7.85 (m, 1H, ArH), 7.53 – 7.42 (m, 2H, ArH), 7.42 – 7.33 (m, 2H, 

ArH), 7.17 – 7.13 (m, 4H, ArH), 6.83 (d, J = 7.9 Hz, 1H, ArH), 6.72 (dd, J = 6.6, 2.9 Hz, 2H, ArH), 

6.52 (m, 1H, ArH), 6.24 – 6.13 (m, 2H, ArH), 4.45 (s, 2H, NCH2Ph). 13C NMR (101 MHz, CDCl3) 

δ 158.7, 149.5, 140.2, 138.1, 135.8, 133.2, 132.1, 131.7, 130.3, 128.6, 128.6, 128.4, 127.3, 127.2, 

124.2, 121.7, 110.1, 108.3, 50.6. (2 Cs overlapping at 121.7, shown by HSQC) IR ν 3062 (m), 3029 

(w), 2925 (w), 1585 (s), 1471 (s), 1427 (s), 1311 (m), 1298 (m), 1236 (m), 1153 (w), 1076 (m), 1024 

(m), 989 (w). HRMS (ESI) calcd for C22H19N2
+ [M+H]+ 311.1543; found 311.1542. 

  



Experimental Part and Annexes 

 

283 

 

3-(1-Methyl-1H-indol-3-yl)-4-(pyridin-2-yl)benzonitrile (6.2.11) 

Starting from commercially available 4-(pyridin-2-yl)benzonitrile (54.0 mg, 0.300 

mmol) and with 1-(3-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one 

6.1.10a (124 mg, 0.330 mmol, 1.10 equiv.) at 80 °C, 3-(1-methyl-1H-indol-3-yl)-

4-(pyridin-2-yl)benzonitrile 6.2.11 (72.0 mg, 0.233 mmol, 78% yield) was 

obtained as a yellow oil. Rf: 0.35 (Pentane:EtOAc 4:1). 1H NMR (400 MHz, 

CDCl3) δ 8.70 (m, 1H, ArH), 7.88 (d, J = 1.7 Hz, 1H, ArH), 7.83 (d, J = 8.0 Hz, 1H, ArH), 7.69 (dd, 

J = 8.0, 1.7 Hz, 1H, ArH), 7.36 – 7.27 (m, 3H, ArH), 7.21 (ddd, J = 8.3, 7.0, 1.1 Hz, 1H, ArH), 7.13 

(ddd, J = 7.5, 4.9, 1.2 Hz, 1H, ArH), 7.05 (d, J = 8.0 Hz, 1H, ArH), 7.02 (ddd, J = 8.0, 7.0, 1.1 Hz, 

1H, ArH), 6.77 (s, 1H, NCHC), 3.73 (s, 3H, NCH3). 13C NMR (101 MHz, CDCl3) δ 157.9, 149.6, 

143.6, 136.7, 135.6, 134.8, 134.5, 131.5, 129.8, 128.4, 126.3, 124.7, 122.2, 122.0, 120.1, 119.3, 118.9, 

113.3, 112.1, 109.4, 32.9. IR ν 3053 (w), 2932 (w), 2230 (m), 1587 (m), 1558 (w), 1475 (m), 1463 

(m), 1330 (w), 1266 (s), 1224 (w), 1160 (w), 1091 (w), 1026 (w), 902 (w), 839 (m). HRMS (ESI) 

calcd for C21H16N3
+ [M+H]+ 310.1339; found 310.1344. 

1-(3-Phenylpropyl)-3-(2-(pyridin-2-yl)phenyl)-1H-indole (6.2.12) 

Starting from commercially available 2-phenylpyridine 6.2.1a (43.0 µl, 

0.300 mmol) and with 1-(3-1-(3-phenylpropyl)-1H-indole)-1H-1λ3 -

benzo[b]iodo-3(2H)-one 6.1.10j (159 mg, 0.330 mmol, 1.10 equiv.) at 80 

°C, 1-(3-phenylpropyl)-3-(2-(pyridin-2-yl)phenyl)-1H-indole 6.2.12 

(86.0 mg, 0.221 mmol, 74% yield) was obtained as an orange oil. Rf: 

0.48 (Pentane:EtOAc 4:1). 1H NMR (400 MHz, CDCl3) δ 8.67 (m, 1H, ArH), 7.76 (dd, J = 7.4, 1.7 

Hz, 1H, ArH), 7.67 (dd, J = 7.4, 1.5 Hz, 1H, ArH), 7.58 (d, J = 7.9 Hz, 1H, ArH), 7.51 (td, J = 7.4, 

1.7 Hz, 1H, ArH), 7.47 (td, J = 7.4, 1.5 Hz, 1H, ArH), 7.34 – 7.19 (m, 6H, ArH), 7.09 (m, 3H, ArH), 

7.06 – 7.01 (m, 2H, ArH), 6.71 (s, 1H, CH2NCHC), 4.04 (t, J = 6.8 Hz, 2H, PhCH2CH2CH2N), 2.48 

(dd, J = 8.6, 6.7 Hz, 2H, PhCH2CH2CH2N), 2.08 (dq, J = 9.0, 6.9 Hz, 2H, PhCH2CH2CH2N). 13C 

NMR (101 MHz, CDCl3) δ 160.0, 149.1, 140.8, 139.8, 136.0, 135.2, 133.3, 130.9, 130.5, 128.5, 

128.3, 127.4, 127.3, 126.7, 126.1, 125.1, 121.6, 121.3, 119.9, 119.6, 115.2, 109.3, 45.4, 32.7, 31.3 

(one Carbon signal not resolved). IR ν 3059 (w), 3027 (w), 2932 (w), 1602 (w), 1585 (m), 1547 (w), 

1496 (w), 1462 (s), 1424 (w), 1392 (w), 1372 (w), 1334 (w), 1167 (w), 1024 (w), 911 (w). HRMS 

(ESI) calcd for C28H25N2
+ [M+H]+ 389.2012; found 389.2016. 
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8-(1-Methyl-1H-indol-3-yl)quinolin-2(1H)-one (6.2.13) 

Starting from commercially available quinoline N-oxide (44.0 mg, 0.300 mmol) 

and with 1-(3-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one 6.1.10a 

(124 mg, 0.330 mmol, 1.10 equiv.) at 100 °C, 8-(1-methyl-1H-indol-3-

yl)quinolin-2(1H)-one 6.2.13 (31.0 mg, 0.113 mmol, 38% yield) was obtained as 

a yellow oil. Rf: 0.58 (EtOAc:MeOH 10:1). 1H NMR (400 MHz, CDCl3) δ 9.02 

(s, 1H, NHCO), 7.83 (d, J = 9.5 Hz, 1H, ArH), 7.61 – 7.54 (m, 2H, ArH), 7.45 (dd, J = 8.3, 6.7 Hz, 

2H, ArH), 7.34 (m, 1H, ArH), 7.30 (d, J = 7.6 Hz, 1H, ArH), 7.23 (s, 1H, NCHC), 7.20 – 7.15 (m, 

1H, IndoleH), 6.66 (d, J = 9.3 Hz, 1H, ArH), 3.91 (s, 3H, NCH3). 13C NMR (101 MHz, CDCl3) δ 

162.4, 141.0, 136.3, 132.2, 127.8, 127.7, 126.9, 126.7, 122.9, 122.4, 121.9, 121.6, 120.6, 120.0, 119.4, 

109.8, 109.4, 33.1. IR ν 3367 (w), 3053 (w), 2923 (m), 2853 (w), 1715 (w), 1651 (s), 1608 (m), 1541 

(w), 1467 (m), 1372 (w), 1333 (w), 1234 (w), 1135 (w), 1014 (w), 840 (m). HRMS (ESI) calcd for 

C18H15N2O
+ [M+H]+ 275.1179; found 275.1185.  

 

(2R,3R,4R,5R)-2-(Acetoxymethyl)-5-(6-(2-(1-methyl-1H-indol-3-yl)phenyl)-9H-purin-9-

yl)tetrahydrofuran-3,4-diyl diacetate (6.2.14) 

Starting from (2R,3R,4R,5R)-2-(acetoxymethyl)-5-(6-phenyl-9H-

purin-9-yl)tetrahydrofuran-3,4-diyl diacetate 12.4.7 (136 mg, 0.300 

mmol) and with 1-(3-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-

3(2H)-one 6.1.10a (124 mg, 0.330 mmol, 1.10 equiv.) at 50 °C, 

(2R,3R,4R,5R)-2-(Acetoxymethyl)-5-(6-(2-(1-methyl-1H-indol-3-

yl)phenyl)-9H-purin-9-yl)tetrahydrofuran-3,4-diyl diacetate 6.2.14 

(72 mg, 0.123 mmol, 41% yield)) was obtained as a yellow oil. Rf: 0.65 (EtOAc 100%). 1H NMR 

(400 MHz, CDCl3) δ 8.81 (s, 1H, ArH), 8.04 (s, 1H, ArH), 7.76 (dd, J = 7.6, 1.4 Hz, 1H, ArH), 7.70 

(dd, J = 7.6, 1.3 Hz, 1H, ArH), 7.56 (td, J = 7.6, 1.5 Hz, 1H, ArH), 7.46 (td, J = 7.5, 1.3 Hz, 1H, 

ArH), 7.30 – 7.23 (m, 1H, ArH + CDCl3), 7.18 (d, J = 8.3 Hz, 1H, ArH), 7.08 (ddd, J = 8.1, 7.0, 1.1 

Hz, 1H, ArH), 6.90 (s, 1H, ArH), 6.86 (ddd, J = 8.0, 6.9, 1.0 Hz, 1H, ArH), 6.18 (d, J = 5.1 Hz, 1H, 

CH), 5.89 (t, J = 5.3 Hz, 1H, CH), 5.65 (dd, J = 5.5, 4.5 Hz, 1H, CH), 4.47 – 4.40 (m, 2H, CH + 

CH2), 4.34 (dd, J = 13.1, 5.2 Hz, 1H, CH2), 3.67 (s, 3H, NMe), 2.14 (s, 3H, COCH3), 2.08 (s, 3H, 

COCH3), 2.06 (s, 3H, COCH3). 13C NMR (101 MHz, CDCl3) δ 170.3, 169.5, 169.2, 160.3, 152.3, 

151.0, 142.4, 136.6, 134.7, 134.2, 132.9, 131.3, 131.0, 129.8, 128.2, 126.9, 126.2, 121.4, 119.5, 119.2, 
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115.4, 109.0, 86.3, 80.2, 73.0, 70.5, 62.9, 32.7, 20.7, 20.5, 20.4. IR ν 3056 (w), 2934 (w), 2825 (w), 

2254 (w), 1749 (s), 1586 (m), 1505 (w), 1484 (w), 1435 (w), 1377 (m), 1332 (m), 1219 (s), 1101 (m), 

1048 (m), 912 (m), 817 (w). HRMS  (ESI) calcd for C31H30N5O7
+ [M+H]+ 584.2140; found 

584.2138. 

Methyl 3,5-bis(1-methyl-1H-indol-3-yl)-4-(pyridin-2-yl)benzoate (6.2.15) 

Starting from methyl 4-(pyridin-2-yl)benzoate 12.4.4.1 (64.0 mg, 0.300 

mmol) and with 1-(3-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-

3(2H)-one 6.1.10a (249 mg, 0.660 mmol, 2.20 equiv.) at 50 °C, methyl 

3,5-bis(1-methyl-1H-indol-3-yl)-4-(pyridin-2-yl)benzoate 6.2.15 (75.0 

mg, 0.159 mmol, 53% yield) was obtained as a yellow oil. Rf: 0.30 

(Pentane:EtOAc 4:1). 1H NMR (400 MHz, CDCl3) δ 8.47 (m, 1H, ArH), 8.32 (s, 2H, ArH), 7.68 (d, 

J = 8.0 Hz, 2H, ArH), 7.29 – 7.15 (m, 5H, ArH), 7.08 (ddd, J = 8.2, 6.5, 1.5 Hz, 2H, ArH), 6.99 – 

6.93 (m, 2H, ArH), 6.52 (s, 2H, ArH), 3.94 (s, 3H, COOMe), 3.58 (s, 6H, NMe). 13C NMR (101 

MHz, CDCl3) δ 167.2, 159.8, 147.9, 143.2, 136.4, 135.6, 135.4, 129.7, 128.9, 127.3, 125.7, 121.6, 

121.5, 119.8, 119.5, 114.5, 109.0, 52.1, 32.6. IR ν 3056 (w), 2950 (w), 2247 (w), 1720 (m), 1571 

(m), 1477 (m), 1427 (m), 1325 (m), 1293 (s), 1247 (s), 1161 (m), 1119 (m), 1004 (m), 908 (s). HRMS 

(ESI) calcd for C31H25N3O2 [M+H]+ 472.1998; found 472.2021. 

 

General Procedure for the Rh-Catalyzed Hetero-arylation via C-H activation. (GP10) 

 

In a sealed tube, [RhCp*Cl2]2 (3.70 mg, 6.00 µmol, 3.00 mol %), AgSbF6 (10.3 mg, 30.0 µmol, 0.150 

equiv), Zn(OTf)2 (10.9 mg, 30.0 µmol, 0.150 equiv), the corresponding pyridinone (0.200 mmol, 1.00 

equiv) and the corresponding hypervalent iodine reagent (0.200 mmol, 1.00 equiv) were solubilized 

in dry MeOH (2.0 mL, 0.1 M) under N2. The mixture was stirred at 80 °C for 12 h. The suspension 

was diluted with DCM (5 mL) and quenched with a saturated aqueous solution of NaHCO3 (5 mL). 

The two layers were separated and the aqueous layer was extracted twice with DCM (5 mL). The 

organic layers were combined, dried over magnesium sulfate dehydrate, filtered and concentrated 
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under reduced pressure. The crude residue was purified by preparative TLC using DCM/MeOH 19:1 

as eluent to afforded the pure title compound. 

8-(1-Methyl-1H-indol-3-yl)quinoline 1-oxide (6.2.16a) 

Starting from quinoline N-oxide and IndoleBX 6.1.10a (75.0 mg, 0.200 mmol, 1.00 

equiv.), a purification by preparative TLC (DCM/MeOH 19:1) afforded 8-(1-

methyl-1H-indol-3-yl)quinoline 1-oxide 6.2.16a (32.8 mg, 0.120 mmol, 60% yield) 

as a yellow oil. Rf 0.80 (DCM/MeOH 19:1). 
1
H NMR (400 MHz, CDCl3) δ 8.37 

(dd, J = 6.0, 1.2 Hz, 1H, ArH), 7.83 (dd, J = 8.1, 1.6 Hz, 1H, ArH), 7.73 (dd, J = 8.5, 1.1 Hz, 1H, 

ArH), 7.67 (dd, J = 7.2, 1.6 Hz, 1H, ArH), 7.59 (dd, J = 8.0, 7.3 Hz, 1H, ArH), 7.41-7.32 (m, 2H, 

ArH), 7.29-7.17 (m, 2H, ArH), 7.12 (s, 1H, ArH), 7.09 (ddd, J = 8.0, 7.0, 1.1 Hz, 1H, ArH), 3.86 (s, 

3H, NMe). 
13

C NMR (101 MHz, CDCl3) δ 140.9, 137.2, 136.3, 135.5, 132.6, 129.3, 129.2, 127.9, 

127.9, 127.3, 125.6, 121.5, 121.0, 120.1, 119.6, 117.0, 109.3, 33.0. IR ν 3051 (w), 2930 (w), 1707 

(m), 1613 (w), 1570 (m), 1476 (m), 1418 (m), 1366 (m), 1302 (m), 1245 (s), 1160 (w), 1058 (w), 

1021 (w), 902 (w), 824 (m). HRMS calcd for C18H15N2O
+ [M+H]+ 275.1179; found 275.1188. 

6-Methoxy-8-(1-methyl-1H-indol-3-yl)quinoline 1-oxide (6.2.16b) 

Starting from 6-methoxyquinoline N-oxide and IndoleBX 6.1.10a (75.0 mg, 0.200 

mmol, 1.00 equiv.), a purification by preparative TLC (DCM/MeOH 19:1) 

afforded 6-methoxy-8-(1-methyl-1H-indol-3-yl)quinoline 1-oxide 6.2.16b (34.9 

mg, 0.115 mmol, 57% yield) as a yellow oil. Rf 0.78 (DCM/MeOH 19:1). 
1
H 

NMR (400 MHz, CDCl3) δ 8.22 (dd, J = 6.0, 1.2 Hz, 1H, ArH), 7.61 (dd, J = 8.4, 

1.2 Hz, 1H, ArH), 7.39 (dt, J = 7.9, 1.0 Hz, 1H, ArH), 7.34 (dt, J = 8.4, 0.9 Hz, 1H, ArH), 7.31 (d, J 

= 2.9 Hz, 1H, ArH), 7.25-7.17 (m, 2H, ArH), 7.12 (s, 1H, ArH), 7.12-7.05 (m, 2H, ArH), 3.94 (s, 3H, 

OMe), 3.85 (s, 3H, NMe). 
13

C NMR (101 MHz, CDCl3) δ 158.0, 136.8, 136.3, 135.4, 134.1, 131.1, 

129.2, 127.4, 126.8, 124.7, 121.6, 121.5, 120.1, 119.7, 116.7, 109.3, 106.0, 55.7, 33.0. IR ν 3051 (w), 

2985 (w), 1665 (m), 1609 (w), 1584 (m), 1552 (w), 1465 (w), 1436 (w), 1362 (w), 1266 (s), 1230 

(w), 1159 (w), 1126 (w), 1030 (w), 805 (w). HRMS calcd for C19H17N2O2
+ [M+H]+ 305.1285; found 

305.1287. 
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2-Methyl-8-(1-methyl-1H-indol-3-yl)quinoline 1-oxide (6.2.16c) 

Starting from 2-methylquinoline N-oxide and IndoleBX 6.1.10a (75.0 mg, 

0.200 mmol, 1.00 equiv.), a purification by preparative TLC (DCM/MeOH 

19:1) afforded 2-methyl-8-(1-methyl-1H-indol-3-yl)quinoline 1-oxide 6.2.16c 

(38.2 mg, 0.132 mmol, 66% yield) as a yellow oil. Rf 0.85 (DCM/MeOH 

19:1). 
1
H NMR (400 MHz, CDCl3) δ 7.80 (dd, J = 8.0, 1.6 Hz, 1H, ArH), 

7.66-7.62 (m, 2H, ArH), 7.54 (dd, J = 8.0, 7.3 Hz, 1H, ArH), 7.34 (m, 1H, ArH), 7.30 (m, 2H, ArH), 

7.22 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H, ArH), 7.14 (s, 1H, ArH), 7.05 (ddd, J = 7.9, 7.0, 1.0 Hz, 1H, ArH), 

3.86 (s, 3H, NMe), 2.56 (s, 3H, CH3). 
13

C NMR (101 MHz, CDCl3) δ 146.8, 140.9, 136.3, 135.6, 

131.3, 129.4, 128.8, 127.9, 126.9, 126.9, 124.5, 123.0, 121.5, 120.1, 119.3, 117.8, 109.3, 33.0, 19.4. 

IR ν 3048 (w), 2936 (w), 2837 (w), 1665 (s), 1548 (s), 1466 (s), 1436 (m), 1362 (m), 1339 (m), 1228 

(m), 1159 (m), 1125 (m), 1033 (m), 846 (m), 804 (s), 737 (m). HRMS calcd for 

C19H17N2O
+ [M+H]+ 289.1335; found 289.1346. 

8-(1-Methyl-1H-indol-3-yl)-6-fluoroquinoline 1-oxide (6.2.16d) 

Starting from 6-fluoroquinoline N-oxide and  IndoleBX 6.1.10a (75.0 mg, 0.200 

mmol, 1.00 equiv.), a purification by preparative TLC (DCM/MeOH 19:1) afforded 

8-(1-methyl-1H-indol-3-yl)-6-fluoroquinoline 1-oxide 6.2.16d (19.1 mg, 65.0 µmol, 

33% yield) as a yellow oil. Rf 0.9 (DCM/MeOH 19:1). 
1
H NMR (400 MHz, CDCl3) 

δ 8.31 (d, J = 6.0 Hz, 1H, ArH), 7.70 – 7.64 (m, 1H, ArH), 7.47 – 7.42 (m, 2H, ArH), 7.40 – 7.32 (m, 

2H, ArH), 7.31 – 7.27 (m, 1H, ArH), 7.24 – 7.21 (m, 1H, ArH), 7.16 (s, 1H, ArH, ArH), 7.10 (ddd, J 

= 8.1, 6.9, 1.1 Hz, 1H, ArH), 3.86 (s, 3H, NMe). 
13

C NMR (101 MHz, CDCl3) δ 136.5, 136.5, 136.2, 

128.7, 127.6, 124.8, 124.8, 124.4, 124.2, 121.9, 121.7, 119.8, 119.8, 110.9, 110.7, 109.7, 109.3, 32.9. 

HRMS (ESI) calcd for C18H14FN2O
+ [M+H]+ 293.1085; found 293.1087. 

8-(1-Methyl-1H-indol-3-yl)-6-phenylquinoline 1-oxide (6.2.16e) 

Starting from 6-phenylquinoline N-oxide and 6.1.10a, a purification by preparative 

TLC (DCM/MeOH 19:1) afforded 8-(1-methyl-1H-indol-3-yl)-6-phenylquinoline 

1-oxide 6.2.16e (51.3 mg, 0.146 mmol, 73% yield) as a yellow oil. Rf 0.58 

(DCM/MeOH 19:1). 
1
H NMR (400 MHz, CDCl3) δ 8.34 (dd, J = 6.0, 1.2 Hz, 1H, 

ArH), 7.98 (d, J = 2.1 Hz, 1H, ArH), 7.93 (d, J = 2.1 Hz, 1H, ArH), 7.75 (dd, J = 

8.4, 1.1 Hz, 1H, ArH), 7.73-7.65 (m, 2H, ArH), 7.46 (t, J = 7.4 Hz, 2H, ArH), 7.41 (dd, J = 8.5, 7.3 
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Hz, 2H, ArH), 7.34 (d, J = 8.2 Hz, 1H, ArH), 7.25-7.19 (m, 2H, ArH), 7.16 (s, 1H, ArH), 7.12-7.05 

(m, 1H, ArH), 3.84 (s, 3H, NMe). 
13

C NMR (101 MHz, CDCl3) δ 140.2, 139.9, 138.9, 136.9, 136.2, 

134.8, 132.8, 129.6, 129.1, 129.0, 128.2, 127.4, 127.3, 125.8, 125.1, 121.4, 121.2, 120.0, 119.5, 116.7, 

109.2, 32.8. IR νmax 3050 (w), 2975 (m), 2932 (m), 2873 (m), 1576 (m), 1478 (m), 1363 (m), 1332 

(m), 1288 (m), 1250 (m), 1231 (m), 1170 (m), 1133 (m), 1116 (m), 1060 (m), 846 (m), 797 (m), 762 

(s), 736 (s). HRMS calcd for C24H19N2O
+ [M+H]+ 351.1492; found 351.1490. 

12.4.6 Synthesis of Starting Materials for the Ru C-H activation. (GP11) 

 

Following a reported procedure,339 O-methylhydroxylamine hydrochloride (0.418 g, 5.00 mmol, 1.00 

equiv.) was added to a solution of K2CO3 (1.38 g, 10.0 mmol, 2.00 equiv) in a mixture of EtOAc/H2O 

(20 mL,1:1 0.25 M) under vigorous stirring. Then the reaction mixture was cooled to 0 °C and the 

corresponding (substituted) benzoyl chloride (5.00 mmol, 1.00 equiv) was added dropwise or 

portionwise. The reaction mixture was warmed to room temperature and stirred for additional 2 hours. 

The organic layer was separated and the aqueous layer was extracted with EtOAc (3x10 mL). The 

combined organic layers were dried over MgSO4, filtered, and the solvent removed under reduced 

pressure. The crude product was purified by flash column chromatography (Pentane:EtOAc 2:1) to 

afford the desired N-methoxy benzamides 6.3.1a-k. 

N-Methoxybenzamide (6.3.1a) 

The synthesis of N-methoxybenzamide 6.3.1a was scaled up to 10 mmol without 

reoptimization of the protocol. 

Starting from commercially available benzoyl chloride (1.15 mL, 10.0 mmol), N-

methoxybenzamide 6.3.1a (1.20 g, 7.94 mmol, 79% yield) was obtained as a colorless 

solid. 1H NMR (400 MHz, CDCl3) δ 10.70 (s, 1H, NHOCH3), 7.70 (dd, J = 8.3, 1.4 Hz, 2H, ArH), 

7.38 (m, 1H, ArH), 7.26 (ddd, J = 8.3, 6.6, 1.3 Hz, 2H, ArH), 3.69 (s, 3H, NHOCH3). 13C NMR (100 

MHz, CDCl3) δ 166.2, 131.7, 128.3, 127.1, 63.9, 53.3. IR ν 3197 (w), 2980 (w), 2935 (w), 1646 (s), 

                                                 
339 Y. Fukui, P. Liu, Q. Liu, Z.-T. He, N.-Y. Wu, P. Tian, G.-Q. Lin, J. Am. Chem. Soc. 2014, 136, 15607–15614. 
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1579 (m), 1516 (m), 1484 (m), 1310 (m), 1154 (w), 1045 (m), 1026 (m), 945 (w), 881 (s). NMR 

values are in accordance with the data reported in literature.339 

N-Methoxybenzo[d][1,3]dioxole-5-carboxamide (6.3.1b) 

Starting from commercially available benzo[d][1,3]dioxole-5-carbonyl chloride (923 

mg, 5.00 mmol), N-methoxybenzo[d][1,3]dioxole-5-carboxamide 6.3.1b (865 mg, 4.43 

mmol, 89% yield) was obtained as a white solid. 1H NMR (400 MHz, CDCl3) δ 10.59 

(br s, 1H, NHOCH3), 7.31 (d, J = 8.2, 1.8 Hz, 1H, ArH), 7.23 (s, 1H, ArH), 6.69 (d, J = 

8.1, Hz, 1H, ArH), 5.92 (s, 2H, OCH2O), 3.75 (s, 3H, NHOCH3). 13C NMR (101 MHz, 

CDCl3) δ 165.7, 150.4, 147.6, 125.5, 122.1, 107.8, 107.5, 101.5, 63.9. IR ν 2982 (w), 2938 (w), 1650 

(m), 1605 (m), 1478 (s), 1438 (m), 1300 (m), 1252 (s), 1093 (m), 1034 (s), 927 (s), 839 (m). HRMS 

(ESI) calcd for C9H10NO4
+ [M+H]+ 196.0604; found 196.0604.339 

N-Methoxy-1-naphthamide (6.3.1c) 

For this starting material the synthesis was performed on 1.00 mmol scale 

Starting from commercially available 1-naphthoyl chloride (191 mg, 1.00 mmol), N-

methoxy-1-naphthamide 6.3.1c (183 mg, 0.909 mmol, 91% yield) was obtained as a 

white solid. 1H NMR (300 MHz, DMSO-d6) δ 8.72 (br s, 1H, NHOCH3), 8.28 (m, 

1H, ArH), 8.10–7.90 (m, 2H, ArH), 7.71–7.41 (m, 4H, ArH), 3.94 (s, 3H, NHOCH3). 13C NMR (75 

MHz, CDCl3) δ 167.3, 133.6, 131.4, 130.3, 129.6, 128.3, 127.4, 126.6, 125.6, 125.1, 124.5, 64.8. IR 

2943 (w), 2907 (w), 2827 (w), 1631 (s), 1617 (s), 1591 (m), 1537 (w), 1318 (w), 1262 (w), 1063 (m), 

958 (m), 889 (w). NMR values are in accordance with the data reported in literature.340 

N-Methoxy-4-methylbenzamide (6.3.1d) 

Starting from commercially available 4-methylbenzoyl chloride (775 mg, 5.00 mmol), N-

methoxy-4-methylbenzamide 6.3.1d (822 mg, 4.98 mmol, 100% yield) was obtained as a 

colorless solid. 1H NMR (400 MHz, CDCl3) δ 10.73 (brs, 1H, NHOCH3), 7.67 (d, J = 8.2 

Hz, 2H, ArH), 7.10 (d, J = 8.0 Hz, 2H, ArH),  3.74 (s, 3H, NHOCH3), 2.30 (s, 3H, ArCH3). 

13C NMR (100 MHz, CDCl3) δ (ppm) 166.2, 142.1, 128.9, 127.1, 63.8, 21.2 (2 aromatic 

Carbon signals overlapping at 128.9). IR ν 3201 (w), 2975 (w), 2935 (w), 1646 (s), 1572 (w), 1494 

                                                 
340 S. Rakshit, C. Grohmann, T. Besset, F. Glorius, J. Am. Chem. Soc. 2011, 133, 2350–2353. 
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(m), 1439 (w), 1308 (m), 1155 (w), 1043 (s), 1020 (m), 943 (w), 883 (s), 833 (m). NMR values are 

in accordance with the data reported in literature.339 

N,4-dimethoxybenzamide (6.3.1e) 

Starting from commercially available 4-methoxybenzoyl chloride (853 mg, 5.00 mmol), 

4-fluoro- N,4-dimethoxybenzamide 6.3.1e (890 mg, 4.91 mmol, 98% yield) was obtained 

as a white solid. 1H NMR (400 MHz, CDCl3) δ 10.67 (s, 1H, NHOMe), 7.77 (d, J = 8.9 

Hz, 2H, ArH), 6.81 (d, J = 8.4 Hz, 2H, ArH), 3.77 (s, 3H, NHOMe), 3.76 (s, 3H, ArOMe). 

13C NMR (100 MHz, CDCl3) δ 162.2, 132.6, 128.9, 114.0, 113.5, 63.8, 55.1. IR ν 3205 

(w), 2972 (w), 2938 (w), 1644 (m), 1606 (s), 1496 (m), 1255 (s), 1181 (m), 1159 (m), 1027 (s), 884 

(m), 844 (m). NMR values are in accordance with the data reported in literature.339 

4-Bromo-N-methoxybenzamide (6.3.1f) 

Starting from commercially available 4-bromobenzoyl chloride (1.09 g, 5.00 mmol), 4-

bromo-N-methoxybenzamide 6.3.1f (700 mg, 3.04 mmol, 61% yield) was obtained as a 

colorless solid. 1H NMR (400 MHz, CDCl3) δ 10.59 (brs, 1H, NHOCH3), 7.56 (d, J = 8.5 

Hz, 2H, ArH), 7.41 (d, J = 8.6 Hz, 2H), 3.71 (s, 3H, NHOCH3). 13C NMR (100 MHz, 

CDCl3) δ 165.4, 131.7, 130.4, 128.8, 126.7, 64.1. IR ν 3059 (w), 3006 (w), 1647 (s), 1604 

(s), 1497 (s), 1267 (s), 1237 (s), 1158 (m), 1041 (m), 885 (m), 850 (s) 1H NMR data is corresponding 

to the reported values.339 

4-Fluoro-N-methoxybenzamide (6.3.1g) 

Starting from commercially available 4-fluorobenzoyl chloride (793 mg, 5.00 mmol), 4-

fluoro-N-methoxybenzamide 6.3.1g (643 mg, 3.80 mmol, 76% yield) was obtained as a 

colorless solid. 1H NMR (400 MHz, CDCl3) δ 11.29 (s, 1H, NHOMe), 7.78 (m, 2H, ArH), 

6.96 (m, 2H, ArH), 3.72 (s, 3H, NHOMe). 13C NMR (101 MHz, CDCl3) 165.2, 164.7 (d, 

J = 252.5 Hz), 129.6 (d, J = 9.0 Hz), 127.6 (d, J = 3.3 Hz), 115.3 (d, J = 22.0 Hz), 63.7.  IR ν 3210 

(w), 2984 (w), 2941 (w), 1656 (s), 1592 (s), 1481 (s), 1439 (w), 1318 (w), 1154 (w), 1072 (s), 1012 

(s), 944 (w), 879 (s), 841 (m). NMR data is corresponding to the reported values.339 
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N-Methoxy-3-methylbenzamide (6.3.1h) 

Starting from commercially available 3-methylbenzoyl chloride (775 mg, 5.00 mmol), 

N-methoxy-3-methylbenzamide 6.3.1h (813 mg, 4.92 mmol, 98% yield) was obtained 

as a white solid. 1H NMR (400 MHz, CDCl3) δ (ppm) 11.09 (s, 1H, NHOCH3), 8.37 

(s, 1H, ArH), 8.03 (dt, J = 7.8, 1.5 Hz, 1H), 7.98 (dt, J = 7.8, 1.5 Hz, 1H), 7.39 (t, J = 

7.8 Hz, 1H), 3.78 (s, 6H, NHOMe + ArCH3). 13C NMR (101 MHz, CDCl3) δ 166.0, 132.4, 132.0, 

131.6, 130.1, 128.5, 128.1, 63.9, 52.1. IR ν 3004 (w), 2953 (w), 1726 (s), 1650 (m), 1516 (w), 1439 

(m), 1303 (m), 1264 (s), 1156 (m), 1109 (w), 982 (w), 826 (w). NMR values are in accordance with 

the data reported in literature. 30 

N-Methoxy-3-(trifluoromethyl)benzamide (6.3.1i) 

Starting from commercially available 3-(trifluoromethyl)benzoyl chloride (1.04 g, 

5.00 mmol), N-methoxy-4-methylbenzamide 6.3.1i (822 mg, 3.75 mmol, 75% yield) 

was obtained as a colorless solid. 1H NMR (400 MHz, CDCl3) δ 9.60 (s, 1H, 

NHOCH3), 8.02 (s, 1H, ArH), 7.95 (d, J = 8.1 Hz, 1H, ArH), 7.56 (t, J = 7.8 Hz, 1H, 

ArH), 3.87 (s, 3H, NHOCH3). 13C NMR (100 MHz, CDCl3) δ 168.3, 130.5, 129.3, 128.7, 128.6, 

124.2, 124.2, 123.5 (q, JF = 272.6 Hz), 64.6. IR ν 3190 (w), 2995 (w), 1656 (m), 1522 (w), 1440 (w), 

1330 (s), 1283 (m), 1169 (s), 1125 (s), 1075 (m), 909 (w). NMR values are in accordance with the 

data reported in literature.341 

3-Chloro-N-methoxybenzamide (6.3.1j) 

Starting from commercially available 3-chlorobenzoyl chloride (875 g, 5.00 mmol), 3-

chloro-N-methoxybenzamide 60 (830 mg, 4.47 mmol, 89% yield) was obtained as a 

white solid. 1H NMR (400 MHz, CDCl3): δ 9.90 (br s, 1H, NHOCH3), 7.75 (s, 1H, 

ArH), 7.64 (d, J = 7.8 Hz, 1H, ArH), 7.45 (dd, J = 8.1, 2.1 Hz, 1H, ArH), 7.32 (t, J = 

7.9 Hz, 1H, ArH), 3.83 (s, 3H, NHOCH3). 13C NMR (101 MHz, CDCl3): δ 165.1, 134.7, 133.4, 132.0, 

129.9, 127.5, 125.3, 64.4. IR ν 3187 (w), 3006 (w), 2937 (w), 1646 (s), 1572 (s), 1519 (m), 1471 (m), 

1298 (m), 1162 (m), 1048 (m), 944 (m), 904 (m). NMR values are in accordance with the data 

reported in literature.342 

  

                                                 
341 N. Guimond, S. I. Gorelsky, K. Fagnou, J. Am. Chem. Soc. 2011, 133, 6449–6457. 
342 H. Zhong, D. Yang, S. Wang, J. Huang, Chem. Commun. 2012, 48, 3236–3238. 



Experimental Part and Annexes 

 

292 

 

3-Fluoro-N-methoxybenzamide (6.3.1k) 

Starting from commercially available 3-fluorobenzoyl chloride (775 mg, 5.00 mmol), 

3-fluoro-N-methoxybenzamide 6.3.1k (710 mg, 4.20 mmol, 84% yield) was obtained 

as a colorless solid. Mp: 67.9°C. 1H NMR (400 MHz, CDCl3) δ 10.76 (brs, 1H, 

NHOCH3), 7.57 (m, 1H, ArH), 7.50 (ddd, J = 9.4, 2.6, 1.6 Hz, 1H, ArH), 7.30 – 7.21 

(m, 1H, ArH), 7.08 (t, J = 8.8 Hz, 1H, ArH), 3.73 (s, 3H, NHOCH3). 13C NMR (101 MHz, CDCl3) δ 

165.0, 162.4 (d, J = 247.6 Hz), 133.7 (d, J = 6.9 Hz), 130.1 (d, J = 7.8 Hz), 122.8, 118.9 (d, J = 21.2 

Hz), 114.4 (d, J = 23.3 Hz), 64.0. IR 2979 (w), 2940 (w), 1652 (s), 1587 (s), 1519 (m), 1483 (m), 

1226 (s), 1046 (m), 937 (m), 816 (s). Mp and IR significative values are in accordance with the data 

reported in literature.343 

Preparation of the Ruthenium Catalyst 6.3.Cat2. 

 

Following a reported procedure,344 [RuCl2(p-cymene)]2 6.3.Cat1 (105 mg, 0.163 mmol), 

adamantane-1-carboxylic acid (118 mg, 0.652 mmol, 4.00 equiv.) and K2CO3 (225 mg, 1.63 mmol, 

10.0 equiv.) were suspended in toluene (16.0 mL, 0.01 M) under N2. The resulting suspension was 

stirred for 3 hours at r.t.. The solvent was then removed in vacuo and the residue dissolved in dry 

CH2Cl2 (20 mL). The resulting suspension was filtered under N2 through a short plug of celite. The 

solvent was removed in vacuo to yield (catalyst) complex 6.3.Cat2 (90.0 mg, 0.156 mmol, 96% yield) 

as an orange solid. 1H NMR (300 MHz, CDCl3): δ 5.70 (d, J = 5.7 Hz, 2H, ArH), 5.49 (d, J = 5.7 Hz, 

2H, ArH), 2.88 (hept, J = 7.1 Hz, 1H, ArCH(CH3)2), 2.23 (s, 3H, ArCH3), 1.92 (t, J = 3.3 Hz, 6H, 

ArCH(CH3)2), 1.78 (s, 12H, AdCH2), 1.63 (s, 12H, AdCH2), 1.33 (d, J = 6.9 Hz, 6H, AdCH). 1H-

NMR values are in accordance with the data reported in literature. 

 

                                                 
343 V.P. Semenov, O.B. Ratner, K.A. Ogloblin, Zhurnal Organicheskoi Khimii 1979, 15, 1870–1873. Compound 6.3.1k 

is purchaseable via Adlab Chemicals Building Blocks and Aurora Building Blocks. 
344 L. Ackermann, P. Novák, R. Vicente, N. Hofmann, Angew. Chem. Int. Ed. 2009, 48, 6045–6048. 
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12.4.7 Ru-catalyzed C – H activation of aryl-methoxamides  

 

GP11: In a vial, freshly synthetized benzamide 6.2.3a-6.2.3k (0.300 mmol), 1-(3-1-methyl-1H-

indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one 6.1.10a (0.330 mmol, 1.10 equiv.) and freshly synthetized 

Ruthenium complex 6.3.Cat2 (18.2 mg, 30.0 µmol, 10 mol%), were dissolved in dry TFE (3 ml, 0.1 

M) under nitrogen. the reaction mixture was degassed (freeze-thaw-pump) and stirred at 60 °C 

overnight. It was then allowed to cool down to r.t., washed with a saturated aqueous NaHCO3 (2ml) 

and concentrated under reduced pressure. Flash column chromatography (Pentane:EtOAc) afforded 

the desired products 6.3.2a-6.2.3k. 

N-Methoxy-2-(1-methyl-1H-indol-3-yl)benzamide (6.3.2a) 

Starting from N-methoxybenzamide 6.3.1a (45.3 mg, 0.300 mmol), N-methoxy-

2-(1-methyl-1H-indol-3-yl)benzamide 6.3.2a (57.0 mg, 0.203 mmol, 68% yield) 

was obtained as a yellow oil. Rf: 0.4 (Pentane:EtOAc 2:1). 1H NMR (400 MHz, 

CDCl3) δ 7.98 (br s, 1H, NHOCH3), 7.74 (dd, J = 7.5, 5.9 Hz, 1H, ArH), 7.67 (d, 

J = 7.9 Hz, 1H, IndoleH), 7.57 (dd, J = 7.8, 1.4 Hz, 1H, ArH), 7.52 (td, J = 7.5, 1.4 Hz, 1H, ArH), 

7.38 (m, 2H, ArH + IndoleH), 7.30 (ddd, J = 8.2, 6.9, 1.1 Hz, 1H, IndoleH), 7.24 (s, 1H, CH3NCHC), 

7.18 (ddd, J = 7.9, 6.9, 1.0 Hz, 1H, IndoleH), 3.85 (s, 3H, NCH3), 3.46 (s, 3H, NHOCH3). 13C NMR 

(101 MHz, CDCl3) δ 168.4, 137.0, 132.5, 132.4, 130.8, 130.7, 129.5, 128.1, 126.8, 126.7, 122.5, 

120.3, 119.5, 113.5, 109.6, 63.9, 33.0. IR ν 3209 (w), 3057 (w), 2968 (w), 2934 (m), 2816 (w), 1655 

(s), 1599 (w), 1547 (w), 1482 (s), 1464 (m), 1378 (m), 1329 (m), 1223 (m), 1161 (w), 1034 (m), 944 

(m), 885 (m). HRMS (ESI) calcd for C17H16N2NaO2
+ [M+Na]+ 303.1104; found 303.1108. 
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N-Methoxy-6-(1-methyl-1H-indol-3-yl)benzo[d][1,3]dioxole-5-carboxamide (6.3.2b) 

Starting from N-methoxybenzo[d][1,3]dioxole-5-carboxamide 6.3.1b (58.6 mg, 

0.300 mmol), N-methoxy-6-(1-methyl-1H-indol-3-yl)benzo[d][1,3]dioxole-5-

carboxamide 6.3.2b (78.0 mg, 0.240 mmol, 80% yield) was obtained as a white 

oil. Rf: 0.48 (Pentane:EtOAc 2:1). 1H NMR (400 MHz, CD2Cl2) δ 7.49 (d, J = 

8.0 Hz, 1H, ArH), 7.40 (d, J = 8.3 Hz, 1H, IndoleH), 7.33 – 7.25 (m, 3H, 

IndoleH), 7.14 (ddd, J = 8.0, 6.9, 1.0 Hz, 1H, ArH), 6.85 (d, J = 8.1 Hz, 1H, IndoleH), 6.01 (s, 2H, 

OCH2O), 3.84 (s, 3H, NCH3), 3.35 (s, 3H, NHOCH3). (NHOMe proton present at 8.2 ppm) 13C NMR 

(101 MHz, CD2Cl2; the signals of two aromatic carbons were not resolved) δ 166.8, 149.5, 146.1, 

137.0, 129.4, 127.1, 126.9, 124.1, 122.4, 120.2, 115.2, 109.8, 107.0, 106.8, 101.7, 63.6, 33.1. IR ν 

3191 (w), 2967 (w), 2934 (w), 2899 (w), 1656 (m), 1628 (m), 1480 (m), 1448 (s), 1374 (w), 1340 

(m), 1250 (s), 1224 (w), 1132 (w), 1040 (s), 1017 (w), 929 (m), 833 (w). HRMS (ESI) calcd for 

C18H16N2NaO4
+ [M+Na]+ 347.1002; found 347.1002. 

N-Methoxy-2-(1-methyl-1H-indol-3-yl)-1-naphthamide (6.3.2c) 

Starting from N-methoxy-1-naphthamide 6.3.1c (60.4 mg, 0.300 mmol), N-

methoxy-2-(1-methyl-1H-indol-3-yl)-1-naphthamide 6.3.2c (78.0 mg, 0.236 

mmol, 79% yield) was obtained as a colorless oil. Rf: 0.35 (Pentane:EtOAc 

2:1). 1H NMR (400 MHz, CDCl3) δ 8.06 (d, J = 8.5 Hz, 1H, ArH), 8.00 – 7.95 

(m, 2H, ArH + NHOCH3), 7.89 (m, 1H, ArH), 7.80 (t, J = 8.6 Hz, 2H, ArH), 7.58 (ddd, J = 8.4, 6.8, 

1.4 Hz, 1H, ArH), 7.52 (ddd, J = 8.1, 6.9, 1.3 Hz, 1H, ArH), 7.41 (d, J = 9.7 Hz, 2H, ArH), 7.32 (m, 

1H, ArH), 7.22 (m, 1H, ArH), 3.86 (s, 3H, NCH3), 3.66 (s, 3H, NHOCH3). 13C NMR (101 MHz, 

CDCl3) δ 168.3, 137.1, 131.8, 131.3, 131.1, 130.0, 128.9, 128.5, 128.0, 127.6, 127.4, 126.9, 126.0, 

124.8, 122.3, 120.2, 119.4, 113.1, 109.8, 64.0, 33.0. IR ν 3186 (w), 3056 (w), 2958 (w), 2929 (m), 

2854 (w), 1651 (s), 1615 (m), 1545 (w), 1479 (m), 1384 (w), 1339 (w), 1264 (w), 1230 (w), 1134 

(w), 1101 (w), 1074 (m), 1019 (m), 892 (w), 821 (s). HRMS (ESI) calcd for 

C21H18N2NaO2
+ [M+Na]+ 353.1260; found 353.1256. 
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N-Methoxy-4-methyl-2-(1-methyl-1H-indol-3-yl)benzamide (6.3.2d) 

Starting from N-methoxy-4-methylbenzamide 6.3.1d (50.0 mg, 0.300 mmol), N-

methoxy-4-methyl-2-(1-methyl-1H-indol-3-yl)benzamide 6.3.2d (30.0 mg, 0.102 

mmol, 34% yield) was obtained as a yellow oil. Rf: 0.44 (Pentane:EtOAc 2:1). 1H 

NMR (400 MHz, CDCl3) δ 7.97 (br s, 1H, NHOCH3), 7.71 – 7.64 (m, 2H, ArH), 

7.40 – 7.34 (m, 2H, ArH), 7.30 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H, ArH), 7.22 – 7.16 

(m, 3H, ArH), 3.85 (s, 3H, NCH3), 3.44 (s, 3H, NHOCH3), 2.42 (s, 3H, ArCH3). 13C NMR (101 

MHz, CDCl3) δ 168.5, 141.1, 137.0, 132.4, 131.4, 129.7, 129.6, 128.0, 127.7, 126.8, 122.5, 120.4, 

119.6, 113.8, 109.6, 63.8, 33.0, 21.5. IR ν 3200 (w), 3047 (w), 2936 (w), 1662 (s), 1615 (m), 1543 

(w), 1482 (m), 1370 (w), 1331 (w), 1232 (w), 1160 (w), 1086 (w), 1040 (w), 1015 (w), 912 (w), 887 

(w), 834 (w). HRMS (ESI) calcd for C18H18N2NaO2
+ [M+Na]+ 317.1260; found 317.1264. 

 

N,4-Dimethoxy-2-(1-methyl-1H-indol-3-yl)benzamide (6.3.2e) 

Starting from N,4-dimethoxybenzamide 6.3.1e (54.5 mg, 0.300 mmol), N,4-

dimethoxy-2-(1-methyl-1H-indol-3-yl)benzamide 6.3.2e (85.0 mg, 0.274 mmol, 

91% yield) was obtained as a yellow oil. Rf: 0.48 (Pentane:EtOAc 2:1). 1H NMR 

(400 MHz, CDCl3) δ 8.02 (br s, 1H, NHOCH3), 7.75 (d, J = 8.6 Hz, 1H, ArH), 

7.66 (dd, J = 8.0, 1.0 Hz, 1H, ArH), 7.38 (d, J = 8.3 Hz, 1H, ArH), 7.30 (ddd, J = 

8.1, 7.0, 1.1 Hz, 1H, ArH), 7.22 (s, 1H, NCHC), 7.18 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H, ArH), 7.03 (d, J 

= 2.6 Hz, 1H, ArH), 6.92 (dd, J = 8.6, 2.6 Hz, 1H, ArH), 3.85 (s, 3H, NCH3), 3.85 (s, 3H, OCH3), 

3.43 (s, 3H, NHOCH3). 13C NMR (101 MHz, CDCl3) δ 168.1, 161.3, 137.0, 134.3, 131.5, 128.0, 

126.7, 124.8, 122.5, 120.4, 119.6, 115.7, 113.7, 112.5, 109.7, 63.8, 55.4, 33.0. IR ν 3203 (w), 2961 

(w), 2936 (w), 2838 (w), 1661 (s), 1603 (s), 1467 (m), 1330 (m), 1279 (m), 1238 (m), 1214 (m), 1084 

(m), 1030 (m), 886 (w). HRMS (ESI) calcd for C18H18N2NaO3
+ [M+Na]+ 333.1210; found 333.1210. 

 

4-Bromo-N-methoxy-2-(1-methyl-1H-indol-3-yl)benzamide (6.3.2f) 

Starting from 4-bromo-N-methoxybenzamide 6.3.1f (69.0 mg, 0.300 mmol), 4-

bromo-N-methoxy-2-(1-methyl-1H-indol-3-yl)benzamide 6.3.2f (91.0 mg, 0.253 

mmol, 84% yield) was obtained as an orange oil. Rf: 0.35 (Pentane:EtOAc 2:1).  

1H NMR (400 MHz, CDCl3) δ 8.04 (br s, 1H, NHOCH3), 7.75 (m, 1H, ArH), 
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7.67 (d, J = 8.0 Hz, 1H, ArH), 7.39 (d, J = 8.2 Hz, 1H, ArH), 7.33 (m, 1H, ArH), 7.28 – 7.24 (m, 2H, 

ArH), 7.21 (m, 1H, ArH), 7.07 (td, J = 8.3, 2.6 Hz, 1H, ArH), 3.85 (s, 3H, NCH3), 3.46 (s, 3H, 

NHOCH3). 13C NMR (101 MHz, CDCl3) δ 167.4, 137.0, 134.6, 133.3, 131.2, 129.8, 128.4, 126.4, 

125.2, 122.8, 120.7, 119.3, 112.3, 109.8, 63.9, 33.1 (one Carbon signal not resolved). IR ν 3186 (w), 

3063 (w), 2934 (w), 1656 (s), 1605 (s), 1580 (m), 1480 (s), 1364 (w), 1331 (m), 1265 (s), 1195 (m), 

1082 (w), 1037 (m), 986 (w), 939 (w), 887 (m), 826 (m). HRMS (ESI) calcd for 

C17H15
79BrN2NaO2

+ [M+Na]+ 381.0209; found 381.0204. 

5-Fluoro-N-methoxy-2-(1-methyl-1H-indol-3-yl)benzamide (6.3.2g) 

Starting from 4-fluoro-N-methoxybenzamide 6.3.1g (50.7 mg, 0.300 mmol), 4-

bromo-N-methoxy-2-(1-methyl-1H-indol-3-yl)benzamide 6.3.2g (78.0 mg, 

0.243 mmol, 81% yield) was obtained as a yellow oil. Rf: 0.40 (Pentane:EtOAc 

2:1). 1H NMR (400 MHz, CDCl3) δ 8.03 (s, 1H, NHOCH3), 7.55 (d, J = 7.7 Hz, 

1H, ArH), 7.48 (m, 1H, ArH), 7.42 – 7.35 (m, 2H, ArH), 7.33 – 7.27 (m, 2H, 

ArH), 7.23 (s, 1H, NCHC), 7.17 (ddd, J = 8.0, 7.0, 1.1 Hz, 1H, ArH), 3.84 (s, 3H, NCH3), 3.31 (s, 

3H, NHOCH3). 13C NMR (101 MHz, CDCl3; two doublet were not resolved) δ 166.6, 160.1 (d, J = 

247.4 Hz),  136.8, 135.2, 129.2, 128.6 (d, J = 8.5 Hz), 127.1, 125.0, 122.5, 120.4, 119.9 (d, J = 2.2 

Hz), 118.01 (d, J = 23.3 Hz), 109.6, 105.9, 63.6, 33.1. 19F NMR (376 MHz, CDCl3) δ -111.7. IR ν 

3201 (w), 3055 (w), 2984 (w), 2938 (w), 1932 (w), 1663 (m), 1551 (w), 1481 (m), 1455 (m), 1374 

(m), 1330 (m), 1266 (s), 1245 (m), 1224 (m), 1161 (w), 1052 (m), 943 (w), 829 (s). HRMS (ESI) 

calcd for C17H15FN2NaO2
+ [M+Na]+ 321.1010; found 321.1008. 

N-Methoxy-5-methyl-2-(1-methyl-1H-indol-3-yl)benzamide (6.3.2h) 

Starting from N-methoxy-3-methylbenzamide 6.3.1h (50.0 mg, 0.300 

mmol), N-methoxy-5-methyl-2-(1-methyl-1H-indol-3-yl)benzamide 6.3.2h 

(44.0 mg, 0.149 mmol, 50% yield) was obtained as a yellow oil. Rf: 0.40 

(Pentane:EtOAc 2:1). 1H NMR (400 MHz, CD2Cl2) δ 8.27 (s, 1H, ArH), 8.24 

(s, 1H, NHOCH3), 8.13 (dd, J = 8.1, 1.9 Hz, 1H, ArH), 7.67 (dd, J = 9.9, 8.0 

Hz, 2H, ArH), 7.41 (dt, J = 8.3, 0.9 Hz, 1H, ArH), 7.34 (s, 1H, ArH), 7.29 (ddd, J = 8.2, 7.0, 1.1 Hz, 

1H, ArH), 7.18 (ddd, J = 8.0, 7.0, 1.1 Hz, 1H, ArH), 3.92 (s, 3H, NCH3), 3.85 (s, 3H, CH3), 3.49 (s, 

3H, NHOCH3). 13C NMR (101 MHz, CD2Cl2) δ 166.7, 138.2, 137.8, 133.1, 131.8, 131.2, 131.0, 

129.5, 128.6, 127.0, 123.1, 121.0, 119.9, 113.3, 110.4, 64.3, 52.7, 33.6. IR ν 3181 (w), 2932 (w), 

1713 (s), 1660 (s), 1606 (m), 1538 (w), 1466 (w), 1437 (w), 1289 (m), 1262 (s), 1248 (s), 1162 (w), 
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1128 (m), 1107 (m), 1038 (w). HRMS (ESI) calcd for C18H18N2NaO2
+ [M+Na]+ 317.1260; found 

317.1265. 

N-Methoxy-2-(1-methyl-1H-indol-3-yl)-5-(trifluoromethyl)benzamide (6.3.2i) 

Starting from N-methoxy-3-(trifluoromethyl)benzamide 6.3.1i (65.7 mg, 

0.300 mmol), N-methoxy-2-(1-methyl-1H-indol-3-yl)-5-

(trifluoromethyl)benzamide 6.3.2i (63.0 mg, 0.181 mmol, 60% yield) was 

obtained as a colorless oil. Rf: 0.37 (Pentane:EtOAc 2:1). 1H NMR (400 

MHz, CDCl3) δ 8.00 (br s, 1H, NHOCH3), 7.91 (s, 1H, ArH), 7.70 – 7.62 (m, 

2H, ArH), 7.59 (d, J = 8.0 Hz, 1H, ArH), 7.33 (m, 1H, ArH), 7.27 (m, 1H, ArH), 7.24 (s, 1H, NCHC), 

7.14 (ddd, J = 8.0, 6.9, 1.1 Hz, 1H, ArH), 3.79 (s, 3H, NCH3), 3.45 (s, 3H, NHOCH3). 13C NMR (101 

MHz, CDCl3) δ 167.1, 137.1, 136.4, 132.6, 130.9, 128.8, 128.7, 127.3, 126.7, 126.4, 123.80 (q, J = 

272.1 Hz, CF3), 122.8, 120.8, 119.2, 112.2, 109.9, 64.1, 33.1. 19F NMR (376 MHz, CDCl3) δ -62.5. 

IR ν 3187 (w), 2978 (w), 2935 (w), 1657 (m), 1617 (w), 1549 (w), 1469 (w), 1331 (s), 1274 (w), 

1173 (m), 1159 (m), 1127 (s), 1092 (m), 947 (w), 911 (w), 849 (w). HRMS (ESI) calcd for 

C18H15F3N2NaO2
+ [M+Na]+ 371.0978; found 371.0979. 

5-Chloro-N-methoxy-2-(1-methyl-1H-indol-3-yl)benzamide (6.3.2j) 

Starting from 3-chloro-N-methoxybenzamide 6.3.1j (55.7 mg, 0.300 mmol), 

N-methoxy-2-(1-methyl-1H-indol-3-yl)-5-(trifluoromethyl) benzamide 6.3.2j 

(70.9 mg, 0.225 mmol, 75% yield) was obtained as a yellow oil. Rf: 0.35 

(Pentane:EtOAc 2:1). 1H NMR (400 MHz, CDCl3) δ 7.81 (br s, 1H, 

NHOCH3), 7.64 (dd, J = 8.0, 1.3 Hz, 1H, ArH), 7.60 (d, J = 7.7 Hz, 1H, ArH), 7.45 – 7.37 (m, 2H, 

ArH), 7.35 (d, J = 7.9 Hz, 1H, ArH), 7.29 (m, 1H, ArH), 7.19 (s, 1H, NCHC), 7.15 (t, J = 7.5 Hz, 1H, 

ArH), 3.87 (s, 3H, NCH3), 3.15 (s, 3H, NHOCH3). 13C NMR (101 MHz, CDCl3) δ 166.9, 137.0, 

133.6, 132.7, 132.0, 131.1, 130.9, 129.5, 128.2, 126.6, 122.7, 120.6, 119.3, 112.3, 109.8, 64.0, 33.1. 

IR ν 3185 (w), 3058 (w), 2931 (m), 2852 (w), 1656 (s), 1543 (w), 1482 (m), 1466 (m), 1374 (w), 

1330 (w), 1256 (w), 1163 (w), 1100 (m), 1041 (w), 943 (m), 824 (w). HRMS (ESI) calcd for 

C17H15ClN2NaO2
+ [M+Na]+ 337.0714; found 337.0720. 
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5-Fluoro-N-methoxy-2-(1-methyl-1H-indol-3-yl)benzamide (6.3.2k) 

Starting from 3-fluoro-N-methoxybenzamide 6.3.1i (50.7 mg, 0.300 mmol), 4-

bromo-N-methoxy-2-(1-methyl-1H-indol-3-yl)benzamide 6.3.2i (84.0 mg, 

0.225 mmol, 75% yield) was obtained as a yellow oil. Rf: 0.38 (Pentane:EtOAc 

2:1). 1H NMR (400 MHz, CDCl3) δ 8.00 (br s, 1H, NHOCH3), 7.72 (d, J = 2.0 

Hz, 1H, ArH), 7.64 (t, J = 9.1 Hz, 2H, ArH), 7.52 (dd, J = 8.2, 2.0 Hz, 1H, ArH), 7.40 (m, 1H, ArH), 

7.32 (dd, J = 7.0, 1.2 Hz, 1H, ArH), 7.25 (s, 1H, NCHC), 7.21 (ddd, J = 8.0, 6.9, 1.1 Hz, 1H, ArH), 

3.85 (s, 3H, NCH3), 3.45 (s, 3H, NHOCH3). 13C NMR (101 MHz, CDCl3) δ 167.6, 163.8 (d, J = 

250.9 Hz), 137.0, 135.4, 135.3 (d, J = 9.4 Hz), 131.8 (d, J = 9.5 Hz),  128.4, 128.3, 126.4, 122.7, 

120.7, 117.10 (d, J = 21.5 Hz), 113.79 (d, J = 21.9 Hz), 112.5, 109.8, 63.9, 33.1. 19F NMR (376 MHz, 

CDCl3) δ -109.3. IR ν 3179 (w), 3055 (w), 2932 (m), 2853 (w), 1662 (s), 1586 (m), 1550 (w), 1479 

(s), 1329 (w), 1256 (w), 1222 (w), 1163 (w), 1089 (m), 1038 (m), 956 (w), 911 (m), 882 (m), 824 

(w). HRMS (ESI) calcd for C17H15FN2NaO2
+ [M+Na]+ 321.1010; found 321.1011. 

12.4.8 Synthesis of 11b-methoxy-7-methyl-6,6a,7,11b-tetrahydro-5H-indolo[2,3-c]isoquinolin-

5-one 6.3.7b. 

 Starting from N-methoxybenzamide 6.3.1a (15.1 mg, 0.100 mmol) and 

performing the reaction under air with K2CO3 as base, 11b-methoxy-7-methyl-

6,6a,7,11b-tetrahydro-5H-indolo[2,3-c]isoquinolin-5-one 6.3.7b. (21.0 mg, 75.0 

µmol, 75% yield) was obtained as a yellow oil. Rf: 0.5 (Pentane:EtOAc 2:1). 1H 

NMR (400 MHz, CDCl3) δ 8.18 (dd, J = 7.9, 1.5 Hz, 1H, ArH), 7.70 (dd, J = 7.9, 1.2 Hz, 1H, ArH), 

7.60 – 7.55 (m, 1H, ArH), 7.54 – 7.51 (m, 1H, ArH), 7.44 (td, J = 7.6, 1.2 Hz, 1H, ArH), 7.25 – 7.20 

(m, 1H, ArH), 6.90 (t, J = 7.5 Hz, 1H, ArH), 6.57 (d, J = 7.9 Hz, 1H, ArH), 5.06 (s, 1H, ArH), 3.92 

(s, 3H, NCH3), 3.01 (s, 3H, NHOCH3).13C NMR (101 MHz, CDCl3) δ. 161.2, 149.6, 137.1, 133.1, 

130.5, 130.2, 128.9, 127.9, 127.4, 126.5, 123.2, 119.8, 108.5, 89.6, 77.6, 62.7, 34.9. HRMS (ESI) 

C17H16N2O2
+ [M+H2O]+ 298.1212; found 298.1255. 
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12.4.9 Synthesis of the starting materials for C2-IndoleBX Reagents 

Preparation of N-carbamoylated and -tosylated indoles and their trifluoroborate salts. 

General Procedure for the N-Carbamoylation of Indoles. (GP10) 

 

Following a reported procedure,345 to a solution of commercially available 1H-indoles (10.0 mmol, 

1.00 equiv.) and N,N-dimethylaminopyridine (122 mg, 1.00 mmol, 0.100 equiv) in 0.5 M CH2Cl2, di-

tert-butyl dicarbonate (2.40 g, 11.0 mmol, 1.10 equiv.) was added under vigorous stirring at 0 °C. 

The reaction was then allowed to stir at room temperature overnight. Brine (50 mL) and CH2Cl2 (30 

mL) were added to the reaction mixture and the organic layer extracted. The aqueous layer was further 

extracted with CH2Cl2 (2 x 50 mL). The combined organic layers were dried over MgSO4 

concentrated in vacuum and the crude was directly submitted to short-path flash chromatography 

(Pentane: EtOAc: 95:5) to afford the desired N-Boc indole derivatives 12.4.8-12.4.12. 

 

Tert-butyl 1H-indole-1-carboxylate (12.4.8) 

(synthesis of tert-butyl 1H-indole-1-carboxylate was scaled up to 20.0 mmol without 

reoptimization of the protocol.), starting from commercially available 1H-indole (2.34 

g, 20.0 mmol, 1.00 equiv.), after 16 hours tert-butyl 1H-indole-1-carboxylate 12.4.8 was obtained as 

colorless oil (3. 90 g, 17.9 mmol, 90% yield). Rf: 0.8 (Pentane: EtOAc 9:1) 1H NMR (400 MHz, 

CDCl3) δ 8.36 (d, J = 8.5 Hz, 1H, ArH), 7.74 (d, J = 3.8 Hz, 1H, ArH), 7.69 (dt, J = 7.7, 1.0 Hz, 1H, 

ArH), 7.47 (ddd, J = 8.4, 7.1, 1.3 Hz, 1H, ArH), 7.37 (td, J = 7.5, 1.1 Hz, 1H, ArH), 6.68 (d, J = 3.8 

Hz, 1H, ArH), 1.79 (s, 9H, C(CH3)3). 13C NMR (101 MHz, CDCl3) δ 149.5, 135.0, 130.3, 125.6, 

123.9, 122.4, 120.7, 114.9, 107.1, 83.2, 27.9. The NMR values correspond to the reported ones.345  

Tert-butyl 5-methoxy-1H-indole-1-carboxylate (12.4.9) 

Starting from commercially available 5-methoxy-1H-indole (1.47 g, 10.0 mmol), 

after 14 hours tert-butyl 5-methoxy-1H-indole-1-carboxylate 12.4.9 (1.92 g, 7.80 

mmol, 78% yield) was obtained as a colorless solid. Rf: 0.8 (Pentane: EtOAc 95:5). 1H NMR (400 

MHz, CDCl3) δ 8.06 (d, J = 9.1 Hz, 1H, ArH), 7.59 (d, J = 3.6 Hz, 1H, ArH), 7.04 (d, J = 2.6 Hz, 1H, 

                                                 
345 McManus, J. B.; Nicewicz, D. A. J. Am. Chem. Soc. 2017, 139, 2880–2883.  
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ArH), 6.96 (dd, J = 9.0, 2.6 Hz, 1H, ArH), 6.51 (d, J = 3.7 Hz, 1H, ArH), 3.86 (s, 3H, OCH3), 1.68 

(s, 9H, C(CH3)3). 13C NMR (101 MHz, CDCl3) δ 155.7, 149.6, 131.3, 129.8, 126.4, 115.7, 112.9, 

107.1, 103.4, 83.4, 55.5, 28.1. The NMR values correspond to the reported ones.346  

Tert-butyl 6-methoxy-1H-indole-1-carboxylate (12.4.10) 

Starting from commercially available 6-methoxy-1H-indole (1.47 g, 10.0 mmol), 

after 12 hours tert-butyl 6-methoxy-1H-indole-1-carboxylate 12.4.10 (2.23 g, 

9.02 mmol, 90% yield) was obtained as a colorless solid. Rf: 0.8 (Pentane: EtOAc 

9:1).1H NMR (400 MHz, CDCl3) δ 7.75 (s, 1H, ArH), 7.47 (d, J = 3.7 Hz, 1H, ArH), 7.42 (d, J = 8.6 

Hz, 1H, ArH), 6.87 (dd, J = 8.5, 2.4 Hz, 1H, ArH), 6.49 (dd, J = 3.7, 0.8 Hz, 1H, ArH), 3.88 (s, 3H, 

OCH3), 1.67 (s, 9H, C(CH3)3).13C NMR (101 MHz, CDCl3) δ 157.6, 149.8, 136.1, 124.5, 124.2, 

121.2, 112.1, 107.1, 99.2, 83.4, 55.6, 28.8. NMR values correspond to the reported ones.347  

 

Tert-butyl 6-bromo-1H-indole-1-carboxylate (12.4.11) 

Starting from commercially available 6-bromo-1H-indole (2.00 g, 10.2 mmol), 

after 16 hours tert-butyl 6-bromo-1H-indole-1-carboxylate 12.4.11 (2.94 g, 9.93 

mmol, 97% yield) was obtained as a white solid. Rf: 0.7 (Pentane: EtOAc 9:1) 1H NMR (400 MHz, 

CDCl3) δ 8.37 (s, 1H, ArH), 7.56 (d, J = 3.7 Hz, 1H, ArH), 7.41 (d, J = 8.3 Hz, 1H, ArH), 7.34 (dd, 

J = 8.3, 1.8 Hz, 1H, ArH), 6.56 – 6.50 (m, 1H, ArH), 1.68 (s, 9H, C(CH3)3). 13C NMR (101 MHz, 

CDCl3) δ 149.3, 135.8, 129.2, 126.2, 125.8, 121.9, 118.3, 117.8, 106.9, 84.1, 28.1. NMR values 

correspond to the reported ones.348  

Tert-butyl 3-methyl-1H-indole-1-carboxylate (12.4.12) 

Starting from commercially available 3-methyl-1H-indole (1.31 g, 9.99 mmol), after 

16 hours tert-butyl 6-bromo-1H-indole-1-carboxylate 12.4.12 (2.00 g, 8.65 mmol, 87% 

yield) was obtained as a colorless liquid. Rf: 0.9 (Pentane: EtOAc 95:5). 1H NMR (400 

MHz, CDCl3) δ 8.16 (br-s, 1H, ArH), 7.53 (d, J = 7.6 Hz, 1H, , ArH), 7.39 (s, 1H, ArH), 7.35 (ddd, 

J = 8.3, 7.2, 1.4 Hz, 1H, ArH), 7.31 – 7.24 (m, 1H, ArH), 2.31 (s, 3H, CH3), 1.70 (s, 9H, C(CH3)3).
 

                                                 
346 Zhou, J.-L.; Ye, M.-C.; Sun, X.-L.; Tang, Y. Tetrahedron 2009, 65, 6877–6881. 
347 Prieto, M.; Zurita, E.; Rosa, E.; Muñoz, L.; Lloyd-Williams, P.; Giralt, E. J. Org. Chem. 2004, 69, 6812–6820. 
348 Özüduru, G.; Schubach, T.; Boysen, M. M. K. Org. Lett. 2012, 14, 4990–4993 
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13C NMR (101 MHz, CDCl3) δ 149.5, 135.3, 131.2, 123.9, 122.5, 122.1, 118.6, 116.0, 114.9, 82.7, 

27.9, 9.3. NMR values correspond to the reported ones.349  

Synthesis of 1-Tosyl-1H-indole (12.4.13) 

 

Following a reported procedure350 to a solution of the commercially available NH-indole (3.52 g, 30.0 

mmol, 1.00 equiv.) in anhydrous DCM (0.10 M, 300 mL) was added nBu4NHSO4 (1.02 g, 3.00 mmol, 

0.100 equiv.) followed by addition of freshly powdered NaOH (4.81 g, 120 mmol, 4.00 equiv.). The 

resultant solution was allowed to stir at room temperature for 10 minutes before addition of 4-

methylbenzene-1-sulfonyl chloride (11.4 g, 60.0 mmol, 2.00 equiv.) and then allowed to stir at room 

temperature. After 3 hours, the reaction was quenched with H2O (equal amount to reaction solvent 

volume), the organic layer was collected, and the aqueous layer was extracted three times with CH2Cl2 

(equal to reaction volume). The combined organic layers were dried over MgSO4, filtered and the 

solvent was removed under reduced pressure. The crude product was then purified via flash column 

chromatography and 1-tosyl-1H-indole 12.4.13 (6.20 g, 22.8 mmol, 76% yield) was obtained as a 

colorless solid. Rf: 0.6 (Pentane: EtOAc 8:2). 1H NMR (400 MHz, CDCl3) δ 8.01 (dd, J = 8.3, 0.9 

Hz, 1H, ArH), 7.83 – 7.75 (m, 2H, ArH), 7.58 (d, J = 3.6 Hz, 1H, ArH), 7.53 (dt, J = 7.8, 1.0 Hz, 1H, 

ArH), 7.32 (ddd, J = 8.4, 7.2, 1.3 Hz, 1H, ArH), 7.24 (dd, J = 7.8, 1.0 Hz, 1H, ArH), 7.22 – 7.16 (m, 

2H, ArH), 6.66 (dd, J = 3.7, 0.8 Hz, 1H, ArH), 2.32 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 

144.8, 135.2, 134.7, 130.6, 129.8, 126.7, 126.2, 124.4, 123.2, 121.3, 113.4, 108.9, 21.4. The NMR 

values correspond to the reported ones.350  

  

                                                 
349 Tu, D.; Cheng, X.; Gao, Y.; Yang, P.; Ding, Y.; Jiang, C. Org. Biomol. Chem. 2016, 14, 7443–7446 
350 Rivinoja, D. J.; Gee, Y. S.; Gardiner, M. G.; Ryan, J. H.; Hyland, C. J. T. ACS Catal. 2017, 7, 1053–1056 
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Synthesis of 2-(2-(1H-Indol-3-yl)ethyl)isoindoline-1,3-dione (12.4.14) 

 

Following the reported procedure,351 a mixture of commercially available tryptamine (1.00 g, 6.24 

mmol) and phthalic anhydride (1.02 g, 6.80 mmol) in toluene (25 mL) was refluxed overnight (the 

reaction was completed as judged by TLC (Pentane: EtOAc 3:2)). The reaction mixture was cooled 

to room temperature and the solution was concentrated under vacuum. The crude product was purified 

by column chromatography on silica gel to get 2-(2-(1H-indol-3-yl)ethyl)isoindoline-1,3-dione 

12.4.5.7 (1.60 g, 5.50 mmol, 88% yield) as a yellow solid. Rf: 0.6 (Pentane: EtOAc 2:3). 1H NMR 

(400 MHz, CDCl3) δ 8.09 (br-s, 1H, NH), 7.83 (dd, J = 5.4, 3.1 Hz, 2H, ArH), 7.77 – 7.66 (m, 3H, 

ArH), 7.35 (d, J = 8.1 Hz, 1H, ArH), 7.22 – 7.03 (m, 3H, ArH), 4.07 – 3.96 (m, 2H, NCH2), 3.16 (dd, 

J = 8.9, 6.7 Hz, 2H, C-CH2).13C NMR (101 MHz, CDCl3) δ 168.3, 136.2, 133.8, 132.1, 127.3, 123.1, 

122.1, 122.0, 119.5, 118.8, 112.3, 111.1, 38.5, 24.4. The NMR values correspond to the reported 

ones.351 

General Procedure for the Borylation of N-Boc-Indoles. (GP12) 

 

With a slight modification of the reported procedure,352 2,2,6,6-tetramethylpiperidine (1.30 equiv.) in 

anhydrous THF (0.40 M) was cooled to -78 °C under an atmosphere of argon and treated dropwise 

with n-BuLi in Hexane (1.50 equiv.). The mixture was stirred at -78 °C for 10 min, then a solution of 

the corresponding 1-(tert-butoxycarbonyl)-1H-indole (1.00 equiv.) in THF (1.00 M) was added 

dropwise. The mixture was stirred at -78 °C for 45 min. B(Oi-Pr)3 (3.00 equiv.) was added dropwise, 

and the reaction mixture was stirred for 30 min at -78 °C before being warmed to r.t. The reaction 

mixture was quenched with H2O (30 mL), slowly acidified with 10% HCl at 0 °C (pH: 6), and 

                                                 
351 Tu, D. ; Cheng, X-; Gao, Y.; Yang, P.; Ding, Y.; Jiang, C. Org. Biomol. Chem. 2016, 14, 7443–7446. 
352 Kassis, P.; Bénéteau, V.; Mérour, J.-Y.; Routier, S. Synthesis (Stuttg). 2009, 14, 2447–2453. 
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extracted with EtOAc (3 times). The combined organic layers were washed with brine, dried over 

MgSO4, and the solvent was removed under vacuum. In the next step, without further purification, 

the crude product was dissolved in MeOH (0.20 M) and cooled at 0° C. Then a 4.5 M aqueous solution 

of KHF2 (3.00 equiv.) was slowly added and the reaction mixture was stirred for 4 hours until the 

clear solution turned to a thick suspension. The solid was then filtered and washed with a minimum 

of cold MeOH (2 mL). The solid was dried on a high-vacuum line to afford the corresponding trifluoro 

borate salts 12.4.15-12.4.5.19. 

Potassium trifluoro(1-tert-butoxycarbonyl-1H-indol-2-yl)borate (12.4.15) 

Starting from synthesized 1-(tert-butoxycarbonyl)-1H-indole 12.4.8 (4.50 g, 20.7 

mmol., 1.00 equiv.) with commercially available 2,2,6,6-tetramethylpiperidine 

(4.60 mL, 27.0 mmol. 1.30 equiv.), 2.5 M n-BuLi in hexane (12.4 mL, 31.1 mmol, 

1.50 equiv.), triisopropyl borate (14.3 mL, 62.1 mmol, 3.00 equiv.) and 4.5 M aqueous solution of 

KHF2 (13.8 mL, 62.0 mmol, 3.00 equiv.) Potassium trifluoro(1-tert-butoxycarbonyl-1H-indol-2-

yl)borate 12.4.15(5.20 g, 16.1 mmol, 78% yield) was obtained as colorless solid. 1H NMR (400 MHz, 

DMSO-d6) δ 8.02 (dq, J = 8.3, 0.9 Hz, 1H, ArH), 7.47 – 7.31 (m, 1H, ArH), 7.22 – 7.03 (m, 2H, 

ArH), 6.46 (s, 1H, ArH), 1.59 (s, 9H, C(CH3)3).13C NMR (101 MHz, DMSO-d6) δ 151.3, 137.4, 

130.7, 121.7, 121.3, 119.3, 114.6, 111.7, 81.5, 27.7. The NMR values correspond to the reported 

ones.10 NB: the Carbon-Boron bond is not observed as reported in literature.353  

Potassium trifluoro(1-(tert-butoxycarbonyl)-5-methoxy-1H-indol-2-yl)borate (12.4.16) 

Starting from synthesized tert-butyl 5-methoxy-1H-indole-1-carboxylate 

12.4.9 (1.50 g, 6.00 mmol, 1.00 equiv.), with commercially available 

2,2,6,6-tetramethylpiperidine (1.33 mL, 7.89 mmol. 1.30 equiv.), 1.6 M n-

BuLi in hexane (5.70 mL, 9.10 mmol, 1.50 equiv.) triisopropyl borate (4.20 mL, 18.2 mmol, 3.00 

equiv.) and 4.5 M aqueous solution of KHF2 (4.02 mL, 18.1 mmol, 3.00 equiv.) Potassium trifluoro(1-

(tert-butoxycarbonyl)-5-methoxy-1H-indol-2-yl)borate 12.4.16 (1.18 g, 3.34 mmol, 55% yield). 1H 

NMR (400 MHz, CD3CN) δ 7.56 (d, J = 9.0 Hz, 1H, ArH), 6.64 (d, J = 2.6 Hz, 1H, ArH), 6.44 (dd, 

J = 9.0, 2.6 Hz, 1H, ArH), 6.30 – 6.16 (m, 1H, ArH), 3.47 (s, 3H, OCH3), 1.33 (s, 9H, C(CH3)3). 13C 

NMR (101 MHz, CD3CN) δ 156.1, 152.2, 133.2, 132.9, 116.7, 113.7, 111.4, 103.1, 83.2, 55.8, 28.2. 

                                                 
353 Pagano, N.; Maksimoska, J.; Bregman, H.; Williams, D. S.; Webster, R. D.; Xue, F.; Meggers, E. Org. Biomol. 

Chem. 2007, 5, 1218–1227 
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The NMR values correspond to the reported ones.346 NB: the Carbon-Boron bond is not observed as 

reported in literature.353  

Potassium trifluoro(1-(tert-butoxycarbonyl)-6-methoxy-1H-indol-2-yl)borate (12.4.17) 

Starting from synthesized tert-butyl 6-methoxy-1H-indole-1-carboxylate 

12.4.5.3 (650 mg, 2.63 mmol, 1.00 equiv.), with commercially available 

2,2,6,6-tetramethylpiperidine (582  3.42 mmol. 1.30 equiv.), 2.5 M n-

BuLi in hexane (1.58 mL, 3.94 mmol, 1.50 equiv.), triisopropyl borate (1.82 mL, 7.89 mmol, 3.00 

equiv.) and 4.5 M aqueous solution of KHF2 (1.75 mL, 7.89 mmol, 3.00 equiv.). Potassium 

trifluoro(1-(tert-butoxycarbonyl)-6-methoxy-1H-indol-2-yl)borate 12.4.5.10 (813 mg, 2.30 mmol, 

88% yield) was obtained as colorless solid. M.p. 185 °C, decomposition). 1H NMR (400 MHz, 

Acetone-d6) δ 7.65 (d, J = 2.3 Hz, 1H, ArH), 7.25 (d, J = 8.4 Hz, 1H, ArH), 6.72 (dd, J = 8.4, 2.3 Hz, 

1H, ArH), 6.54 (s, 1H, ArH), 3.79 (s, 3H, OCH3), 1.68 (s, 9H, C(CH3)3). 13C NMR (101 MHz, 

Acetone-d6) δ 157.2, 152.4, 139.4, 126.4, 120.4, 113.5, 111.0, 101.2, 82.8, 55.6, 28.4. IR ν  2976 (w), 

1730 (m), 1699 (m), 1619 (w), 1484 (m), 1440 (w), 1368 (s), 1222 (m), 1200 (s), 1147 (s), 1092 (s), 

1004 (s), 920 (s), 843 (s), 778 (m). HRMS (ESI) calcd for C14H16BF3NO3
+ 314.1175 [M - K]+; found 

314.1187. NB: the Carbon-Boron bond is not observed as reported in literature.353  

Potassium trifluoro(1-(tert-butoxycarbonyl)-6-bromo-1H-indol-2-yl)borate (12.4.18) 

Starting from synthesized tert-butyl 6-bromo-1H-indole-1-carboxylate 

12.4.11 (1.50 g, 5.06 mmol, 1.00 equiv.), with commercially available 

2,2,6,6-tetramethylpiperidine (1.12 mL, 6.58 mmol. 1.30 equiv.), 2.5 M n-

BuLi in hexane (3.04 mL, 7.60 mmol, 1.50 equiv.) triisopropyl borate (3.51 mL, 15.2 mmol, 3.00 

equiv.) and 4.5 M aqueous solution of KHF2 (3.38 mL, 15.2 mmol, 3.00 equiv.). Potassium 

trifluoro(1-(tert-butoxycarbonyl)-6-bromo-1H-indol-2-yl)borate 12.4.5.18 (0.830 g, 2.06 mmol, 41% 

yield) was obtained as colorless solid. M.p: 200 °C, decomposition. 1H NMR (400 MHz, Acetone-

d6) δ 8.26 (d, J = 1.9 Hz, 1H, ArH), 7.36 (d, J = 8.2 Hz, 1H, ArH), 7.23 (dd, J = 8.2, 1.8 Hz, 1H, 

ArH), 6.63 (d, J = 0.8 Hz, 1H, ArH), 1.69 (s, 9H, C(CH3)3). 13C NMR (101 MHz, Acetone-d6) δ 

152.0, 139.4, 131.4, 125.1, 121.6, 119.0, 115.7, 113.2, 83.5, 28.2 IR ν 1737 (w), 1709 (w), 1448 (w), 

1357 (m), 1325 (s), 1247 (w), 1211 (w), 1126 (s), 987 (s), 837 (w). HRMS (ESI) calcd for 

C13H13B
79BrF3NO2

+ 362.0175 [M - K]+; found 362.0180. NB: the Carbon-Boron bond is not 

observed as reported in literature.353  
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Potassium trifluoro(1-(tert-butoxycarbonyl)-3-methyl-1H-indol-2-yl)borate (12.4.19) 

Starting from synthesized tert-butyl 6-methoxy-1H-indole-1-carboxylate 12.4.12 

(2.00 g, 8.65 mmol, 1.00 equiv.), with commercially available 2,2,6,6-

tetramethylpiperidine (1.91 mL, 11.2 mmol. 1.30 equiv.), 2.5 M n-BuLi in hexane 

(5.20 mL, 12.9 mmol, 1.50 equiv.), triisopropyl borate (6.00 mL, 25.9 mmol, 3.00 equiv.) and 4.5 M 

aqueous solution of KHF2 (5.80 mL, 25.9 mmol, 3.00 equiv.). Potassium trifluoro(1-(tert-

butoxycarbonyl)-3-methyl-1H-indol-2-yl)borate 12.4.19 (2.50 g, 7.40 mmol, 86% yield) was 

obtained as colorless solid, (Mp: 205 °C). 1H NMR (400 MHz, Acetone-d6) δ 7.96 – 7.86 (m, 1H, 

ArH), 7.48 – 7.34 (m, 1H, ArH), 7.19 – 6.99 (m, 2H, ArH), 2.34 (s, 3H, CH3), 1.66 (s, 9H, C(CH3)3). 

13C NMR (101 MHz, Acetone-d6) δ 152.4, 137.8, 133.8, 122.9, 121.8, 121.1, 118.3, 115.5, 82.6, 

28.3, 10.3.IR ν 2977 (w), 1726 (s), 1454 (w), 1374 (m), 1327 (s), 1238 (m), 1135 (s), 956 (s), 874 

(m), 740 (s). HRMS (ESI) calcd for C14H16BF3NO2
+ 298.1226 [M - K]+; found 298.1230. NB: the 

Carbon-Boron bond is not observed as reported in literature.353 
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Synthesis of potassium trifluoro(1-(tosyl)-1H-indol-2-yl)borate (12.4.20) 

 

Following a reported procedure,354 1.6 M nBuLi in hexane (9.38 mL, 15.0 mmol, 1.5 equiv.) was 

added dropwise to a solution of N-tosyl-1H-indole 12.4.13 (2.71 g, 10.0 mmol, 1.00 equiv) 50 mL of 

tetrahydrofuran at -78 °C. The reaction mixture was heated to room temperature and stirred for an 

additional 20 minutes. After cooling to -78 °C., triisopropyl borate (3.92 mL 17.0 mmol, 1.70 equiv) 

was added. After 10 minutes of addition, the reaction was allowed to warm to room temperature and 

stirred overnight. The reaction mixture was quenched with H2O (30 mL), slowly acidified with 10% 

HCl at 0 °C (pH:6), and extracted with EtOAc (3 x 50 mL). The combined organic layers were dried 

over magnesium sulfate and evaporated under reduced pressure to give 3.15 g of a green oil. The 

crude product was used without further purification in the next reaction. The crude product was 

dissolved in MeOH (100 mL) and cooled to 0 °C. A 4.5 M solution of KHF2 in H2O (6.6 mL, 30 

mmol, 3 equiv.) was slowly added and the resulting pink thick suspension was stirred at r.t. for 4 

hours. The solid was filtered and dried under reduced pressure and washed with a minimum of cold 

MeOH (3 mL). The solid was dried on a high-vacuum line to afford the corresponding trifluoro borate 

salt potassium trifluoro(1-(tosyl)-1H-indol-2-yl)borate 12.4.20 (1.65 g, 4.40 mmol, 44% yield) as 

colorless solid. M.p. 235 °C. 1H NMR (400 MHz, Acetone-d6) δ 8.07 (dd, J = 8.8, 3.1 Hz, 3H, ArH), 

7.39 – 7.25 (m, 1H, ArH), 7.14 (d, J = 8.1 Hz, 2H, ArH), 7.11 – 6.99 (m, 2H, ArH), 6.45 (d, J = 0.8 

Hz, 1H, ArH), 2.22 (s, 3H, CH3). 13C NMR (101 MHz, Acetone-d6) δ 144.2, 138.9, 138.4, 132.7, 

129.8, 128.3, 122.9, 122.8, 120.6, 116.8, 115.2, 21.3. IR ν  2040 (w), 1834 (w), 1417 (s), 1217 (s), 

853 (w). HRMS (ESI) calcd for: Calcd for C15H12BF3NO2S
+ 338.0634[M - K]+; Found 338.0626. 

NB: the Carbon-Boron bond is not observed las reported in literature.353353 

  

                                                 
354  
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Synthesis and characterization of tryptamine trifluoroborates (6.5.7) 

 

Following a reported procedure,355 a flame dried 20-mL pressure flask was charged with (1,5-

cyclooctadiene)(methoxy)iridium(I) dimer (17.0 mg, 30.0 µmol, 1.50 mol%), 4,4'-di-tert-butyl-2,2'-

dipyridyl (14.0 mg, 50.0 µmol, 3.00 mol%), bis(pinacolato)diboron (868 mg, 3.42 mmol, 2.00 

equiv.), N,N-phthaloyltryptamine 6.5.6 (500  mg, 1.72 mmol), and a stirring bar and sealed with a 

septum under an atmosphere of argon. Anhydrous dichloromethane (11 mL) was added via syringe 

to give a colorless suspension. The septum was replaced with the pressure flask’s Teflon seal and the 

entire mixture was heated in an oil bath set to 65 °C. After completion of reaction (checked by TLC; 

Pentane: EtOAc 7:3), the reaction mixture is filtered through a small silica path and evaporate to 

dryness. The crude reaction mixture was used for the next step. The crude product was dissolved in 

10 mL MeOH, and cooled at 0 °C, then a 4.5 M solution of KHF2 (1.20 mL, 5.20 mmol) was slowly 

added, and the reaction mixture was stirred for 4 hours until the clear solution turned thick. The solid 

was filtered and dried under reduced pressure and washed with a minimum of cold MeOH. The solid 

was dried on a high-vacuum line to afford as potassium trifluoro(2-(2-(1H-indol-3-

yl)ethyl)isoindoline-1,3-dione) borate 6.5.7 (523 mg, 1.32 mmol, 77%) as yellow solid. M.p. 210 °C, 

decomposition. 1H NMR (400 MHz, DMSO-d6) δ 9.90 (s, 1H, NH), 7.90 – 7.74 (m, 4H, ArH), 7.46 

(d, J = 7.6 Hz, 1H, ArH), 7.23 (d, J = 7.7 Hz, 1H, ArH), 6.81 (dt, J = 20.5, 7.1 Hz, 2H, ArH), 3.74 

(q, J = 9.0, 8.3 Hz, 2H, NCH2), 3.04 (t, J = 7.8 Hz, 2H, NCH2-CH2-). 13C NMR (101 MHz, DMSO-

d6) δ 167.9, 136.5, 134.1, 131.8, 129.1, 122.8, 118.3, 116.8, 116.7, 111.0, 110.6, 39.1, 24.6. IR ν 

3431 (w), 1705 (m), 1616 (m), 1399 (w), 1325 (m), 1137 (s), 959 (s), 742 (s). HRMS (ESI) calcd for 

C18H13BF3K0N2O2
+ 357.1022 [M - K]+; found 357.1028. NB: the Carbon-Boron bond is not observed 

as reported in literature.355   

                                                 
355 Kolundzic, F.;  Noshi, M. N.; Tjandra, M.; Movassaghi, M.; Miller, S.J.; J. Am. Chem. Soc. 2011, 133, 9104–9111. 
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12.4.10 Synthesis of C2-IndoleBX Reagents 

General Procedure for the Synthesis of C2-IndoleBX Reagents 6.5.8a and 6.5.8b. (GP13) 

 

Note: prior to the reaction, the glassware requires to be carefully cleaned with aqua regia to remove 

all metal traces; the commercially available heterocyclic starting material were purified through a 

short plug of silica prior to being used. 

Following a reported procedure,12 commercially available spray-dried KF (581 mg, 10.0 mmol) was 

dried in a schlenk flask at 150 °C under vacuum over 5 min. After cooling down to r.t., 1-chloro-1,2-

benziodoxol-(1H)-one 1.3.13 (1.00 equiv.) was added to the vial, followed by anhydrous MeCN (5 

mL). The yellow slurry of 1.3.15 was stirred for 2 h at 80 °C. After cooling down to r.t., the suspension 

was filtered over a sintered glass filter in a dry schlenk flask under inert conditions (NB: oxygen has 

to be completely avoided). A solution of the correspondent potassium trifluoroborate substrate 12.4.8 

- 12.4.13 (2.00 mmol, in 15 mL MeCN, 1.00 equiv.) was added and the resulting solution stirred at 

r.t. The reaction was monitored in TLC (DCM:MeOH 9:1). After 2 hours the solution slightly 

changed its color. The reaction was left running overnight, and stopped after 30 h. Then 5% aqueous 

NaBF4 (60 mL) was added and the reaction mixture was vigorously stirred for 1 additional hour. (The 

reaction was stopped upon completion checked by TLC). The quenched reaction mixture was 

extracted using DCM (2x40 mL), the combined organic layers washed with saturated NaHCO3 

solution (40 mL) and then the organic layer dried over Na2SO4. The solvent was then removed under 

reduced pressure and the crude product purified via column chromatography (DCM:MeOH 10:1) to 

afford pure reagents 6.5.8a and 6.5.8a. 
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1-(Tert-butyl 1H-indole-1-carboxylate)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.5.8a)  

Starting from potassium trifluoro(1-tert-butoxycarbonyl-1H-indol-2-

yl)borate 12.4.8 (646 mg, 2.00 mmol, in 15 mL MeCN, 1.00 equiv.) and 1-

chloro-1,2-benziodoxol-(1H)-one 1.3.13 (565 mg, 2.00 mmol, 1.00 equiv.), 

1-(tert-butyl 1H-indole-1-carboxylate)-1H-1λ3 -benzo[b]iodo-3(2H)-one 

6.5.8a (250 mg, 0.540 mmol, 27%), was obtained as a brown solid. M.p. 150 °C, decomposition. Rf: 

0.5 (DCM: MeOH 9:1). 1H NMR (400 MHz, CDCl3) δ 8.41 (dd, J = 7.6, 1.7 Hz, 1H, ArH), 8.31 (d, 

J = 8.5 Hz, 1H, ArH), 7.74 – 7.59 (m, 2H, ArH), 7.55 – 7.42 (m, 3H, ArH), 7.37 (t, J = 7.6 Hz, 1H, 

ArH), 7.00 (d, J = 8.4 Hz, 1H, ArH), 1.44 (s, 9H, C(CH3)3). 13C NMR (101 MHz, CDCl3) δ 166.7, 

148.5, 138.0, 134.0, 132.4, 130.9, 129.5, 127.5, 126.1, 126.0, 124.0, 121.7, 119.6, 116.1, 105.9, 86.8, 

27.8. (One aromatic carbon not resolved). IR ν 1728 (m), 1636 (s), 1567 (s), 1451 (m), 1349 (m), 

1227 (m), 1156 (w), 968 (w). HRMS (ESI) calcd for C20H19INO4
+ 464.0353 [M + H]+; found 

464.0353. 

1-(2-1-(Tosyl)-1H-indol-2-yl)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.5.8b)  

Starting from potassium trifluoro(1-(tosyl)-1H-indol-2-yl)borate 12.4.13 

(943 mg, 2.50 mmol, 1.00 equiv.) and 1-chloro-1,2-benziodoxol-(1H)-one 

1.3.13 (706 mg, 2.50 mmol, 1.00 equiv.), 1-(2-1-(tosyl)-1H-indol-2-yl)-1H-

1λ3 -benzo[b]iodo-3(2H)-one 6.5.8b (205 mg, 0.400 mmol, 16% yield) was 

obtained as colorless solid. M.p.: 185 °C. Rf: 0.5 (DCM: MeOH 9:1). 1H NMR (400 MHz, Acetone-

d6) δ 8.22 (d, J = 8.5 Hz, 1H, ArH), 8.08 (d, J = 7.4 Hz, 1H, ArH), 7.92 – 7.84 (m, 2H, ArH), 7.73 (s, 

1H, ArH), 7.67 (d, J = 7.9 Hz, 1H, ArH), 7.54 (t, J = 7.3 Hz, 1H, ArH), 7.47 (ddd, J = 8.5, 7.2, 1.3 

Hz, 1H, ArH), 7.43 – 7.35 (m, 1H, ArH), 7.35 – 7.27 (m, 1H, ArH), 7.21 (d, J = 8.1 Hz, 2H, ArH), 

6.82 (d, J = 8.4 Hz, 1H, ArH), 2.20 (s, 3H, CH3). 13C NMR (101 MHz, Acetone-d6) δ 166.9, 147.1, 

138.6, 135.4, 134.9, 133.9, 132.2, 131.3, 131.2, 131.1, 128.2, 128.1, 127.9, 127.8, 125.1, 123.1, 120.0, 

115.6, 110.1, 21.4. IR ν 1646 (w), 1603 (s), 1558 (w), 1370 (m), 1173 (s), 1089 (s), 1007 (w), 827 

(w). HRMS (ESI) calcd for C22H16INNaO4S
+ 539.9737 [M + Na]+; found 539.9736. 
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General Procedure for the Synthesis of C2-IndoleDBX Reagents 6.5.8c-6.5.8i. (GP13) 

 

Note: prior to the reaction, the glassware requires to be carefully cleaned with aqua regia to remove 

all metal traces; the commercially available heterocyclic starting material were purified through a 

short plug of silica prior to being used. 

 

In a dry round bottom flask, commercially available 1-fluoro-3,3-dimethyl-1,2-benziodoxole 1.3.23 

(1.00 equiv.) was dissolved in anhydrous MeCN (0.050 M). Potassium trifluoro indole borate salt 

(1.00 equiv.) was added, and the mixture was stirred at r.t under inert atmosphere. After 2 hour 5% 

aqueous NaBF4 (30 mL/mmol, 13.6 equiv.) was added and  the reaction mixture was additionally 

stirred for 1 hour. (The reaction was stopped upon completion, checked by TLC (DCM: MeOH 9:1). 

The quenched reaction mixture was extracted using DCM (2x20 mL), the combined organic layers 

were washed with saturated NaHCO3 solution (20 mL), then the organic layer was dried over Na2SO4. 

Then the solvent was removed under reduced pressure. Column chromatrography purification with 

EtOAc: MeOH (10:1) afforded the desired C2-IndoleDBXs 6.5.8c-6.5.8i. 

 

1-(2-Tert-butyl 1H-indole-1-carboxylate)-3,3-dimethyl-1,3-dihydro-1λ3-benzo[d][1,2]iodoxol  

(6.5.8c) 

Starting from potassium trifluoro(1-(tert-butoxycarbonyl-1H-indol-2-

yl)borate 12.4.15 (168 mg, 0.520 mmol, 1.00 equiv.) and commercially 

available 1-fluoro-3,3-dimethyl-1,2-benziodoxole 1.3.23 (146 mg, 0.520 

mmol, 1.00 equiv.), 1-(2-tert-butyl 1H-indole-1-carboxylate)-3,3-dimethyl-

1,3-dihydro-1λ3-benzo[d][1,2] iodoxol  6.5.8c was obtained (215 mg, 0.450 mmol, 86%) as an off-

white foam (M.p.: 128-133 °C). [Using same procedure this reaction was scaled up upto 5.00 mmol 

scale (1.40 g of Indole salt 11a) and desired product 6.5.8c was obtained (2.02 g, 4.23 mmol, 85% 

yield) in same efficiency]. Rf: 0.6 (DCM: MeOH 9:1). 1H NMR (400 MHz, CDCl3) δ 8.34 (dd, J = 

8.5, 1.0 Hz, 1H, ArH), 7.59 (dt, J = 7.8, 1.1 Hz, 1H, ArH), 7.46 (td, J = 7.3, 1.0 Hz, 1H, ArH), 7.43 

– 7.36 (m, 2H, ArH), 7.32 – 7.26 (m, 1H, ArH), 7.20 – 7.16 (m, 1H, ArH), 7.15 (d, J = 0.8 Hz, 1H, 

ArH), 6.84 (dd, J = 8.3, 1.0 Hz, 1H, ArH), 1.54 (s, 6H, C(CH3)2), 1.46 (s, 9H, C(CH3)3).13C NMR 
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(101 MHz, CDCl3) δ 149.3, 148.3, 137.7, 130.1, 129.9, 128.7, 127.0, 126.8, 125.7, 123.1, 122.3, 

120.9, 119.3, 115.8, 113.9, 85.0, 74.8, 32.3, 27.8. IR ν  2968 (w), 1729 (s), 1435 (m), 1354 (s), 1325 

(s), 1159 (s), 1136 (m), 1032 (m), 970 (m), 801 (m), 746 (s). HRMS (ESI) calcd for C22H25INO3
+ 

478.0874 [M + H]+; found 478.0886. 

1-(2-1-Tosyl-1H-indole)-3,3-dimethyl-1,3-dihydro-1λ3-benzo[d][1,2] iodoxole (6.5.8d) 

Starting from potassium trifluoro(1-(tosyl)-1H-indol-2-yl)borate 12.4.20 

(566 mg, 1.50 mmol, 1.00 equiv.) and commercially available 1-fluoro-3,3-

dimethyl-1,2-benziodoxole 1.3.23 (420 mg, 1.5 mmol, 1.00 equiv.), 1-(2-1-

tosyl-1H-indole)-3,3-dimethyl-1,3-dihydro-1λ3-benzo[d][1,2] iodoxole 

6.5.8d (425 mg, 0.800 mmol, 53% yield) was obtained as colorless solid. M.p. 135-138 °C. Rf: 0.4 

(DCM: MeOH 9:1). 1H NMR (400 MHz, CDCl3) δ 8.31 (dd, J = 8.5, 1.0 Hz, 1H, ArH), 7.81 – 7.74 

(m, 2H, ArH), 7.56 (dt, J = 7.8, 1.1 Hz, 1H, ArH), 7.47 – 7.32 (m, 3H, ArH), 7.30 (td, J = 7.6, 1.0 

Hz, 1H, ArH), 7.18 – 7.11 (m, 3H, ArH), 7.07 (ddd, J = 8.4, 6.8, 1.7 Hz, 1H), 6.69 (dd, J = 8.3, 0.9 

Hz, 1H, ArH), 2.31 (s, 3H, CH3), 1.58 (s, 6H, C(CH3)2).13C NMR (101 MHz, CDCl3) δ 148.3, 145.2, 

137.6, 135.5, 130.6, 129.9, 129.8, 128.9, 127.1, 126.7, 126.4, 126.1, 123.7, 123.6, 121.4, 120.2, 114.7, 

114.4, 75.2, 31.5, 21.5. IR ν 2963 (w), 1597 (w), 1562 (w), 1430 (m), 1366 (s), 1155 (s), 1090 (s), 

951 (m). HRMS (ESI) calcd for C24H23INO3S
+ 532.0438 [M + H]+; found 532.0436. 

1-(2-5-Methoxy-1-tert-butyl-1H-indole-1-carboxylate)-3,3-dimethyl-1,3-dihydro-1λ3-benzo 

[d][1,2]iodoxole (6.5.8e) 

Starting from potassium trifluoro(1-(tert-butoxycarbonyl)-5-

methoxy-1H-indol-2-yl)borate 12.4.16 (706 mg, 2.00 mmol, 1.00 

equiv.) and commercially available 1-fluoro-3,3-dimethyl-1,2-

benziodoxole 1.3.23 (560 mg, 2.00 mmol, 1.00 equiv.), 1-(2-5-

methoxy-1-tert-butyl-1H-indole-1-carboxylate)-3,3-dimethyl-1,3-dihydro-1λ3-benzo 

[d][1,2]iodoxole 6.5.8e (775 mg, 1.53 mmol, 76% yield) was obtained as brown solid foam. M.p. 72-

75 °C. Rf: 0.5 (DCM: MeOH 9:1). 1H NMR (400 MHz, CDCl3) δ 8.18 – 8.06 (m, 1H, ArH), 7.40 – 

7.36 (m, 1H, ArH),  7.30 (dd, J = 7.6, 1.6 Hz, 1H, ArH), 7.10 (ddd, J = 8.4, 7.0, 1.6 Hz, 1H, ArH), 

7.01 (s, 1H, ArH), 6.95 (dq, J = 5.9, 2.6 Hz, 2H, ArH), 6.76 (dd, J = 8.3, 1.0 Hz, 1H, ArH), 3.79 (s, 

3H, OCH3), 1.46 (s, 6H, C(CH3)2), 1.36 (s, 9H, C(CH3)3). 13C NMR (101 MHz, CDCl3) δ 156.1, 

149.3, 148.4, 132.5, 130.9, 130.0, 128.9, 127.2, 126.9, 122.3, 119.1, 116.6, 115.1, 114.0, 102.7, 85.0, 
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74.8, 55.6, 32.4, 27.9. IR ν 2965 (w), 1727 (s), 1612 (w), 1434 (w), 1357 (m), 1325 (s), 1253 (m), 

1159 (s), 1117 (s), 1026 (s), 844 (m), 756 (s). HRMS (ESI) calcd for C23H27INO4
+ 508.0979 [M + 

H]+; found 508.0981. 

1-(2-6-Methoxy-1-tert-butyl-1H-indole-1-carboxylate)-3,3-dimethyl-1,3-dihydro-1λ3-benzo 

[d][1,2]iodoxole (6.5.8f) 

Starting from potassium trifluoro(1-(tert-butoxycarbonyl)-6-

methoxy-1H-indol-2-yl)borate 12.4.17 (706 mg, 2.00 mmol, 1.00 

equiv.) and commercially available 1-fluoro-3,3-dimethyl-1,2-

benziodoxole 1.3.23 (560 mg, 2.00 mmol, 1.00 equiv.), the 

corresponding indole reagent 6.5.8f (812 mg, 1.60 mmol, 80% yield) was obtained as brown solid 

foam. M.p.: 70-75 °C. Rf: 0.6 (DCM: MeOH 9:1). 1H NMR (400 MHz, CDCl3) δ 7.89 (d, J = 2.3 

Hz, 1H, ArH), 7.41 (d, J = 8.2 Hz, 2H, ArH), 7.34 (dd, J = 7.6, 1.6 Hz, 1H, ArH), 7.14 (ddd, J = 8.4, 

6.9, 1.5 Hz, 1H, ArH), 7.05 (s, 1H, ArH), 6.90 (dd, J = 8.6, 2.3 Hz, 1H, ArH), 6.85 – 6.80 (m, 1H, 

ArH), 3.88 (s, 3H, OCH3), 1.50 (s, 6H, C(CH3)2), 1.41 (s, 9H, C(CH3)3).13C NMR (101 MHz, CDCl3) 

δ 158.8, 149.4, 148.3, 138.8, 129.8, 128.7, 126.9, 126.8, 123.8, 122.6, 121.3, 117.1, 114.1, 113.0, 

99.4, 84.9, 74.7, 55.5, 32.4, 27.8. IR ν 2963 (w), 1727 (m), 1613 (w), 1487 (w), 1362 (m), 1326 (s), 

1155 (s), 1045 (m), 945 (m), 824 (m), 756 (m). HRMS (ESI) calcd for C23H27INO4
+ 508.0979 [M + 

H]+; found 508.0983. 

1-(2-5-Bromo-1-tert-butyl-1H-indole-1-carboxylate)-3,3-dimethyl-1,3-dihydro-1λ3-benzo 

[d][1,2]iodoxole (6.5.8g) 

Starting from potassium trifluoro(1-(tert-butoxycarbonyl)-6-bromo-

1H-indol-2-yl)borate 12.4.18 (402 mg, 1.00 mmol, 1.00 equiv.) and 

commercially available 1-fluoro-3,3-dimethyl-1,2-benziodoxole 1.3.23 

(280 mg, 1.00 mmol, 1.00 equiv.), 1-(2-5-bromo-1-tert-butyl-1H-

indole-1-carboxylate)-3,3-dimethyl-1,3-dihydro-1λ3-benzo [d][1,2]iodoxole 6.5.8g (377 mg, 0.680 

mmol, 68% yield) was obtained as off-white solid foam. M.p. 73-78 °C Rf: 0.5 (DCM: MeOH 9:1). 

1H NMR (400 MHz, CDCl3) δ 8.54 (dt, J = 1.5, 0.7 Hz, 1H, ArH), 7.50 – 7.35 (m, 4H, ArH), 7.18 

(ddd, J = 8.4, 7.0, 1.6 Hz, 1H, ArH), 7.13 (d, J = 0.8 Hz, 1H, ArH), 6.80 (dd, J = 8.3, 1.0 Hz, 1H, 

ArH), 1.54 (s, 6H, C(CH3)2), 1.45 (s, 9H, C(CH3)3).13C NMR (101 MHz, CDCl3) δ 149.1, 148.3, 

138.3, 130.1, 129.1, 129.0, 127.2, 127.1, 126.6, 122.3, 121.9, 120.0, 119.1, 114.0, 85.9, 75.1, 32.2, 

27.8 (one C is not resolved). IR ν 2969 (w), 1731 (s), 1352 (s), 1321 (s), 1235 (m), 1157 (s), 1137 
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(m), 1031 (m), 970 (m), 908 (m), 754 (s). HRMS (ESI) calcd for C22H24
79BrINO3

+ 555.9979 [M + 

H]+; found 556.0001 

1-(2-3-Methyl-1-tert-butyl-1H-indole-1-carboxylate)-3,3-dimethyl-1,3-dihydro-1λ3-benzo 

[d][1,2]iodoxole (6.5.8h) 

Starting from potassium trifluoro(1-(tert-butoxycarbonyl)-3-methyl-1H-

indol-2-yl)borate 12.4.19 (1.69 g, 5.00 mmol, 1.00 equiv.) and 

commercially available 1-fluoro-3,3-dimethyl-1,2-benziodoxole 1.3.23 

(1.41 mg, 5.00 mmol, 1.00 equiv.), 1-(2-3-methyl-1-tert-butyl-1H-indole-

1-carboxylate)-3,3-dimethyl-1,3-dihydro-1λ3-benzo [d][1,2]iodoxole 

6.5.8h (2.40 g, 4.88 mmol, 97% yield) was obtained as off-white foam. M.p. 128-130 °C. Rf: 0.6 

(DCM: MeOH 9:1). 1H NMR (400 MHz, CDCl3) δ 8.27 (d, J = 8.4 Hz, 1H, ArH), 7.53 (d, J = 7.8 

Hz, 1H, ArH), 7.46 – 7.32 (m, 3H, ArH), 7.28 (t, J = 7.5 Hz, 1H, ArH), 7.12 (t, J = 7.6 Hz, 1H, ArH), 

6.80 (d, J = 8.3 Hz, 1H, ArH), 2.42 (s, 3H, CH3), 1.54 (s, 6H, C(CH3)2), 1.45 (s, 9H, C(CH3)3). 13C 

NMR (101 MHz, CDCl3) δ 149.3, 148.4, 137.5, 129.7, 129.6, 128.6, 126.8, 126.4, 125.8, 122.7, 

119.3, 117.6, 115.8, 113.3, 84.5, 74.3, 32.3, 27.7, 11.9.356 IR ν 1727 (w), 1352 (w), 1325 (m), 1157 

(s), 1089 (m), 971 (w), 857 (w), 750 (s). HRMS (ESI) calcd for C23H27INO3
+ 492.1030 [M + H]+; 

found 492.1038. 

1-(2-(1H-Indol-3-yl)ethyl)isoindoline-1,3-dione)-3,3-dimethyl-1,3-dihydro-1λ3-benzo[d][1,2] 

iodoxole (6.5.8i) 

Starting from potassium trifluoro(2-(2-(1H-indol-3-yl)ethyl)isoindoline-

1,3-dione) borate 6.5.7 (396 mg, 1.00 mmol, 1.00 equiv.) and 

commercially available 1-fluoro-3,3-dimethyl-1,2-benziodoxole 1.3.23 

(280 mg, 1.00 mmol, 1.00 equiv.), 1-(2-(1H-indol-3-yl)ethyl)isoindoline-

1,3-dione)-3,3-dimethyl-1,3-dihydro-1λ3-benzo[d][1,2] iodoxole 6.5.8i (347 mg, 0.630 mmol, 63% 

yield) was obtained as yellow solid. M.p. 132-135 °C. Rf: 0.4 (DCM: MeOH 9:1). 1H NMR (400 

MHz, CDCl3) δ 7.73 – 7.58 (m, 5H, ArH), 7.48 (d, J = 8.4 Hz, 1H, ArH), 7.22 (d, J = 7.5 Hz, 3H, 

ArH), 7.07 (t, J = 7.5 Hz, 1H, ArH), 6.96 – 6.84 (m, 1H, ArH), 6.66 (d, J = 8.3 Hz, 1H, ArH), 3.83 

(t, J = 7.7 Hz, 2H, NCH2), 3.12 (bs, 2H, C-CH2), 1.57 (s, 6H, C(CH3)2). (NH was not resolved). 13C 

NMR (101 MHz, CDCl3) δ 167.9, 148.1, 139.5, 133.7, 131.9, 130.0, 129.3, 127.4, 126.9, 126.5, 

                                                 
356 One aromatic carbon signal is not resolved. 
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123.8, 123.0, 121.0, 119.9, 119.1, 112.6, 112.4, 73.8, 38.5, 29.7, 25.6 (one aromatic Carbon signal 

is not resolved). IR ν 2965 (w), 1704 (m), 1434 (m), 1356 (w), 1155 (s), 954 (s), 871 (m), 748 (s).  

HRMS (ESI): calcd for C27H24IN2O3
+ 551.0826 [M + H]+; found 551.0834. 

12.4.11 Control experiments of the  metal-free oxidative cross-coupling with electrophilic C2-

IndoleBXs and C3-IndoleBXs 

 

In an open air vial, commercially available 3-Iodoindole 6.2.4 (26.0 mg, 0.100 mmol, 1.00 equiv.), 

1,3,5-trimethoxybenzene 6.6.1 (25.0 mg, 0.150 mmol, 1.50 equiv.) and TMSBr (26.0 µL, 0.200 

mmol, 2.00 equiv.) were dissolved in HFIP (1 mL, 0.1 M). The reaction was stirred for three hours 

and then quenched with sat. aqueous NaHCO3 (4 mL); the organic layer was extracted with DCM 

(3x5 mL), then the solvent was removed under reduced pressure. No conversion in the desired product 

1-methyl-3-(2,4,6-trimethoxyphenyl)-1H-indole 6.6.2a was detected. 

 

 

In an open air vial, IndoleBX reagent 6.1.10a (38.0 mg, 0.100 mmol, 1.00 equiv.), 1,3,5-

trimethoxybenzene 6.6.1 (25.0 mg, 0.150 mmol, 1.50 equiv.) and HCl in EtOH (80.0 µL, 0.200 mmol, 

2.00 equiv., 1.25 M in EtOH) were dissolved in HFIP (1 mL, 0.1 M). The reaction was stirred for three 

hours and then quenched with sat. aqueous NaHCO3 (20 mL); the organic layer was extracted with 

DCM (3x5 mL), then the solvent was removed under reduced pressure. No conversion in the desired 

product 1-methyl-3-(2,4,6-trimethoxyphenyl)-1H-indole 6.6.2a was detected. 
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In an open air vial, commercially available N-methylindole (13 µL, 0.10 mmol, 1.00 equiv.) and 

commercially available 4F-PIDA (34.0 mg, 1.00 mmol, 1.00 equiv) were left stirring in HFIP (1 mL, 

0.1 M) for 30 minutes. Then 1,3,5-trimethoxybenzene 6.6.1 (25.0 mg, 0.150 mmol, 1.50 equiv.) and 

TMSCl (25.5 µL, 0.200 mmol, 2.00 equiv.) were added to the mixture. The reaction mixture was 

stirred for three hours and then quenched with sat. aqueous NaHCO3 (4 mL); the organic layer was 

extracted with DCM (3x5 mL), then the solvent was removed under reduced pressure. 1-methyl-3-

(2,4,6-trimethoxyphenyl)-1H-indole 6.6.2a was obtained as white resin (4.80 mg, 16.0 µmol, 16% 

yield). For full characterization see the scope section. 

12.4.12 Scope of the metal-free oxidative cross-coupling with electrophilic C2-IndoleBXs and 

C3-IndoleBXs 

General Procedures for the Metal Free (Hetero)-Arylation of Indoles. (GP14-GP16) 

 

GP14: In an open air vial, the corresponding IndoleBXs 6.1.10a – 6.1.10h (0.300 mmol, 1.00 equiv.), 

the 1,3,5-trimethoxybenzene 6.6.1 (0.300 mmol, 1.00 equiv.), HFIP (315 µL, 3.00 mmol, 10.0 equiv.) 

and TMSCl (38.0 µL, 0.300 mmol, 1.00 equiv.) were dissolved in DCM (1.50 mL, 0.2 M). The 

reaction was stirred for three hours and then quenched with sat. aqueous NaHCO3 (4 mL); the organic 

layer was extracted with DCM (3x5 mL), then the solvent was removed under reduced pressure. Flash 

column chromatography (Pentane:EtOAc 9:1) afforded the desired products 6.6.2a – 6.6.2f. 
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GP15: In an open air vial, the corresponding C2-IndoleDBXs or C2-IndoleBXs 6.5.8a – 6.5.8i (0.200 

mmol, 1.00 equiv.), the 1,3,5-trimethoxybenzene 6.6.1 or the heterocycle (0.220 mmol, 1.10 equiv.), 

HFIP (210 µL, 2.00 mmol, 10.0 equiv.) and TMSBr (52.8 µL, 0.400 mmol, 2.00 equiv.) were 

dissolved in DCM (1.0 mL, 0.20 M). The reaction was stirred for three hours and then quenched with 

saturated aqueous NaHCO3 (4 mL); the organic layer was extracted with DCM (3x5 mL), then the 

solvent was removed under reduced pressure. Purification on Preparative TLC (with mixture of 

EtOAc and Pentane as eluent) afforded the desired products 6.6.4a – 6.6.6. and 6.6.11a-6.6.11d. 

 

 

GP16: In an open air vial, IndoleBXs 6.1.10a – 6.1.10h (0.300 mmol, 1.00 equiv.), the corresponding 

heterocycle (0.300 mmol, 1.00 equiv.), HFIP (315 µL, 3.00 mmol, 10.0 equiv.) and TMSCl (38.0 µL, 

0.300 mmol, 1.00 equiv.) were dissolved in DCM (1.50 mL, 0.2 M). The reaction was stirred for three 

hours and then quenched with sat. aqueous NaHCO3 (4 mL); the organic layer was extracted with 

DCM (3x5 mL), then the solvent was removed under reduced pressure. Flash column chromatography 

(Pentane:DCM 1:1) afforded the desired products 6.6.7a-6.6.10b. 

 

1-Methyl-2-(2,4,6-trimethoxyphenyl)-1H-indole (6.6.2a) 

Following procedure GP14: using IndoleBX reagent 6.1.10a (113 mg, 0.300 

mmol), after 3 hours 1-methyl-2-(2,4,6-trimethoxyphenyl)-1H-indole 6.6.2a 

(64.0 mg, 0.216 mmol, 75% yield) was obtained as a white resin. Rf: 0.42 

(Pentane:EtOAc 9:1). 1H NMR (400 MHz, CDCl3) δ 7.62 (d, J = 7.8 Hz, 1H, 

ArH), 7.33 (d, J = 8.2 Hz, 1H, ArH), 7.18 (ddd, J = 8.1, 7.0, 1.2 Hz, 1H, ArH), 7.08 (m, 1H, ArH), 

6.45 (s, 1H, ArH), 6.24 (s, 2H, ArH), 3.89 (s, 3H, OMe), 3.73 (s, 6H, OMe), 3.51 (s, 3H, NMe). 13C 

NMR (101 MHz, CDCl3) δ 161.9, 160.0, 137.1, 133.2, 128.0, 120.5, 120.4, 118.9, 109.2, 103.0, 

102.4, 90.7, 55.8, 55.4, 30.1. IR ν 2379 (w), 2321 (w), 1627 (s), 1523 (m), 1438 (s), 1362 (m), 1287 
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(m), 1178 (w), 1106 (s), 1073 (s), 979 (w), 906 (m), 850 (m), 720 (s). HRMS (ESI) calcd for 

C18H20NO3
+ [M+H]+ 298.1438; found 298.1451. 

1-Methyl-2,3-bis(2,4,6-trimethoxyphenyl)-1H-indole (6.6.3). 

White resin. Rf: 0.38 (Pentane:EtOAc 1:1) 1H NMR (400 MHz, CDCl3) δ 

7.37 – 7.28 (m, 2H, ArH), 7.13 (ddd, J = 8.3, 7.0, 1.1 Hz, 1H, ArH), 6.99 (ddd, 

J = 7.9, 7.0, 0.9 Hz, 1H, ArH), 6.12 (s, 2H, ArH), 6.11 (s, 2H, ArH), 3.82 (s, 

3H, OMe), 3.82 (s, 3H, OMe), 3.60 (s, 3H, OMe), 3.57 (s, 6H, NMe), 3.53 (s, 

6H, OMe). 13C NMR (101 MHz, CDCl3) δ 161.3, 159.8, 159.5, 159.2, 137.1, 

131.8, 127.8, 120.6, 120.3, 118.4, 109.3, 107.2, 106.7, 103.8, 90.5, 90.4, 55.5, 55.5, 55.2, 55.2, 30.7. 

IR ν 3001 (w), 2935 (w), 2836 (w), 1587 (m), 1584 (s), 1464 (m), 1415 (m), 1336 (w), 1226 (s), 1128 

(s), 1041 (w), 811 (m), 741 (m). HRMS (ESI) calcd for C27H29NO6
+ [M+H]+ 464.1995; found 

464.2093. 

 

5-Iodo-1-methyl-2-(2,4,6-trimethoxyphenyl)-1H-indole (6.6.2b) and and 5-iodo-1-methyl-2,3-

bis(2,4,6-trimethoxyphenyl)-1H-indole (6.6.2b’) 

Following procedure GP14: using IndoleBX reagent 

6.1.10g (151 mg, 0.300 mmol), after 3 hours an 

unseparable mixture of mono-di products 5-Iodo-1-

methyl-2-(2,4,6-trimethoxyphenyl)-1H-indole 6.6.2b 

and 5-iodo-1-methyl-2,3-bis(2,4,6-trimethoxyphenyl)-

1H-indole 6.6.2b’ (88.0 mg, 0.207 mmol, 69% yield, 9:1 

major-mono:minor-di) were obtained as yellow oil. Rf: 0.38 (Pentane:EtOAc 9:1). 1H NMR (400 

MHz, CDCl3) δ 7.94 (d, J = 1.7 Hz, 1H, ArH major), 7.81 (d, J = 1.7 Hz, 1H, ArH minor), 7.48 (dd, 

J = 8.6, 1.7 Hz, 1H, ArH minor), 7.42 (dd, J = 8.5, 1.7 Hz, 1H, ArH major), 7.11 (d, J = 8.6 Hz, 1H, 

ArH major), 7.07 (d, J = 8.8 Hz, 1H, ArH minor), 6.38 (s, 1H, ArH major), 6.24 (s, 2H, ArH major), 

6.20 (s, 2H, ArH minor), 3.90 (s, 4.3H, OMe major  + OMe minor), 3.82 (s, 3H, OMe minor), 3.73 

(s, 6.8H, OMe major + 2xOMe minor), 3.54 (s, 3H, NMe minor), 3.48 (s, 3H, NMe major). 13C NMR 

(101 MHz, CDCl3) major 162.1, 159.9 (2 aromatic carbon signals overlapped), 136.2, 134.2, 130.5, 

128.9, 128.7, 111.3, 101.7, 90.6, 82.4, 55.8, 55.4, 30.2. minor 162.8, 160.0, 159.4, 156.5, 137.4, 

136.4, 132.7, 130.1, 129.6, 111.6, 102.3, 91.5, 90.7, 83.2, 59.7, 56.3, 55.8, 55.5, 31.2 (two aromatic 

carbon not resolved). IR ν 3006 (w), 2937 (w), 2838 (w), 1613 (s), 1587 (m), 1467 (s), 1415 (m), 
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1229 (m), 1128 (s), 1065 (w), 950 (w), 817 (w), 791 (m).  HRMS (ESI) mono: 

C18H19INO3
+ [M+H]+ 424.0404; found 424.0412, di-arylated not detected. 

 

1-Methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-(2,4,6-trimethoxyphenyl)-1H-

indole (6.6.2c) 

Following procedure GP14: using IndoleBX reagent 6.1.10h  (151 mg, 

0.300 mmol), after 3 hours 1-methyl-5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)-2-(2,4,6-trimethoxyphenyl)-1H-indole 6.6.2c (68.3 

mg, 0.161 mmol, 54% yield) was obtained as a yellow oil. Rf: 0.40 

(Pentane:EtOAc 9:1). 1H NMR (400 MHz, CDCl3) δ 8.15 (s, 1H, ArH), 

7.63 (dd, J = 8.3, 1.2 Hz, 1H, ArH), 7.32 (d, J = 8.3 Hz, 1H, ArH), 6.47 (s, 1H, ArH), 6.23 (s, 2H, 

ArH), 3.89 (s, 3H, OMe), 3.71 (s, 6H, OMe), 3.50 (s, 3H, NMe), 1.37 (s, 12H, BPin-Me). 13C NMR 

(101 MHz, CDCl3) δ 161.9, 160.0 (two aromatic carbon signals overlap), 139.1, 133.3, 128.3, 127.8, 

126.8, 108.6, 103.2, 102.9, 90.7, 83.2, 55.8 (two methoxy carbon signals overlap), 55.4, 30.1, 24.9. 

IR ν 2976 (w), 2935 (w), 2840 (w), 1610 (m), 1584 (m), 1354 (s), 1327 (s), 1204 (m), 1125 (s), 1064 

(m), 966 (w), 860 (m). HRMS (ESI) calcd for C24H31BNO5
+ [M+H]+ 424.2290; found 424.2289. 

 

1,2-Dimethyl-3-(2,4,6-trimethoxyphenyl)-1H-indole (6.6.2d) 

Following procedure GP14: using IndoleBX reagent 6.1.10c (117 mg, 0.300 

mmol), after 3 hours 1,2-dimethyl-3-(2,4,6-trimethoxyphenyl)-1H-indole 6.6.2c 

(37.1 mg, 0.120 mmol, 40% yield) was obtained as a yellow oil. Rf: 0.52 

(Pentane:EtOAc 9:1). 1H NMR (400 MHz, CDCl3) δ 7.27 (m, 1H, ArH), 7.21 (dt, 

J = 7.8, 1.0 Hz, 1H, ArH), 7.11 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H, ArH), 7.00 (ddd, J 

= 8.0, 7.0, 1.1 Hz, 1H, ArH), 6.28 (s, 2H, ArH), 3.90 (s, 3H, OMe), 3.71 (s, 9H, 

OMe + NMe) 2.25 (s, 3H, NCCH3). 13C NMR (101 MHz, CDCl3) δ 160.3, 159.3, 136.7, 135.2, 127.7, 

120.1, 119.7, 118.7, 108.7, 105.2, 104.6, 90.8, 55.7, 55.4, 29.7, 11.6.  IR ν 3002 (w), 2942 (w), 2837 

(w), 1606 (m), 1585 (m), 1469 (m), 1414 (w), 1205 (s), 1126 (s), 1062 (w), 956 (w), 739 (m). HRMS 

(ESI) calcd for C19H22NO3
+ [M+H]+ 312.1594; found 312.1596. 

 

1-Methyl-2-(2,4,6-trimethoxyphenyl)-1H-pyrrole (6.6.2e) 

 Following procedure GP14: using PyrroleBX reagent 6.1.13b or 6.1.16c (98.0 

mg, 0.300 mmol), after 3 hours 1-methyl-2-(2,4,6-trimethoxyphenyl)-1H-

pyrrole 6.6.2e (52.4 mg, 0.212 mmol, 71% yield) was obtained as a white solid. 
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Rf: 0.60 (Pentane:EtOAc 9:1). 1H NMR (400 MHz, CDCl3) δ 6.72 (dd, J = 2.7, 1.8 Hz, 1H, ArH), 

6.23 (dd, J = 3.5, 2.6 Hz, 1H, ArH), 6.19 (s, 2H, ArH), 6.07 (dd, J = 3.5, 1.7 Hz, 1H, ArH), 3.86 (s, 

3H, CH3), 3.74 (s, 6H, CH3), 3.39 (s, 3H, CH3). 
1H-NMR values are in accordance with the data 

reported in literature.  

1-Benzyl-2-(2,4,6-trimethoxyphenyl)-1H-pyrrole (6.6.2f) 

 Following procedure GP14: using PyrroleBX reagent 6.1.13d or 6.1.13e 

(121 mg, 0.300 mmol), after 3 hours 1-benzyl-2-(2,4,6-

trimethoxyphenyl)-1H-pyrrole 6.6.2f (57.1 mg, 0.177 mmol, 59% yield) 

was obtained as a white solid. Rf: 0.58 (Pentane:EtOAc 9:1). 1H NMR 

(400 MHz, CDCl3) δ 7.23 – 7.15 (m, 3H, ArH), 7.04 – 6.98 (m, 2H, ArH), 6.73 (dd, J = 2.8, 1.8 Hz, 

1H, ArH), 6.30 (t, J = 3.1 Hz, 1H, ArH), 6.12 (s, 2H, ArH), 6.09 (m, 1H, ArH), 6.11 – 6.06 (m, 2H, 

ArCH2), 3.83 (s, 3H, OMe), 3.62 (s, 6H, OMe). 1H-NMR values are in accordance with the data 

reported in literature.13  

2-(2,4,6-Trimethoxyphenyl)-1H-indole (6.6.4a) 

Following procedure GP15: starting from C2-IndoleDBX 6.5.8c (95.5 mg, 

0.200 mmol, 1.00 equiv.), after 3 hours 2-(2,4,6-trimethoxyphenyl)-1H-

indole 6.6.4a (43.4 mg, 0.150 mmol, 77% yield) was obtained as a grey solid. 

M.p. 132-137 °C. Rf: 0.55 (Pentane:EtOAc 8:2). 1H NMR (400 MHz, 

CDCl3) δ 9.47 (s, 1H, NH), 7.64 (dt, J = 7.8, 1.0 Hz, 1H, ArH), 7.39 (dd, J = 8.0, 1.2 Hz, 1H, ArH), 

7.16 (ddd, J = 8.1, 7.0, 1.3 Hz, 1H, ArH), 7.11 – 7.07 (m, 2H, ArH), 6.29 (s, 2H, ArH), 3.93 (s, 6H, 

o-OCH3), 3.88 (s, 3H, p-OCH3). 13C NMR (101 MHz, CDCl3) δ 160.1, 158.7, 135.0, 131.2, 128.2, 

121.1, 120.0, 119.1, 110.3, 103.7, 103.6, 91.5, 56.0, 55.3. IR ν 3434 (w), 2938 (w), 2837 (w), 1605 

(m), 1583 (m), 1486 (w), 1455 (s), 1414 (m), 1330 (m), 1204 (m), 1122 (s). HRMS (ESI) calcd for 

C17H18NO3
+ 284.1281 [M + H]+; found 284.1284.  

5-Methoxy-2-(2,4,6-trimethoxyphenyl)-1H-indole (6.6.4b) 

Following procedure GP15: starting from C2-IndoleDBX 6.5.8e (101 

mg, 0.200 mmol), after 3 hours 5-methoxy-2-(2,4,6-trimethoxyphenyl)-

1H-indole 6.6.4b (41.7 mg, 0.130 mmol, 67% yield) was obtained as a 

green solid. M.p. 115-120 °C. Rf: 0.45 (Pentane:EtOAc 8:2). 1H NMR 

(400 MHz, CDCl3) δ 9.38 (s, 1H, NH), 7.27 (d, J = 8.6 Hz, 1H, ArH), 

7.11 (d, J = 2.4 Hz, 1H, ArH), 7.00 (s, 1H, ArH), 6.82 (dd, J = 8.7, 2.4 Hz, 1H, ArH), 6.28 (s, 2H, 
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ArH), 3.92 (s, 6H, o-OCH3), 3.87 (s, 6H, p-OCH3 ,and 5-OCH3). 13C NMR (101 MHz, CDCl3) δ 

160.1, 158.6, 153.8, 131.9, 130.3, 128.5, 128.4, 111.5, 111.0, 103.6, 101.7, 91.5, 56.0, 55.8, 55.3. IR 

ν 3431 (w), 2937 (w), 2841 (w), 1604 (m), 1580 (m), 1459 (m), 1204 (s), 1120 (s), 1034 (m), 799 (s). 

HRMS (ESI) calcd for C18H20NO4
+ 314.1387[M + H]+; found 314.1391. 

6-Methoxy-2-(2,4,6-trimethoxyphenyl)-1H-indole (6.6.4c) 

 Following procedure GP15: starting from C2-IndoleDBX 6.5.8f 

(101 mg, 0.200 mmol), after 3 hours 6-methoxy-2-(2,4,6-

trimethoxyphenyl)-1H-indole 6.6.4c (31.1 mg, 0.100 mmol, 50% 

yield) was obtained as a green solid. M.p 165-168 °C. Rf: 0.51 

(Pentane:EtOAc 8:2). 1H NMR (400 MHz, CDCl3) δ 9.38 (s, 1H, NH), 7.49 (d, J = 8.6 Hz, 1H, ArH), 

6.99 (dd, J = 2.1, 0.9 Hz, 1H, ArH), 6.90 (d, J = 2.3 Hz, 1H, ArH), 6.76 (dd, J = 8.6, 2.3 Hz, 1H, 

ArH), 6.28 (s, 2H, ArH), 3.92 (s, 6H, o-OCH3), 3.87 (s, 3H, OCH3 ), 3.86 (s, 3H, OCH3). 13C NMR 

(101 MHz, CDCl3) δ 159.8, 158.4, 155.9, 135.6, 130.0, 122.6, 120.7, 109.2, 103.8, 103.6, 93.9, 91.5, 

56.0, 55.6, 55.3. IR ν 3442 (s), 1604 (s), 1479 (s), 1329 (s), 1303 (s), 1234 (s), 1116 (w). HRMS 

(ESI) calcd for C18H20NO4
+ 314.1387[M + H]+; found 314.1389. 

6-Bromo-2-(2,4,6-trimethoxyphenyl)-1H-indole (6.6.4d) 

Following procedure GP15: starting from C2-IndoleDBX 6.5.8g (111 

mg, 0.200 mmol), after 3 hours 6-bromo-2-(2,4,6-trimethoxyphenyl)-

1H-indole 6.6.4d (68.0 mg, 0.190 mmol, 94% yield) was obtained as a 

colorless solid. M.p. 133-138 °C. Rf: 0.49 (Pentane:EtOAc 8:2). 1H 

NMR (400 MHz, CDCl3) δ 9.52 (s, 1H, NH), 7.53 (d, J = 1.8 Hz, 1H, ArH), 7.47 (d, J = 8.4 Hz, 1H, 

ArH), 7.16 (dd, J = 8.4, 1.7 Hz, 1H, ArH), 7.03 (s, 1H, ArH), 6.28 (s, 2H, ArH), 3.93 (s, 6H, o-OCH3), 

3.87 (s, 3H, p-OCH3). 13C NMR (101 MHz, CDCl3) δ 160.4, 158.7, 135.7, 132.2, 127.1, 122.4, 121.2, 

114.4, 113.2, 103.7, 102.9, 91.5, 56.0, 55.3. IR ν 3444 (w), 1605 (w), 1581 (w), 1454 (w), 1329 (w), 

1205 (w), 1115 (s), 1067 (m). HRMS (ESI) calcd for C17H17Br79NO3
+ 362.0386 [M + H]+; found 

362.0388. 
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3-Methyl-2-(2,4,6-trimethoxyphenyl)-1H-indole (6.6.4e) 

Following procedure GP15: starting from C2-IndoleDBX 6.5.8h (98.0 mg, 

0.200 mmol), after 3 hours 3-methyl-2-(2,4,6-trimethoxyphenyl)-1H-indole 

6.6.4e (49.0 mg, 0.160 mmol, 82% yield) was obtained as a pale yellow solid. 

M.p. 128-131 °C. Rf: 0.46 (Pentane:EtOAc 8:2). 1H NMR (400 MHz, 

CDCl3) δ 8.15 (s, 1H, NH), 7.68 (ddt, J = 7.5, 1.6, 0.8 Hz, 1H, ArH), 7.41 (dt, J = 8.0, 1.0 Hz, 1H, 

ArH), 7.21 (dddd, J = 21.2, 8.2, 7.1, 1.2 Hz, 2H, ArH), 6.34 (s, 2H, ArH), 3.98 (s, 3H, p-OCH3), 3.85 

(s, 6H, o-OCH3), 2.28 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 161.5, 159.4, 135.9, 128.9, 127.1, 

121.1, 118.5, 118.5, 110.8, 110.4, 103.1, 90.7, 55.7, 55.3, 9.7. IR ν 3395 (w), 2939 (w), 2840 (w), 

1609 (m), 1581 (m), 1456 (m), 1412 (m), 1224 (m), 1126 (s), 1033 (m), 941 (m), 816 (w). HRMS 

(ESI) calcd for C18H20NO3
+ 298.1438 [M + H]+; found 298.1440. 

2-(2,4,6-trimethoxy-3-methylphenyl)-1H-indole (6.6.5a) 

Following procedure GP15: starting from C2-IndoleDBX 6.5.8c (95.5 mg, 

0.200 mmol), after 3 hours 2-(2,4,6-trimethoxy-3-methylphenyl)-1H-indole 

6.6.5a (27.1 mg, 90.0 µmol, 46% yield) was obtained as a white solid. M.p. 

135-138 °C. Rf: 0.62 (Pentane:EtOAc 9:1). 1H NMR (400 MHz, CDCl3) δ 

9.46 (s, 1H, NH), 7.64 (dd, J = 7.8, 1.3 Hz, 1H, ArH), 7.40 (d, J = 8.0 Hz, 

1H, ArH), 7.16 (ddd, J = 8.1, 7.0, 1.3 Hz, 1H, ArH), 7.09 (ddd, J = 8.0, 7.0, 1.1 Hz, 2H, ArH), 6.41 

(s, 1H, ArH), 3.92 (s, 3H, OCH3), 3.90 (s, 3H, OCH3), 3.53 (s, 3H, OCH3), 2.17 (s, 3H, CH3). 13C 

NMR (101 MHz, CDCl3) δ 158.2, 157.4, 156.3, 135.3, 131.1, 128.4, 121.3, 120.2, 119.3, 112.8, 

110.4, 107.6, 103.7, 92.3, 60.2, 56.2, 55.6, 8.4. IR ν 3325 (w), 2960 (w), 1611 (m), 1452 (m), 1201 

(m), 1110 (s), 797 (m). HRMS (ESI) calcd for C18H20NO3
+ 298.1438[M + H]+; found 298.1443. 

3-Methyl-2-(2,4,6-trimethoxy-3-methylphenyl)-1H-indole (6.6.5b) 

Following procedure GP15: starting from C2-IndoleDBX 6.5.8h (98.0 mg, 

0.200 mmol), after 3 hours 3-methyl-2-(2,4,6-trimethoxy-3-methylphenyl)-

1H-indole 6.6.5b (40.6 mg, 0.130 mmol, 65% yield) was obtained as a brown 

solid. M.p. 164-166 °C. Rf: 0.58 (Pentane:EtOAc 8:2). 1H NMR (400 MHz, 

CDCl3) δ 8.18 (s, 1H, NH), 7.63 – 7.61 (m, 1H, ArH), 7.35 (dt, J = 8.1, 1.0 Hz, 1H, ArH), 7.15 (dddd, 

J = 21.4, 8.1, 7.1, 1.2 Hz, 2H, ArH), 6.39 (s, 1H, ArH), 3.92 (s, 3H, OCH3), 3.79 (s, 3H, OCH3), 3.30 

(s, 3H, OCH3), 2.24 (s, 3H, CH3), 2.15 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 159.1, 158.3, 
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156.9, 136.0, 128.9, 127.4, 121.3, 118.6, 118.5, 111.9, 110.8, 110.4, 107.4, 91.5, 60.0, 55.9, 55.6, 9.7, 

8.4. IR ν 3353 (w), 2935 (w), 1606 (w), 1449 (m), 1434 (m), 1326 (m), 1185 (m), 1111 (s), 1006 (w), 

806 (m), 736 (s). HRMS (ESI) calcd for C19H22NO3
+ 312.1594 [M + H]+; found 312.1593. 

2-(2-(2-(2,4,6-Trimethoxyphenyl)-1H-indol-3-yl)ethyl)isoindoline-1,3-dione (6.6.6) 

 Following procedure GP15: starting from C2-IndoleDBX 6.5.8i (110 mg, 

0.200 mmol), after 3 hours 2-(2-(2-(2,4,6-trimethoxyphenyl)-1H-indol-3-

yl)ethyl)isoindoline-1,3-dione 6.6.6 (68.1 mg, 0.150 mmol, 75% yield) was 

obtained as an orange solid. M.p. 195-200 °C. Rf: 0.68 (Pentane:EtOAc 8:2). 

1H NMR (400 MHz, CDCl3) δ 8.08 (s, 1H, NH), 7.90 (dd, J = 6.5, 2.3 Hz, 1H, 

ArH), 7.79 (dt, J = 7.0, 3.5 Hz, 2H, ArH), 7.68 (dd, J = 5.5, 3.0 Hz, 2H, ArH), 7.35 (dt, J = 7.3, 2.1 

Hz, 1H, ArH), 7.20 – 7.09 (m, 2H, ArH), 6.18 (s, 2H, ArH), 4.01 – 3.99 (m, 2H, CH2), 3.87 (s, 3H, 

p-OCH3), 3.75 (s, 6H, o-OCH3), 3.03 – 2.99 (m, 2H, CH2). 13C NMR (101 MHz, CDCl3) δ 168.2, 

161.6, 159.4, 135.9, 133.5, 132.3, 128.1, 128.0, 122.9, 121.3, 119.0, 118.8, 111.1, 110.6, 102.4, 90.5, 

55.7, 55.3, 37.7, 24.7. IR ν 3392 (w), 1770 (w), 1704 (s), 1395 (s), 1359 (m), 1127 (m), 1042 (w). 

HR-ESI-MS: calcd for C27H25N2O5
+ 457.1758 [M + H]+; found 457.1766. 

1,1'-Dimethyl-1H,1'H-2,3'-biindole (6.6.7a) 

Following procedure GP16: using commercially available N-Methyl-

Indole (113 mg, 0.300 mmol) and using IndoleBX reagent 6.1.10a (113 

mg, 0.300 mmol), after 3 hours 1,1'-dimethyl-1H,1'H-2,3'-biindole 6.6.7a 

(61.2 mg, 0.230 mmol, 77% yield) was obtained as a white solid. Rf: 0.40 

(Pentane:EtOAc 9:1). 1H NMR (400 MHz, CDCl3) δ 7.82 (d, J = 8.0 Hz, 1H, ArH), 7.76 (d, J = 7.7 

Hz, 1H, ArH), 7.50 – 7.46 (m, 2H, ArH), 7.42 (t, J = 7.6 Hz, 1H, ArH), 7.37 – 7.22 (m, 4H, ArH), 

6.74 (s, 1H, ArH), 3.93 (s, 3H, NMe), 3.84 (s, 3H, NMe). 1H-NMR values are in accordance with the 

data reported in literature.357  

 

  

                                                 
357 Liang, Z.; Zhao, J. ; Zhang, Y. J. Org. Chem. 2010, 75, 170–177. 
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1,1',5'-Trimethyl-1H,1'H-2,3'-biindole (6.6.7b) 

Following procedure GP16: using commercially available 1,5-dimethyl-1H-

indole (43.6 mg, 0.300 mmol) and using IndoleBX reagent 6.1.10a (113 mg, 

0.300 mmol), after 3 hours ,1',5'-trimethyl-1H,1'H-2,3'-biindole 6.6.7b (52.6 

mg, 0.192 mmol, 64% yield) was obtained as a yellow oil. Rf: 0.44 

(Pentane:EtOAc 9:1). 1H NMR (400 MHz, CDCl3) δ 7.67 (dt, J = 7.8, 1.0 

Hz, 1H, ArH), 7.51 (dt, J = 1.8, 0.9 Hz, 1H, ArH), 7.40 (m, 1H, ArH), 7.31 (d, J = 8.5 Hz, 1H, ArH), 

7.25 (m, 1H, ArH), 7.22 – 7.12 (m, 3H, ArH), 6.63 (s, 1H, ArH), 3.86 (s, 3H, NMe), 3.77 (s, 3H, 

NMe), 2.49 (s, 3H, CH3).  13C NMR (101 MHz, CDCl3) δ 137.9, 135.3, 129.6, 128.5, 128.3, 127.9, 

123.9, 120.9, 120.0, 119.9, 119.9, 119.5, 109.3, 109.2, 106.6, 101.2, 33.0, 31.0, 21.5. IR ν 3050 (w), 

2916 (w), 1592 (w), 1467 (s), 1336 (m), 1249 (m), 1151 (w), 1015 (w), 788 (m), 749 (s). HRMS 

(ESI) calcd for C19H19N2
+ [M+H]+ 275.1543; found 275.1539. 

 

5'-Methoxy-1,1'-dimethyl-1H,1'H-2,3'-biindole (6.6.7c) and 5'-methoxy-1,1'-dimethyl-1H,1'H-

2,7'-biindole (6.6.7c’) 

Following procedure GP16: using 5-methoxy-1-

methyl-1H-indole 6.1.7d (48.4 mg, 0.300 mmol) and 

using IndoleBX reagent 6.1.10a (113 mg, 0.300 

mmol), after 3 hours, 5'-methoxy-1,1'-dimethyl-

1H,1'H-2,3'-biindole 6.6.7c and 5'-methoxy-1,1'-

dimethyl-1H,1'H-2,7'-biindole 6.6.7c’ (57.1 mg, 0.197 mmol, 65% yield, ratio major 6.6.7c: minor 

6.6.7c' 12:1) were obtained as an unseparable mixture of yellow oil. Rf: 0.60 (Pentane:DCM 1:1). 1H 

NMR (400 MHz, CDCl3) δ 7.69 – 7.68 (m, 1H, ArH minor), 7.65 (dd, J = 7.8, 1.0 Hz, 1H, ArH 

major), 7.52 (s, 1H, ArH minor), 7.39 (d, J = 8.3 Hz, 1H ArH major + 1H ArH minor), 7.29 (d, J = 

8.8 Hz, 1H ArH major + 2H ArH minor), 7.25 – 7.22 (m, 1H ArH major + 1H ArH minor), 7.18 (br 

s, 1H, ArH major), 7.15 (td, J = 7.5, 7.1, 1.0 Hz, 1H, ArH major), 7.12 (d, J = 2.4 Hz, 1H, ArH 

major), 6.97 (dd, J = 8.9, 2.5 Hz, 1H, ArH major), 6.92 (d, J = 2.4 Hz, 1H, ArH minor), 6.60 (br s, 

1H, ArH major – fast exchange with CDCl3), 3.89 (s, 3H, CH3 minor), 3.87 (s, 3H, CH3 major), 3.82 

(s, 3H, CH3 major), 3.80 (s, 3H, CH3 minor), 3.76 (s, 3H, CH3 major), 3.69 (s, 3H, CH3 minor).13C 

NMR (101 MHz, CDCl3) δ major: 154.8, 137.9, 132.2, 129.0, 129.0, 128.3, 128.1, 121.0, 120.0, 

119.6, 112.9, 110.4, 109.3, 106.8, 101.6, 55.9, 33.2, 31.0 (one aromatic carbon signal not resolved - 

minor not resolved). IR ν  3004 (w), 2950 (w), 2828 (w), 1668 (w), 1623 (m), 1542 (m), 1489 (s), 
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1421 (w), 1288 (m), 1220 (m), 1140 (m), 1025 (w), 901 (m), 798 (s). HRMS (ESI) calcd for 

C19H19N2O
+ [M+H]+ 291.1492; found 291.1486. 

 

5'-Chloro-1,1'-dimethyl-1H,1'H-2,3'-biindole (6.6.7d) 

Following procedure GP16: using 5-chloro-1-methyl-1H-indole 6.1.7f (49.7 

mg, 0.300 mmol) and using IndoleBX reagent 6.1.10a (113 mg, 0.300 

mmol),, after 3 hours 5'-chloro-1,1'-dimethyl-1H,1'H-2,3'-biindole 6.6.7d 

(63.4 mg, 0.215 mmol, 72% yield) was obtained as a yellow oil. Rf: 0.38 

(Pentane:EtOAc 9:1). 1H NMR (400 MHz, CDCl3) δ 7.66 (dd, J = 2.0, 0.7 

Hz, 1H, ArH), 7.64 (dt, J = 7.9, 1.1 Hz, 1H, ArH), 7.35 (dd, J = 8.2, 0.9 Hz, 1H, ArH), 7.27 (dd, J = 

8.8, 0.7 Hz, 1H, ArH), 7.26 – 7.21 (m, 2H, ArH), 7.17 – 7.12 (m, 2H, ArH), 6.60 (s, 1H, ArH), 3.82 

(s, 3H, NMe), 3.71 (s, 3H, NMe). 13C NMR (101 MHz, CDCl3) 137.9, 135.3, 134.1, 129.4, 128.6, 

128.2, 126.2, 122.6, 121.2, 120.1, 119.6, 119.6, 110.6, 109.3, 107.0, 101.6, 33.2, 30.9. δ. IR ν 3054 

(w), 2942 (w), 2885 (w), 1590 (m), 1586 (m), 1466 (s), 1369 (m), 1271 (s), 1244 (m), 1145 (m), 1092 

(m), 795 (s). HRMS (ESI) calcd for C18H16ClN2
+ [M+H]+ 295.0997; found 295.0995. 

 

5'-Iodo-1,1'-dimethyl-1H,1'H-2,3'-biindole 6.6.7e). 

Following procedure GP16: using 5-iodo-1H-indole 6.1.7g (77.0 mg, 0.300 

mmol) and using IndoleBX reagent 6.1.10a (113 mg, 0.300 mmol),, after 3 

hours 5'-iodo-1,1'-dimethyl-1H,1'H-2,3'-biindole 6.6.7e (82.5 mg, 0.214 

mmol, 71% yield) was obtained as a yellow oil. Rf: 0.40 (Pentane:EtOAc 

9:1). 1H NMR (400 MHz, CDCl3) δ 7.93 (dd, J = 1.7, 0.5 Hz, 1H, ArH), 

7.56 (dt, J = 7.8, 1.1 Hz, 1H, ArH), 7.45 (dd, J = 8.6, 1.7 Hz, 1H, ArH), 7.28 (m, 1H, ArH), 7.16 (m, 

1H, ArH), 7.09 – 7.04 (m, 2H, ArH), 7.03 (s, 1H, ArH), 6.51 (d, J = 0.8 Hz, 1H, ArH), 3.74 (s, 3H, 

NMe), 3.63 (s, 3H, NMe). 13C NMR (101 MHz, CDCl3) δ 137.9, 136.0, 134.0, 130.6, 130.1, 129.0, 

128.9, 128.2, 121.2, 120.1, 119.7, 111.5, 109.4, 106.7, 101.7, 83.8, 33.1, 30.9. IR ν 2931 (m), 2855 

(m), 1828 (w), 1730 (s), 1655 (w), 1524 (w), 1436 (s), 1333 (m), 1278 (s), 1199 (s), 1058 (m), 992 

(m), 897 (m), 762 (w). HRMS (ESI) calcd for C18H16IN2
+ [M+H]+ 387.0353; found 387.0355. 
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1,1'-Dimethyl-5'-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H,1'H-2,3'-biindole (6.6.7f) 

Following procedure GP16: using commercially available 1-methyl-5-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole  (77.0 mg, 0.300 

mmol) and using IndoleBX reagent 6.1.10a (113 mg, 0.300 mmol), after 3 

hours 1,1'-dimethyl-5'-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-

1H,1'H-2,3'-biindole 6.6.7f (79.2 mg, 0.205 mmol, 68% yield) was obtained 

as a yellow oil. Rf: 0.38 (Pentane:EtOAc 9:1). 1H NMR (400 MHz, CDCl3) δ 8.19 (s, 1H, ArH), 7.78 

(dd, J = 8.3, 1.1 Hz, 1H, ArH), 7.68 (dt, J = 7.8, 1.0 Hz, 1H, ArH), 7.41 (dd, J = 4.8, 0.9 Hz, 1H, 

ArH), 7.39 (dd, J = 4.7, 0.9 Hz, 1H, ArH), 7.25 (m, 1H, ArH), 7.18 (s, 1H, ArH), 7.15 (m, 1H, ArH), 

6.66 (d, J = 0.8 Hz, 1H, ArH), 3.88 (s, 3H, NMe), 3.75 (s, 3H, NMe), 1.36 (s, 12H, BPin-Me). 13C 

NMR (101 MHz, CDCl3) δ 138.8, 137.9, 134.7, 128.5, 128.4, 128.3, 128.0, 127.5, 121.0, 120.0, 

119.5, 109.3, 108.8, 108.0, 101.8, 83.5, 60.4, 33.0, 30.9, 24.8. NB: the Carbon-Boron bond is not 

observed as reported in literature.15 IR ν 3050 (w), 2978 (w), 2927 (w), 1614 (w), 1466 (m), 1352 

(s), 1311 (m), 1143 (s), 1095 (m), 968 (w), 866 (m), 737 (s). HRMS (ESI) calcd for 

C24H28BN2O2
+ [M+H]+ 387.2238; found 387.2244. 

 

1,1'-Dimethyl-1H,1'H-[2,3'-biindol]-6'-ol (6.6.7g) 

Following procedure GP16: using 6-(benzyloxy)-1-methyl-1H-indole 34e 

(77.0 mg, 0.300 mmol) and using IndoleBX reagent 6.1.10a (113 mg, 

0.300 mmol), after 3 hours 1,1'-dimethyl-1H,1'H-[2,3'-biindol]-6'-ol 

6.6.7g (57.8 mg, 0.209 mmol, 70% yield) was obtained as a yellow oil. 

Rf: 0.28 (Pentane:EtOAc 9:1). 1H NMR (400 MHz, CDCl3) δ 7.65 (d, J = 7.8 Hz, 1H, ArH), 7.54 (d, 

J = 8.5 Hz, 1H, ArH), 7.37 (m, 1H, ArH), 7.24 (m, 1H, ArH), 7.15 (ddd, J = 8.0, 7.0, 1.1 Hz, 1H, 

ArH), 7.07 (s, 1H, ArH), 6.83 (d, J = 2.3 Hz, 1H, ArH), 6.74 (dd, J = 8.5, 2.3 Hz, 1H, ArH), 6.61 (s, 

1H, ArH), 4.97 (br s, 1H, OH), 3.77 (s, 3H, NMe), 3.76 (s, 3H, NMe). 13C NMR (101 MHz, CDCl3) 

δ 152.3, 137.9, 137.8, 135.1, 128.3, 127.3, 122.2, 121.1, 120.9, 119.9, 119.5, 110.2, 109.3, 107.4, 

101.2, 95.3, 33.0, 30.9. IR ν 3369 (w), 2941 (w), 2900 (w), 1627 (s), 1593 (s), 1463 (m), 1395 (m), 

1320 (m), 1234 (m), 1183 (m), 1171 (m), 1081 (m), 966 (s), 780 (s). HRMS (ESI) calcd for calcd for 

C18H17N2O
+ [M+H]+ 277.1335; found 277.1344. 
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1-Methyl-1H,1'H-2,3'-biindole (6.6.7h) 

Following procedure GP16: using commercially available 1H-indole  (35.1 

mg, 0.300 mmol) and using IndoleBX reagent 6.1.10a (113 mg, 0.300 mmol), 

after 3 hours 1-methyl-1H,1'H-2,3'-biindole 6.6.7h (48.3 mg, 0.196 mmol, 

65% yield) was obtained as a yellow oil. Rf: 0.50 (Pentane:EtOAc 1:1). 1H 

NMR (400 MHz, CDCl3) δ 8.38 (br s, 1H, NH), 7.72 (d, J = 8.0 Hz, 1H, ArH), 7.66 (d, J = 7.8 Hz, 

1H, ArH), 7.48 (d, J = 8.2 Hz, 1H, ArH), 7.43 – 7.33 (m, 2H, ArH), 7.33 – 7.10 (m, 4H, ArH), 6.66 

(s, 1H, ArH), 3.71 (s, 3H, NMe) (NB: the product is highly unstable under atmosphere – presence of 

grease in the proton NMR).   13C NMR (101 MHz, CDCl3) δ 138.1, 136.1, 135.1, 128.4, 127.3, 124.0, 

122.9, 121.2, 120.8, 120.3, 120.2, 119.7, 111.5, 109.5, 109.0, 101.7, 31.1. IR ν 3402 (m), 3058 (w), 

2926 (w), 2846 (w), 1593 (w), 1458 (m), 1329 (w), 1242 (m), 1097 (m), 1011 (w), 784 (m), 747 (s). 

HRMS (ESI) calcd for C17H15N2
+ [M+H]+ 247.1230; found 247.1226. 

 

5'-Fluoro-1-methyl-1H,1'H-2,3'-biindole (6.6.7i) 

Following procedure GP16: using commercially available 5-fluoro-1H-indole 

(40.5 mg, 0.300 mmol) and using IndoleBX reagent 6.1.10a (113 mg, 0.300 

mmol), after 3 hours 5'-fluoro-1-methyl-1H,1'H-2,3'-biindole 6.6.7i (62.0 mg, 

0.235 mmol, 78% yield) was obtained as a yellow resin. Rf: 0.42 

(Pentane:EtOAc 1:1). 1H NMR (400 MHz, CDCl3) δ 8.35 (br s, 1H), 7.67 (d, 

J = 7.7 Hz, 1H, ArH), 7.42 – 7.32 (m, 4H, ArH), 7.26 (m, 1H, ArH), 7.17 (t, J = 7.4 Hz, 1H, ArH), 

7.04 (td, J = 9.0, 2.5 Hz, 1H, ArH), 6.64 (s, 1H, ArH), 3.75 (s, 3H, NMe) (NB: the product is highly 

unstable under atmosphere – presence of grease in the proton NMR).  13C NMR (101 MHz, CDCl3) 

δ 158.51 (d, J = 236.2 Hz), 137.9, 134.3, 132.5, 128.6, 128.2, 127.63 (d, J = 8.5 Hz), 127.0, 125.4, 

121.2, 119.90 (d, J = 46.8 Hz), 112.05 (d, J = 7.3 Hz), 111.31 (d, J = 26.3 Hz), 105.10 (d, J = 24.2 

Hz), 101.6, 30.9. IR ν 3433 (w), 3400 (m), 3050 (w), 1583 (m), 1486 (s), 1467 (s), 1387 (w), 1281 

(m), 1243 (m), 1163 (m), 930 (m), 744 (s). HRMS (ESI) calcd for C17H14FN2
+ [M+H]+ 265.1136; 

found 265.1137. 
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5'-Bromo-1-methyl-1H,1'H-2,3'-biindole (6.6.7j) 

Following procedure GP16: using commercially available 5-bromo-1H-indole  

(58.8 mg, 0.300 mmol) and using IndoleBX reagent 6.1.10a (113 mg, 0.300 

mmol), after 3 hours 5'-bromo-1-methyl-1H,1'H-2,3'-biindole 6.6.7j (60.8 mg, 

0.187 mmol, 62% yield) was obtained as a yellow resin. Rf: 0.40 

(Pentane:EtOAc 1:1). 1H NMR (400 MHz, CDCl3) δ 8.32 (br s, 1H, NH), 7.81 

(d, J = 1.8 Hz, 1H, ArH), 7.65 (d, J = 7.8 Hz, 1H, ArH), 7.35 (m, 2H, ArH), 7.28 (s, 1H, ArH), , 7.28 

– 7.22 (m, 2H, ArH), 7.15 (td, J = 7.5, 1.1 Hz, 1H, ArH), 6.62 (s, 1H, ArH), 3.70 (s, 3H, NMe). 13C 

NMR (101 MHz, CDCl3) δ 137.9, 134.6, 133.9, 128.9, 128.2, 125.7, 124.8, 122.7, 121.3, 120.2, 

119.7, 114.0, 112.8, 109.4, 108.6, 101.9, 30.9. IR ν 3399 (w), 3157 (w), 2987 (w), 2888 (w), 1621 

(w), 1535 (w), 1477 (m), 1429 (m), 1267 (s), 1224 (s), 1090 (s), 1024 (s), 885 (m), 761 (m). HRMS 

(ESI) calcd for C17H14
79BrN2

+ [M+H]+ 325.0335; found 325.0329. 

 

5-Iodo-1,1'-dimethyl-1H,1'H-2,3'-biindole (6.6.7k) 

Following procedure GP16: using commercially available methylindole  

(39.4 mg, 0.300 mmol) and IndoleBX 6.1.10g (151 mg, 0.300 mmol), 

after 3 hours 5-iodo-1,1'-dimethyl-1H,1'H-2,3'-biindole 6.6.7k (58.9 mg, 

0.152 mmol, 51% yield) was obtained as a yellow oil. Rf: 0.35 

(Pentane:EtOAc 9:1). 1H NMR (400 MHz, CDCl3) δ 7.97 (d, J = 1.6 Hz, 1H, ArH), 7.69 (d, J = 8.0 

Hz, 1H, ArH), 7.48 (dd, J = 8.6, 1.7 Hz, 1H, ArH), 7.42 (d, J = 8.3 Hz, 1H, ArH), 7.34 (m, 1H, ArH), 

7.23 (m, 1H, ArH), 7.20 (s, 1H, ArH), 7.15 (d, J = 8.5 Hz, 1H, ArH), 6.55 (s, 1H, ArH), 3.89 (s, 3H, 

NMe), 3.73 (s, 3H, NMe). 13C NMR (101 MHz, CDCl3) δ 137.0, 136.9, 136.0, 130.9, 129.1, 128.6, 

128.5, 127.5, 122.4, 120.4, 120.2, 111.3, 109.6, 106.7, 100.5, 83.0, 33.1, 31.1. IR ν  048 (w), 2928 

(w), 1734 (w), 1618 (m), 1589 (m), 1467 (m), 1392 (m), 1372 (m), 1265 (m), 1248 (m), 1133 (w), 

1089 (w), 1044 (w), 951 (w), 897 (w), 871 (w), 787 (m), 741 (s). HR-ESI-MS) calcd for C18H16IN2
+ 

[M+H]+ 387.0353; found 387.0356. 

 

5'-Methoxy-1,1'-dimethyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H,1'H-2,3'-biindole 

(6.6.7l). 

Following procedure GP16: using 5-methoxy-1-methyl-1H-indole 34b (48.4 mg, 0.300 mmol) and 

IndoleBX 6.1.10h (151 mg, 0.300 mmol), after 3 hours 5'-methoxy-1,1'-dimethyl-5-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)-1H,1'H-2,3'-biindole 6.6.7l (69.0 mg, 0.166 mmol, 55% yield) 
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was obtained as a yellow oil. Rf: 0.15 (Pentane:DCM 1:1). 1H NMR 

(400 MHz, CDCl3) δ 8.18 (s, 1H, ArH), 7.68 (dd, J = 8.2, 1.2 Hz, 1H, 

ArH), 7.37 (d, J = 8.2 Hz, 1H, ArH), 7.29 (d, J = 8.9 Hz, 1H, ArH), 

7.17 (s, 1H, ArH), 7.09 (d, J = 2.5 Hz, 1H, ArH), 6.96 (dd, J = 8.9, 2.5 

Hz, 1H, ArH), 6.62 (s, 1H, ArH), 3.86 (s, 3H, NMe), 3.81 (s, 3H, NMe), 

3.75 (s, 3H, NMe), 1.38 (s, 12H, BPin). 13C NMR (101 MHz, CDCl3) δ 154.8, 139.8, 135.3, 132.2, 

128.9, 128.1, 128.1, 127.9, 127.2, 112.9, 110.4, 108.7, 106.7, 101.8, 101.4, 83.4, 55.9, 33.2, 30.9, 

24.9. NB: the Carbon-Boron bond is not observed as reported in literature.15 IR ν 2996 (m), 2867 

(w), 2837 (w), 1521 (m), 1431 (m), 1361 (w), 1288 (m), 1148 (w), 991 (s), 862 (s). HRMS (ESI) 

calcd for C25H29BN2O3
+ [M+] 416.2094; found 416.2286. 

 

5'-Nitro-1,1'-dimethyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H,1'H-2,3'-biindole 

(6.6.7m) 

Following procedure GP16: using commercially available 1-methyl-5-

nitro-1H-indole (53.0 mg, 0.300 mmol) and IndoleBX 6.1.10h (151 

mg, 0.300 mmol), after 3 hours 5'-nitro-1,1'-dimethyl-5-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)-1H,1'H-2,3'-biindole 6.6.7m 

(65.4 mg, 0.152 mmol, 51% yield) was obtained as an orange oil. Rf: 

0.20 (Pentane:EtOAc 4:1). 1H NMR (400 MHz, CDCl3) δ 8.62 (s, 1H, ArH), 8.25 – 8.15 (m, 2H, 

ArH), 7.72 (m, 1H, ArH), 7.44 – 7.35 (m, 2H, ArH), 7.34 (d, J = 1.3 Hz, 1H, ArH), 6.66 (s, 1H, ArH), 

3.94 (s, 3H, NMe), 3.75 (s, 3H, NMe), 1.39 (s, 12H, BPin-Me). 13C NMR (101 MHz, CDCl3) δ 142.3, 

140.0, 139.5, 132.8, 131.1, 128.2, 127.8 (2 aromatic carbon signals overlapped), 127.0, 118.0, 117.6, 

110.1, 109.6, 108.9, 103.0, 83.4, 33.5, 31.0, 24.9. NB: the Carbon- bound to Boron is not observed 

as reported in literature.15 IR ν 3482 (w), 3333 (w), 3090 (w), 1519 (s), 1330 (s), 1282 (m), 1149 

(m), 995 (m), 931 (s), 856 (s), 833 (s). HRMS (ESI) calcd for C24H26BN3NaO4
+ [M+Na]+ 454.1909; 

found 454.1914. 

 

1,1',3-Trimethyl-1H,1'H-2,3'-biindole (6.6.8a) 

Following procedure GP16: using commercially available 1,3-dimethyl-

1H-indole (43.6 mg, 0.300 mmol) and using IndoleBX reagent 6.1.10a (113 

mg, 0.300 mmol), after 3 hours 1,1',3-trimethyl-1H,1'H-2,3'-biindole 6.6.8a 

(36.9 mg, 0.134 mmol, 45% yield) was obtained as a yellow oil. Rf: 0.44 

(Pentane:EtOAc 9:1). 1H NMR (400 MHz, CDCl3) δ 7.62 (dt, J = 7.9, 1.0 Hz, 1H, ArH), 7.46 (dt, J 
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= 7.2, 0.7 Hz, 1H, ArH), 7.44 (m, 1H, ArH), 7.36 (dt, J = 8.0, 0.9 Hz, 1H, ArH), 7.32 (ddd, J = 8.2, 

7.0, 1.2 Hz, 1H, ArH), 7.17 (m, 2H, ArH), 7.15 (m, 2H, ArH), 3.92 (s, 3H, NMe), 3.63 (s, 3H, NMe), 

2.29 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 137.3, 136.9, 131.5, 129.4, 128.6, 128.2, 122.0, 

121.1, 120.5, 119.9, 118.7, 118.5, 109.5, 109.1, 109.0, 106.1, 33.0, 30.8, 9.7. IR ν 3422 (s), 1592 (m), 

1493 (w), 1442 (w), 1360 (w), 1287 (w), 1222 (w), 1144 (w), 1025 (m). HRMS (ESI) calcd for 

C19H19N2
+ [M+H]+ 275.1543; found 275.1542. 

 

2-(1'-Methyl-1H,1'H-[2,3'-biindol]-3-yl)ethanol (6.6.8b) 

Following procedure GP16: using commercially available 2-(1H-indol-3-

yl)ethanol (48.4 mg, 0.300 mmol) and using IndoleBX reagent 6.1.10a (113 

mg, 0.300 mmol), after 3 hours 2-(1'-methyl-1H,1'H-[2,3'-biindol]-3-

yl)ethanol 6.6.8b (49.8 mg, 0.172 mmol, 57% yield) was obtained as a 

yellow oil. Rf: 0.60 (Pentane:EtOAc 1:1). 1H NMR (400 MHz, CDCl3) δ 

8.23 (br s, 1H, NH), 7.78 (dt, J = 7.9, 1.0 Hz, 1H, ArH), 7.68 – 7.59 (m, 1H, ArH), 7.46 (s, 1H, ArH), 

7.41 (m, 2H, ArH), 7.32 (ddd, J = 8.2, 6.9, 1.2 Hz, 1H, ArH), 7.21 (m, 2H, ArH), 7.16 (ddd, J = 8.2, 

7.1, 1.2 Hz, 1H, ArH), 3.95 (t, J = 6.4 Hz, 2H, CH2), 3.86 (s, 3H, NMe), 3.15 (t, J = 6.4 Hz, 2H, CH2), 

1.55 (s, 1H, OH). 13C NMR (101 MHz, CDCl3) δ 137.0, 135.9, 131.3, 128.9, 128.5, 126.8, 122.4, 

121.6, 120.2, 119.6, 119.5, 118.4, 110.7, 109.7, 107.7, 106.8, 62.9, 33.0, 28.3. IR ν 2926 (w), 2866 

(w), 1550 (s), 1528 (s), 1507 (s), 1475 (s), 1325 (s), 1276 (s), 1263 (s), 1193 (s), 1159 (s), 1116 (m), 

1068 (m), 1003 (m), 930 (s), 886 (m), 811 (m). HRMS (ESI) calcd for 

C19H18N2NaO+ [M+Na]+ 313.1311; found 313.1314. 

 

1-Methyl-2-(1-methyl-1H-pyrrol-2-yl)-1H-indole (6.6.9a) 

Following procedure GP16: using commercially available 1-methyl-1H-pyrrole 

(27.0 µL, 0.300 mmol) and using IndoleBX reagent 6.1.10a (113 mg, 0.300 

mmol), after 3 hours 1-methyl-2-(1-methyl-1H-pyrrol-2-yl)-1H-indole 6.6.9a 

(44.3 mg, 0.211 mmol, 70% yield) was obtained as a yellow oil. Rf: 0.70 (Pentane:EtOAc 9:1). 1H 

NMR (400 MHz, CDCl3) δ 7.64 (d, J = 7.9 Hz, 1H, ArH), 7.36 (d, J = 8.2 Hz, 1H, ArH), 7.26 (m, 

1H, ArH), 7.15 (ddd, J = 8.0, 7.0, 1.1 Hz, 1H, ArH), 6.81 (dd, J = 2.7, 1.8 Hz, 1H, ArH), 6.53 (s, 1H, 

ArH), 6.30 (dd, J = 3.6, 1.7 Hz, 1H, ArH), 6.27 (dd, J = 3.6, 2.6 Hz, 1H, ArH), 3.66 (s, 3H, NMe), 

3.60 (s, 3H, NMe). 13C NMR (101 MHz, CDCl3) δ 137.5, 132.2, 127.6, 124.5, 123.6, 121.7, 120.4, 

119.7, 111.4, 109.5, 107.8, 103.2, 34.7, 30.6. IR ν 3050 (w), 2984 (w), 2887 (w), 1614 (w), 1471 (w), 
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1384 (w), 1259 (m), 1047 (m), 959 (s), 785 (m). HRMS (ESI) calcd for C14H15N2
+ [M+H]+ 211.1230; 

found 211.1227. 

 

1-Methyl-2-(1-phenyl-1H-pyrrol-2-yl)-1H-indole 6.6.9b and 1-methyl-2-(1-phenyl-1H-pyrrol-

3-yl)-1H-indole (6.6.9b’) 

Following procedure GP16: using commercially 

available 1-phenyl-1H-pyrrole (43.0 µL, 0.300 mmol) 

and using IndoleBX reagent 6.1.10a (113 mg, 0.300 

mmol), after 3 hours  a separable mixture of 1-methyl-2-(1-phenyl-1H-pyrrol-2-yl)-1H-indole 6.6.9b 

(26.2 mg, 96.0 µmol, 32% yield) and 1-methyl-2-(1-phenyl-1H-pyrrol-3-yl)-1H-indole 6.6.9b’ (24.1 

mg, 88.0 µmol, 30% yield) was obtained as a yellow oil.  

 

6.6.9b Rf: 0.40 (Pentane:EtOAc 9:1) 1H NMR (400 MHz, CDCl3) δ 7.57 (d, J = 7.9 Hz, 1H, ArH), 

7.29 – 7.13 (m, 7H, ArH), 7.13 – 7.06 (m, 2H, ArH), 6.50 (dd, J = 3.5, 1.8 Hz, 1H, ArH), 6.44 (t, J = 

3.2 Hz, 1H, ArH), 6.42 (s, 1H, ArH), 3.34 (s, 3H, NMe). 13C NMR (101 MHz, CDCl3) δ 140.2, 137.4, 

132.6, 129.1, 127.8, 126.4, 124.3, 124.2, 123.7, 121.5, 120.4, 119.5, 114.0, 109.4 (2 aromatic carbon 

signals overlapped), 103.5, 30.5. IR ν 3106 (w), 2978 (w), 2901 (w), 1558 (s), 1489 (s), 1371 (s), 

1292 (s), 1218 (s), 1054 (m), 818 (s). HRMS (ESI) calcd for C19H17N2
+ [M+H]+ 273.1386; found 

273.1379. 

 

6.6.9b’ Rf: 0.38 (Pentane:EtOAc 9:1). 1H NMR (400 MHz, CDCl3) δ 7.61 (d, J = 8.0 Hz, 1H, ArH), 

7.30 – 7.18 (m, 7H, ArH), 7.07 (ddd, J = 8.0, 6.9, 1.2 Hz, 1H, ArH), 6.96 (dd, J = 2.9, 1.8 Hz, 1H, 

ArH), 6.51 (m, 1H, ArH), 6.49 (s, 1H, ArH), 6.42 (dd, J = 3.5, 2.8 Hz, 1H, ArH), 3.66 (s, 3H, NMe). 

13C NMR (101 MHz, CDCl3) δ 140.8, 136.5, 128.7, 127.4, 127.3, 127.1, 126.4, 125.7, 122.6, 121.7, 

120.4, 119.5, 109.9, 109.1, 109.0, 107.7, 32.7. IR ν 3106 (w), 3045 (w), 1599 (m), 1499 (s), 1426 

(w), 1366 (m), 1321 (m), 1254 (w), 1103 (w), 912 (w), 743 (s). HRMS (ESI) calcd for 

C19H17N2
+ [M+H]+ 273.1386; found 273.1386. 
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2-(3-Methoxythiophen-2-yl)-1-methyl-1H-indole (6.6.10a) 

Following procedure GP16: using commercially available 3-methoxythiophen 

(30.0 mg, 0.300 mmol) and using IndoleBX reagent 6.1.10a (113 mg, 0.300 

mmol), after 3 hours 2-(3-methoxythiophen-2-yl)-1-methyl-1H-indole 6.6.10a 

(46.8 mg, 0.192 mmol, 64% yield) was obtained as a yellow oil. Rf: 0.80 

(Pentane:EtOAc 4:1). 1H NMR (400 MHz, CDCl3) δ 7.62 (d, J = 7.8 Hz, 1H, ArH), 7.36 (m, 1H, 

ArH), 7.31 (d, J = 5.5 Hz, 1H, ArH), 7.24 (m, 1H, ArH), 7.12 (ddd, J = 7.9, 7.0, 1.0 Hz, 1H, ArH), 

6.96 (d, J = 5.5 Hz, 1H, ArH), 6.62 (s, 1H, ArH), 3.85 (s, 3H, NMe), 3.73 (s, 3H, OMe). 13C NMR 

(101 MHz, CDCl3) δ 154.8, 137.9, 131.5, 127.8, 124.7, 121.7, 120.4, 119.6, 116.7, 110.4, 109.4, 

103.5, 58.7, 30.8. IR ν 3108 (w), 2935 (w), 2851 (w), 1583 (w), 1465 (m), 1378 (s), 1337 (m), 1252 

(s), 1103 (w), 1070 (s), 929 (w), 780 (m), 750 (s). HRMS (ESI) calcd for 

C14H14NOS+ [M+H]+ 244.0791; found 244.0787. 

 

2-(2,5-Dimethylthiophen-3-yl)-1-methyl-1H-indole (6.6.10b) 

Following procedure GP16: using commercially available 2,5-

dimethylthiophene  (34.0 mg, 0.300 mmol) and using IndoleBX reagent 

6.1.10a (113 mg, 0.300 mmol), after 3 hours 2-(2,5-dimethylthiophen-3-yl)-

1-methyl-1H-indole 6.6.10b (35.2 mg, 0.146 mmol, 49% yield) was obtained as a yellow oil. Rf: 0.85 

(Pentane:EtOAc 4:1). 1H NMR (400 MHz, CDCl3) δ 7.65 (d, J = 7.9 Hz, 1H, ArH), 7.35 (m, 1H, 

ArH), 7.29 – 7.24 (m, 1H, ArH), 7.14 (ddd, J = 8.0, 7.0, 1.1 Hz, 1H, ArH), 7.03 (s, 1H, ArH), 6.85 

(d, J = 1.3 Hz, 1H, ArH), 3.84 (s, 3H, NMe), 2.48 (s, 3H, CH3), 2.43 (s, 3H, CH3). 13C NMR (101 

MHz, CDCl3) δ 136.7, 135.2, 131.2, 130.9, 127.6, 127.3, 127.1, 121.7, 120.3, 119.3, 111.4, 109.2, 

32.8, 15.3, 14.2. IR ν 3499 (w), 2919 (s), 2854 (m), 1685 (w), 1484 (m), 1332 (w), 1218 (m), 1137 

(s), 1015 (m), 815 (m). HRMS (APPI) calcd for C15H15NS [M+] 241.0920; found 241.0926. 

 

6'-Bromo-1H,1'H-2,3'-biindole (6.6.11a) 

Following procedure GP16 and using TMSCl as promoter: starting from 

commercially available 6-bromo-1H indole (43.1 mg, 0.200 mmol) and 

C2-IndoleDBX 6.5.8h (98.0 mg, 0.200 mmol), after 3 hours 6'-bromo-

1H,1'H-2,3'-biindole 6.6.11a (32.0 mg, 0.103 mmol, 51% yield). was 

obtained as a brown resin. Rf: 0.41 (Pentane:EtOAc 7:3). 1H NMR (400 MHz, CD3CN) δ 9.64 (s, 

1H, NH), 9.54 (s, 1H, NH), 7.91 (dd, J = 8.5, 0.6 Hz, 1H, ArH), 7.70 (dd, J = 1.8, 0.6 Hz, 1H, ArH), 
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7.65 (d, J = 2.7 Hz, 1H, ArH), 7.59 – 7.52 (m, 1H, ArH), 7.41 (dd, J = 8.0, 1.0 Hz, 1H, ArH), 7.31 

(dd, J = 8.5, 1.8 Hz, 1H, ArH), 7.11 (ddd, J = 8.1, 7.1, 1.3 Hz, 1H, ArH), 7.04 (ddd, J = 8.1, 7.1, 1.1 

Hz, 1H, ArH), 6.76 (dd, J = 2.2, 0.9 Hz, 1H, ArH). 13C NMR (101 MHz, CD3CN) δ 138.6, 137.3, 

134.1, 130.4, 125.0, 124.4, 124.1, 122.2, 122.1, 120.5, 120.4, 116.2, 115.6, 111.5, 110.3, 99.1. IR ν 

3413 (w), 3395 (w), 1615 (m), 1595 (m), 1454 (s), 1308 (s), 1230 (m), 1103 (m), 894 (s). HRMS 

(ESI) calcd for C16H12Br79N2
+ 311.0178 [M + H]+; found 311.0173. 

 

6'-Fluoro-1H,1'H-2,3'-biindole (6.6.11b) 

Following procedure GP15 and using TMSCl as promoter: starting from 

commercially available 6-fluoro-1H indole (30.0 mg, 0.200 mmol) and C2-

IndoleDBX 6.5.8h (98.0 mg, 0.200 mmol), after 3 hours 6'-fluoro-1H,1'H-

2,3'-biindole 6.6.11b (28.0 mg, 0.112 mmol, 56% yield) was obtained as a 

brown oil. Rf: 0.42 (Pentane:EtOAc 7:3). 1H NMR (400 MHz, Acetone-d6) δ 10.63 (s, 1H, NH), 

10.43 (s, 1H, NH), 8.04 (dd, J = 8.8, 5.3 Hz, 1H, ArH), 7.85 (d, J = 2.5 Hz, 1H, ArH), 7.55 (dd, J = 

7.5, 1.3 Hz, 1H, ArH), 7.37 (dd, J = 7.9, 1.3 Hz, 1H, ArH), 7.25 (dd, J = 9.8, 2.4 Hz, 1H, ArH), 7.13 

– 6.93 (m, 3H, ArH), 6.86 – 6.71 (m, 1H, ArH) (13C could not recorded due to unstable nature of this 

compound in solution). HRMS (ESI) MS calcd for C16H11FN2
+ 250.0901 [M]+ found 250.0903. 

 

6-Bromo-5',6'-dimethoxy-1H,1'H-2,3'-biindole (6.6.11c) 

Following procedure GP15: using commercially available 5,6-

dimethoxy-1H-indole (53.2 mg, 0.200 mmol) and C2-IndoleDBX 

6.5.8h (98.0 mg, 0.200 mmol), after 3 hours 6-bromo-5',6'-

dimethoxy-1H,1'H-2,3'-biindole 6.6.11c (38.1 mg, 0.103 mmol, 34% 

yield) was obtained as a yellow oil. Rf: 0.35 (Pentane:EtOAc 1:1). 

1H NMR (400 MHz, CDCl3) δ 8.21 (br s, 1H, NH), 8.16 (br s, 1H, NH), 7.53 (s, 1H, ArH), 7.49 (d, 

J = 8.4 Hz, 1H, ArH), 7.35 (s, 1H, ArH), 7.32 (d, J = 2.6 Hz, 1H, ArH), 7.22 (dd, J = 8.3, 1.7 Hz, 1H, 

ArH), 6.94 (s, 1H, ArH), 6.70 (dd, J = 2.0, 0.9 Hz, 1H, ArH), 3.99 (s, 3H, OMe), 3.94 (s, 3H, OMe). 

13C NMR (101 MHz, CDCl3) δ 147.8, 146.0, 136.8, 134.2, 130.8, 128.5, 123.2, 121.0, 119.8, 118.1, 

114.6, 113.3, 109.8, 101.4, 99.0, 94.6, 56.5, 56.2 (the compound spontaneously decompose in acidic 

deuterated solvents, it presents about 9% of decomposed products – grease signal not purified). IR 

ν 2873 (m), 1691 (m), 1349 (m), 1277 (w), 1046 (s), 970 (m), 850 (s), 766 (w), 749 (w). HRMS (ESI) 

calcd for C18H15
79BrN2NaO2

+ [M+Na]+ 393.0209; found 393.0201. 
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2-(3-Methoxythiophen-2-yl)-1H-indole (6.6.11c) 

Following procedure GP15: using commercially available 3-methoxythiophen 

(22.8 mg, 0.200 mmol) and C2-IndoleDBX 6.5.8h (98.0 mg, 0.200 mmol), after 

3 hours 2-(3-methoxythiophen-2-yl)-1H-indole 6.6.11c (13.0 mg, 60.0 µmol, 

28% yield) was obtained as a green oil. Rf: 0.6 (Pentane:EtOAc 9:1). 1H NMR (400 MHz, CDCl3) δ 

9.30 (s, 1H, NH), 7.56 (dq, J = 7.7, 1.0 Hz, 1H, ArH), 7.38 (dt, J = 8.0, 1.0 Hz, 1H, ArH), 7.19 – 7.04 

(m, 3H, ArH), 6.90 (d, J = 5.5 Hz, 1H, ArH), 6.60 (dd, J = 2.1, 0.9 Hz, 1H, ArH), 4.04 (s, 3H, OCH3). 

13C NMR (101 MHz, CDCl3) δ 153.5, 135.8, 131.8, 128.3, 122.3, 121.6, 119.9, 119.9, 116.3, 112.8, 

110.5, 97.9, 58.9. IR ν 3440 (w), 1706 (w), 1588 (w), 1516 (w), 1457 (w), 1380 (m), 1293 (m), 1069 

(s), 776 (s), 747 (s). HRMS (ESI) calcd for C13H12NOS+ 230.0634[M + H]+; found 230.0637. 

12.4.13 Products modifications 

Synthesis of  2-bromo-12-methyl-5,12-dihydroindolo[3,2-a]carbazole (6.6.29) 

 

Following a reported procedure,358 in a flame dried vial under nitrogen atmosphere, 5'-bromo-1-

methyl-1H,1'H-2,3'-biindole 6.6.7j (32.5 mg, 1.00 mmol, 1.00 equiv.) was dissolved in AcOH (1 mL, 

0.1 M); commercially available 2,2-diethoxy-N,N-dimethylethanamine 6.6.28 (20.0 µL, 1.00 mmol, 

1.00 equiv.) was added under vigorous stirring. The reaction mixture was heated up to reflux (135 

°C) and monitored via TLC (1:1 Pentane/EtOAc). Upon complete consumption of the starting 

material (1 hour), the reaction was cooled to room temperature and the solvent removed under reduced 

pressure. The crude product was purified via flash chromatography (gradient 5:1-1:2 Pentane:EtOAc) 

to afford 2-bromo-12-methyl-5,12-dihydroindolo[3,2-a]carbazole 6.6.29 (28.3 mg, 81.0 µmol, 81% 

yield) as a yellow oil. Rf 0.4 (Pentane:EtOAc 1:1) 1H NMR (400 MHz, CDCl3) δ 8.64 (d, J = 1.7 Hz, 

1H, ArH), 8.37 (s, 1H, NH), 8.13 (d, J = 8.4 Hz, 1H, ArH), 8.09 (dt, J = 7.7, 0.9 Hz, 1H, ArH), 7.54 

– 7.43 (m, 3H, ArH), 7.37 (d, J = 8.5 Hz, 1H, ArH), 7.33 – 7.26 (m, 2H, ArH), 4.48 (s, 3H, NMe). 

13C NMR (101 MHz, CDCl3) δ 140.8, 140.4, 137.5, 137.2, 127.1, 125.2, 124.1, 124.1, 123.5, 119.7, 

                                                 
358 Bergman, J.; Desarbre, E.; Koch, E. Tetrahedron 1999, 55, 2363–2370. 
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119.6, 118.9, 116.6, 112.3, 112.1, 108.9, 107.0, 103.5, 34.7. IR ν 3053 (w), 2939 (w), 1619 (w), 1589 

(w), 1466 (s), 1369 (m), 1339 (m), 1272 (m), 1244 (m), 1145 (m), 1092 (w), 830 (m), 790 (s), 748 

(s). HR-ESI-MS calcd for C19H14
79BrN2

+ [M]+ 349.0335; found 349.1835. 

 

Synthesis of 2-chloro-5,12-dimethyl-6,7-diphenyl-5,12-dihydroindolo[3,2-a]carbazole (6.6.29) 

 

Following a reported procedure,359 Pd(OAc)2 (2.25 mg, 10.0 µmol, 10.0 mol%), K2CO3 (4.15 mg, 

30.0 µmol, 30 mol%), TBAB (16.0 mg, 50.0 µmol, 0.5 equiv.), PivOH (10.2 mg, 0.100 mmol, 1.00 

equiv.), 5'-chloro-1,1'-dimethyl-1H,1'H-2,3'-biindole 6.6.7d (29.5 mg, 0.100 mmol) and 

commercially available diphenylacetylene 6.6.30 (35.6 mg, 0.200 mmol, 2.00 equiv.) were added to 

a flame dried vial under nitrogen atmosphere. The tube was purged with O2 three times before DMF 

(1.0 mL, 0.1 M) was added. The reaction mixture was stirred at 100 °C under O2 (1 atm) for 12 h and 

was monitored by TLC (Pentane:EtOAc 4:1). The solution was then cooled to RT, diluted with ethyl 

acetate (10 mL), washed with H2O (3x10 mL), dried over MgSO4, filtered, and dried under vaccum. 

The crude product was purified by column chromatography on silica gel (gradient 10:1 to 4:1 

Pentane:EtOAc) to afford 2-chloro-5,12-dimethyl-6,7-diphenyl-5,12-dihydroindolo[3,2-a]carbazole 

6.6.31 (35.1 mg, 75.0 µmol, 75% yield). Rf 0.7 (Pentane:EtOAc 4:1) 1H NMR (400 MHz, CDCl3) δ 

8.58 (d, J = 1.9 Hz, 1H, ArH), 7.49 (d, J = 8.1 Hz, 1H, ArH), 7.43 (dd, J = 8.7, 2.0 Hz, 1H, ArH), 

7.37 (d, J = 7.5 Hz, 1H, ArH), 7.35 – 7.17 (m, 11H, ArH), 6.92 (t, J = 7.5 Hz, 1H, ArH), 6.51 (d, J = 

7.9 Hz, 1H, ArH), 4.50 (s, 3H, NMe), 3.26 (s, 3H, NMe). 13C NMR (101 MHz, CDCl3) δ  142.2, 

140.1, 139.8, 139.7, 138.4, 136.7, 136.5, 132.2, 130.2, 127.9, 127.3, 126.7, 124.5, 124.3, 124.3, 124.0, 

122.1, 121.9, 121.1, 119.5, 118.3, 115.2, 110.0, 108.9, 106.5, 35.5, 33.1.360 IR ν 2975 (w), 2943 (w), 

2903 (w), 1722 (w), 1613 (w), 1468 (s), 1422 (m), 1369 (m), 1338 (m), 1271 (m), 1247 (m), 1208 

(w), 1087 (m), 1045 (m), 880 (w), 787 (m), 750 (s). HR-ESI-MS calcd for 

C32H24ClN2
+ [M+H]+ 471.1623; found 471.1616. 

                                                 
359 Shi, Z.; Ding, S.; Cui, Y.; Jiao, N. Angew. Chem. Int. Ed. 2009, 48, 7895–7898. 
360 One aromatic Carbon not resolved. 
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Synthesis of 3-Chloro-2-(2,4,6-trimethoxyphenyl)quinolone (6.6.32) 

 

With slight modification of a reported procedure,361 

equiv.) was added to a vigorously stirred solution of 2-(2,4,6-trimethoxyphenyl)-1H-indole 6.6.4a 

(24.0 mg, 85.0 µmol, 1.00 equiv.) and nBu4NHSO4 (2.88 mg, 8.47 μmol, 0.100 equiv.) in chloroform 

(1.10 mL) under ice-cooling bath. The reaction mixture was stirred at 0 °C for 2 h and left overnight 

at room temperature. After 16 h The aqueous layer was separated and extracted with chloroform. The 

organic layers were dried over MgSO4. After filtration and evaporation, the crude was purified by 

PTLC,and 3-chloro-2-(2,4,6-trimethoxyphenyl)quinoline 6.6.32 (20.0 mg, 60.0 µmol, 72% yield) 

was obtained as brown crystalline solid. M.p. 158-162 °C Rf: 0.35 (25% EtOAc in Pentane). 1H 

NMR (400 MHz, Acetone-d6) δ 8.44 (s, 1H, ArH), 8.09 – 8.02 (m, 1H, ArH), 7.97 (dd, J = 8.1, 1.5 

Hz, 1H, ArH), 7.81 – 7.73 (m, 1H, ArH), 7.65 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H, ArH), 6.37 (s, 2H, ArH), 

3.90 (s, 3H, p-OCH3), 3.70 (s, 6H, o-OCH3). 13C NMR (101 MHz, Acetone-d6) δ 163.1, 159.8, 154.8, 

147.1, 135.4, 131.2, 130.3, 129.8, 128.9, 128.1, 127.8, 110.5, 91.5, 56.1, 55.7. IR ν 2256 (w), 1728 

(m), 1704 (s), 1611 (w), 1340 (w), 1249 (s), 1158 (w), 1131 (w), 1035 (w), 971 (w). HR-ESI-MS: 

calcd for C18H17ClNO3
+ 330.0891[M + H]+; found 330.0895. 

  

                                                 
361 Ciamician, G. L.; Dennstedt, M. Berichte der Dtsch. Chem. Gesellschaft 1881, 14, 1153–1163. 
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12.4.14 Other products 

The thio-indolization via Lewis-acid activated IndoleBX 

 

Commercially available 3-methoxybenzenethiol (25.0 µL, 0.200 mmol, 1.00 equiv.) was dissolved 

in dry DCM (2.0 mL, 0.1 M) under nitrogen atmosphere. Then IndoleBX 6.1.10a (75.0 mg, 0.200 

mmol, 1.00 equiv.) and the reaction left stirring at r.t. overnite. The majority of the solvent was 

removed under reduced pressure, then the crude was diluted with EtOAc (25 mL), the organic layer 

washed with brine (3x10 mL), dried over MgSO4, filtered and concentrated under reduced pressure. 

Flash column chromatography (Pentane:EtOAc 4:1) afforded 3-((3-methoxyphenyl)thio)-1-methyl-

1H-indole 6.7.9 (18.1 mg, 67.0 µmol, 34% yield) as a light yellow oil. 1H NMR (400 MHz, CDCl3) 

δ 7.62 (d, J = 7.9 Hz, 1H, ArH), 7.38 (d, J = 8.1 Hz, 1H, ArH), 7.34 (s, 1H, ArH), 7.30 (m, 1H, ArH), 

7.16 (ddd, J = 7.9, 6.8, 0.9 Hz, 1H, ArH), 7.06 (t, J = 8.0 Hz, 1H, ArH), 6.71 – 6.63 (m, 2H, ArH), 

6.59 (dd, J = 8.1, 2.5 Hz, 1H, ArH), 3.85 (s, 3H, NMe), 3.68 (s, 3H, OMe). 13C NMR (101 MHz, 

CDCl3) δ 160.0, 141.4, 137.7, 135.3, 129.7, 129.6, 122.7, 120.7, 119.9, 118.3, 111.6, 110.3, 109.8, 

100.4, 55.4, 33.4. NMR values are in accordance with the data reported in literature.362 

  

                                                 
362 H. Qi, T. Zhang, K. Wan, M. Luo, J. Org. Chem. 2016, 81, 4262–4268. 
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12.5 Part III 

12.5.1 Synthesis of 2-acetoxy-2-(1,3-dioxoisoindolin-2-yl)ethyl 2-iodobenzoate 10.2.3a and 2-

acetoxy-1-(1,3-dioxoisoindolin-2-yl)ethyl 2-iodobenzoate 10.2.3b. 

 

Commercially available vinyl-phthalimide (173 mg, 1.00 mmol, 1.00 equiv.) was dissolved in dry 

DCM (20.0 mL, 0.05 M) under nitrogen atmosphere. Then Acetoxy-benziodoxolone 1.3.12 (337 mg, 

1.10 mmol, 1.10 equiv.) and scandium(III) triflate (98.0 mg, 0.200 mmol, 20.0 mol%) and the reaction 

left stirring at r.t. overnite. The majority of the solvent was removed under reduced pressure, then the 

crude was diluted with EtOAc (25 mL), the organic layer washed with brine (3x10 mL), dried over 

MgSO4, filtered and concentrated under reduced pressure. Flash column chromatography 

(Pentane:EtOAc 4:1) afforded 2-acetoxy-2-(1,3-dioxoisoindolin-2-yl)ethyl 2-iodobenzoate 10.2.3a 

and 2-acetoxy-1-(1,3-dioxoisoindolin-2-yl)ethyl 2-iodobenzoate 10.2.3b as an unseparable mixture 

of regioisomers (160 mg, 0.334 mmol, 33% yield) and as a sticky white oil.363 Ratio 10.2.3a:10.2.3b 

12:1. Rf: 0.38 (Pentane:EtOAc 20:1) 1H NMR (400 MHz, CDCl3) δ 8.00 (dd, J = 7.9, 1.2 Hz, 1H, 

ArH minor), 7.95 (dd, J = 7.8, 1.8 Hz, 1H, ArH minor), 7.93 – 7.84 (m, 4H, 1H major + 1H minor), 

7.78 – 7.69 (m, 6H, 3H major + 3H minor), 7.41 (td, J = 7.6, 1.2 Hz, 1H, ArH minor), 7.34 (td, J = 

7.6, 1.2 Hz, 1H, ArH major), 7.16 (td, J = 7.7, 1.7 Hz, 1H, ArH minor), 7.11 (td, J = 7.7, 1.7 Hz, 1H, 

ArH major), 6.97 (t, J = 6.7 Hz, 1H, CH major), 6.78 (t, J = 6.7 Hz, 1H, CH minor), 4.97 (d, J = 6.7 

Hz, 2H, CH2 major), 4.71 (dd, J = 6.7, 2.6 Hz, 2H, CH2 major), 2.11 (s, 3H, CH3 major), 2.01 (s, 3H, 

CH3 minor). 13C NMR (101 MHz, CDCl3) 10.2.3a δ 168.9, 166.4, 165.3, 141.3, 134.6, 134.0, 132.9, 

131.3, 131.2, 127.9, 123.9, 93.9, 71.1, 62.2, 20.6. 10.2.3b δ 170.0, 168.9, 167.4, 141.7, 134.4, 134.3, 

133.2, 131.7, 131.3, 128.1, 123.6, 94.5, 71.2, 61.2, 14.1. HRMS (ESI) calcd for C19H14INO6Na + 

[M+Na]+ 501.98659; found 501.9775  

  

                                                 
363 The compound is very dense and tends to retain organic solvents. 
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12.5.2 N-vBXs and O-vBX 

General procedure for the synthesis N-vBXs and O-vBXs. (GP17) 

  

Note: prior to the reaction, the glassware requires to be carefully cleaned with aqua regia to remove 

all metal traces; the commercially available starting material were purified through a short plug of 

silica prior to being used. 

 

In a glass vial, the correspondent sulfonamide or phenol (0.100 or 1.00 mmol, 1.00 equiv.) was 

dissolved in 12.5 mL of EtOH (0.08 M). Cs2CO3 (10 mol%, 10.0 µmol or 0.100 mmol) was added 

and the mixture stirred vigorously for 5’. Then the corresponding EBX 1.3.18a-h was added in one 

portion (0.100 or 1.00 mmol, 1.00 equiv.) and the reaction was left stirring for 12 hours if not 

specifically specified otherwise. The reaction was stopped, the EtOH removed under reduced pressure 

and the crude purified via column chromatography using DCM:MeOH (20:1) as eluent.  

 

(Z)-N-(1-Prop-1-en-2-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-benziodoxol-

3-(1H)-one (10.2.20a) 

 Starting from EBX 1.3.18a (286 mg, 1.00 mmol), (Z)-N-(1-prop-1-en-2-yl)-N-

(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-benziodoxol-3-(1H)-one 

10.2.20a (383 mg, 0.680 mmol, 68% yield) was obtained, as a white solid. Rf: 

0.30 (DCM:MeOH 9:1). Mp: 92.4 °C- 96.3 °C 1H NMR (400 MHz, CDCl3) δ 

8.39 (dd, J = 7.4, 1.8 Hz, 1H, ArH), 7.62 – 7.55 (m, 3H, ArH), 7.51 (ddd, J = 9.0, 

7.2, 1.9 Hz, 1H, ArH), 7.35 (dd, J = 8.1, 1.1 Hz, 1H, ArH), 7.31 – 7.27 (m, 2H, ArH), 6.99 – 6.93 (m, 

2H, ArH), 6.80 (d, J = 1.4 Hz, 1H, vinylH), 6.77 – 6.71 (m, 2H, ArH), 3.73 (s, 3H, OMe), 2.43 (s, 

3H, CH3), 2.21 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 166.9, 160.0, 152.6, 145.2, 135.4, 133.8, 

133.3, 132.78, 130.6, 130.3, 129.9, 129.8, 128.0, 126.1, 114.8, 114.6, 105.4, 55.5, 22.9, 21.6. IR ν 

2970 (m), 1757 (w), 1654 (s), 1575 (s), 1481 (s), 1230 (m), 1195 (w), 1170 (w), 1081 (w). HRMS 

(ESI) calcd for C24H23INO5S
+ [M+H]+ 564.0336; found 564.0339. The structure of the obtained 

regioisomer was confirmed by crystal structure, please see Section 7 for the details. 
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(Z)-N-(1-Vin-2-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-benziodoxol-3-

(1H)-one (10.2.20b) 

 Starting from EBX 1.3.19 (344 mg, 1.00 mmol), (Z)-N-(1-vin-2-yl)-N-(4-

methoxyphenyl)-4-methylbenzenesulfonamide-1,2-benziodoxol-3-(1H)-one 

10.2.20b (316 mg, 0.575 mmol, 57% yield) was obtained, as a white amorphous 

solid. Rf: 0.40 (DCM:MeOH 9:1). 1H NMR (400 MHz, Methanol-d4) δ 8.34 (d, J 

= 8.0 Hz, 1H, vinylH), 8.15 (ddd, J = 6.7, 3.6, 2.0 Hz, 1H, ArH), 7.67 – 7.63 (m, 

3H, ArH), 7.63 – 7.59 (m, 2H, ArH), 7.44 – 7.36 (m, 2H, ArH), 6.59 (s, 4H, ArH), 5.77 (d, J = 8.0 

Hz, 1H, vinylH), 3.68 (s, 3H, OMe), 2.45 (s, 3H, CH3). 13C NMR (101 MHz, Methanol-d4) δ 169.7, 

163.7, 147.2, 143.1, 135.3, 135.1, 133.8, 133.6, 133.2, 131.6, 131.2, 129.3, 128.1, 126.7, 116.9, 116.2, 

72.5, 56.2, 21.6. IR ν 2963 (s), 2930 (s), 1728 (w), 1620 (m), 1426 (s), 1290 (m), 1111 (m), 1056 (s), 

1016 (s), 748 (m). HRMS (ESI) C23H21INO5S [M+H]+ 550.0107; found 550.0219. The structure of 

the Z-regioisomer was assigned by NMR correlation to compound 10.2.20a. 

 

(Z)-N-(1-Pent-1-en-2-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-benziodoxol-

3-(1H)-one (10.2.20c) 

 Starting from EBX 1.3.18b (27.7 mg, 0.100 mmol), (Z)-N-(1-pent-1-en-2-

yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-benziodoxol-3-

(1H)-one 10.2.20c (37.4 mg, 63.0 µmol, 63% yield) was obtained, as a pale 

orange oil. Rf: 0.34 (DCM:MeOH 9:1). 1H NMR (400 MHz, CDCl3 + AcOH 

50.0 µL) δ 8.46 (dd, J = 7.5, 1.8 Hz, 1H, ArH), 7.67 – 7.59 (m, 1H, ArH), 

7.56 (m, 3H, ArH), 7.37 – 7.31 (m, 1H, ArH), 7.28 (m, 2H), 7.01 (d, J = 9.0 Hz, 2H, ArH), 6.78 – 

6.71 (m, 3H, 2H ArH + 1H vinylH), 3.75 (s, 3H, OMe), 2.42 (s, 3H, CH3), 2.41 – 2.36 (m, 2H, CH2), 

1.59 (q, J = 7.5 Hz, 2H, CH2), 0.96 (t, J = 7.3 Hz, 3H, CH3). 13C NMR (101 MHz, CDCl3 + AcOH 

50.0 µL) δ 166.9, 159.9, 156.4, 145.1, 135.2, 133.9, 133.3, 132.8, 130.6, 130.3, 129.8, 129.7, 128.1, 

125.9, 114.8, 114.7, 104.2, 55.4, 37.8, 21.6, 20.8, 13.5. IR ν 2941 (w), 1715 (s), 1521 (m), 1500 (m), 

1395 (m), 1367 (m), 1282 (m), 1248 (m), 1174 (s), 1071 (m), 1042 (m), 977 (w), 861 (m). HRMS 

(ESI) calcd for C26H27INO5S
+ [M+H]+ 592.0649; found 592.0647. The structure of the Z-regioisomer 

was assigned by NMR correlation to compound 10.2.20a. 
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(Z)-N-(5-Chloro-1-pent-1-en-2-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-

benziodoxol-3-(1H)-one (10.2.20d) 

 Starting from EBX 1.3.18c (581 mg, 1.00 mmol), (Z)-N-(5-chloro-1-pent-1-en-

2-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-benziodoxol-3-

(1H)-one 10.2.20d (307 mg, 0.491 mmol, 49% yield) was obtained, as a pale 

orange solid. Rf: 0.30 (DCM:MeOH 9:1). 1H NMR (400 MHz, CD2Cl2+ AcOH 

50.0 µL) δ 8.34 (dd, J = 7.3, 2.0 Hz, 1H, ArH), 7.68 – 7.55 (m, 4H, ArH), 7.41 

(dd, J = 8.0, 1.2 Hz, 1H, ArH), 7.38 – 7.30 (m, 2H, ArH), 7.00 (d, J = 9.0 Hz, 2H, ArH), 6.89 (s, 1H, 

vinylH), 6.77 (d, J = 9.0 Hz, 2H, ArH), 3.75 (s, 3H, OMe), 3.57 (t, J = 6.2 Hz, 2H, CH2), 2.59 – 2.50 

(m, 2H, CH2), 2.44 (s, 3H, CH3), 1.99 (dq, J = 7.8, 6.2 Hz, 2H, CH2). 13C NMR (101 MHz, CD2Cl2) 

δ 167.3, 160.8, 155.3, 146.1, 135.7, 134.4, 134.0, 133.0, 131.3, 130.9, 130.6, 130.1, 128.6, 126.8, 

115.5, 106.1, 56.1, 44.3, 33.6, 30.8, 21.9.364 IR ν 2971 (w), 1667 (w), 1478 (m), 1378 (s), 1275 (s), 

1095 (m), 1048 (s), 881 (s). HRMS (ESI)  calcd for C26H26ClINO5S
+ [M+H]+ 626.0259; found 

626.0264. The structure of the Z-regioisomer was assigned by NMR correlation to compound 

10.2.20a. 

(Z)-N-(1-Vin-2-yl-2-cyclopropyl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-

benziodoxol-3-(1H)-one (10.2.20e) 

 Starting from EBX 1.3.18d (277 mg, 1.00 mmol), (Z)-N-(1-vin-2-yl-2-

cyclopropyl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-

benziodoxol-3-(1H)-one 10.2.20e (435 mg, 0.738 mmol, 74% yield) was 

obtained, as a white amorphous solid. Rf: 0.40 (DCM:MeOH 9:1). 1H NMR (400 

MHz, CDCl3) δ 8.39 – 8.24 (m, 1H, ArH), 7.51 (m, 3H, ArH), 7.46 – 7.41 (m, 

1H, ArH), 7.26 – 7.17 (m, 2H, ArH), 7.10 (d, J = 8.0 Hz, 1H, ArH), 6.97 (d, J = 8.5 Hz, 2H, ArH), 

6.66 (d, J = 8.6 Hz, 2H, ArH), 6.57 (s, 1H, vinylH), 3.67 (s, 3H, OMe), 2.36 (s, 3H, CH3), 1.42 (td, J 

= 8.2, 4.2 Hz, 1H, CH), 0.88 – 0.78 (m, 2H, CH2), 0.64 (m, 2H, CH2). 13C NMR (101 MHz, CDCl3) 

δ 167.0, 159.8, 158.9, 145.0, 135.5, 133.8, 133.3, 132.8, 130.6, 130.3, 129.9, 129.3, 128.1, 125.7, 

114.6, 114.2, 101.5, 55.4, 21.6, 16.9, 10.1. IR ν  2974 (w), 1614 (s), 1507 (s), 1348 (s), 1301 (m), 

1242 (m), 1159 (s), 1089 (m), 1031 (m), 832 (m), 748 (m), 669 (s). HRMS (ESI)  calcd for 

C26H25INO5S
+ [M+H]+ 590.0493; found 590.0505. The structure of the Z-regioisomer was assigned 

by NMR correlation to compound 10.2.20a. 

                                                 
364 1 Carbon aromatic signal non resolved. 
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(Z)-N-(1-Vin-2-yl-2-cyclopentyl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-

benziodoxol-3-(1H)-one (10.2.20f) 

 Starting from EBX 1.3.18e(340  mg, 1.00 mmol), (Z)-N-(1-vin-2-yl-2-

cyclopentyl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-

benziodoxol-3-(1H)-one 10.2.20f (581 mg, 0.940 mmol, 94% yield) was 

obtained, as an white resin. Rf: 0.40 (DCM:MeOH 9:1). 1H NMR (400 MHz, 

CDCl3) δ 8.39 – 8.30 (m, 1H, ArH), 7.57 – 7.50 (m, 4H, ArH), 7.32 – 7.27 (m, 

1H, ArH), 7.23 (d, J = 8.2 Hz, 2H, ArH), 6.94 (d, J = 9.0 Hz, 2H, v), 6.90 (s, 1H, vinylH), 6.71 (d, J 

= 9.0 Hz, 2H, ArH), 3.70 (s, 3H, OMe), 2.55 – 2.43 (m, 1H, CH), 2.37 (s, 3H, CH3), 1.73 (qd, J = 

12.8, 10.0, 6.2 Hz, 4H, CH2), 1.57 – 1.42 (m, 4H, CH2). 13C NMR (101 MHz, CDCl3) δ 166.9, 161.0, 

159.7, 144.9, 135.4, 133.8, 133.3, 132.6, 130.5, 129.9, 129.8, 129.7, 127.9, 125.7, 114.8, 103.4, 55.3, 

46.2, 34.2, 24.8, 21.5 (1 Carbon aromatic signal non resolved). IR ν 2953 (w), 1621 (s), 1583 (m), 

1507 (s), 1439 (w), 1345 (s), 1257 (m), 1158 (s), 1088 (w), 1030 (w), 828 (m), 745 (s), 672 (s). 

HRMS (ESI) calcd for C28H29INO5S
+ [M+H]+ 618.0806; found 618.0806. The structure of the Z-

regioisomer was assigned by NMR correlation to compound 10.2.20a. 

 

(Z)-N-(1-Vin-2-yl-2-cyclohexyl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-

benziodoxol-3-(1H)-one (10.2.20g) 

 Starting from EBX 1.3.18f (354  mg, 1.00 mmol), (Z)-N-(1-vin-2-yl-2-

cyclohexyl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-

benziodoxol-3-(1H)-one 10.2.20g (553 mg, 0.876 mmol, 88% yield) was 

obtained, as a white resin. Rf: 0.40 (DCM:MeOH 9:1). 1H NMR (400 MHz, 

CDCl3) δ 8.42 (dd, J = 7.1, 2.2 Hz, 1H, ArH), 7.59 (qd, J = 7.3, 1.6 Hz, 2H, 

ArH), 7.53 (d, J = 8.2 Hz, 2H, ArH), 7.35 (dd, J = 7.7, 1.5 Hz, 1H, ArH), 7.24 (d, J = 8.1 Hz, 2H, 

ArH), 6.99 (d, J = 8.9 Hz, 2H, ArH), 6.78 – 6.70 (m, 3H, 2H ArH + 1H vinylH), 3.74 (s, 3H, OMe), 

2.39 (s, 3H, CH3), 2.13 (tt, J = 11.8, 3.0 Hz, 1H, CH), 1.86 (d, J = 12.5 Hz, 2H, CH2), 1.82 – 1.71 (m, 

2H, CH2), 1.66 (d, J = 11.1 Hz, 1H, CH2), 1.29 (qd, J = 12.5, 3.2 Hz, 2H, CH2), 1.19 – 1.04 (m, 3H, 

CH2). 13C NMR (101 MHz, CDCl3) δ 166.9, 161.9, 159.9, 145.0, 135.1, 133.9, 133.4, 132.9, 130.6, 

130.2, 129.8, 129.7, 128.2, 125.7, 114.9, 103.6, 55.4, 44.6, 33.4, 26.2, 25.5, 21.6 (1 Carbon aromatic 

signal non resolved). IR ν 2939 (w), 2855 (w), 1624 (m), 1506 (m), 1439 (w), 1344 (m), 1260 (m), 

1226 (w), 1157 (m), 1088 (w), 1035 (w), 831 (w), 750 (s), 669 (m). HRMS (ESI) calcd for 
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C29H31INO5S
+ [M+H]+ 632.0962; found 632.0981. The structure of the Z-regioisomer was assigned 

by NMR correlation to compound 10.2.20a. 

 

(Z)-N-(3-(Benzyloxy)-3-methylbut-1-en-2-yl)-N-(4-methoxyphenyl)-4-methylbenzene 

sulfonamide-1,2-benziodoxol-3-(1H)-one (10.2.20i) 

 Starting from EBX 1.3.18h (42.0  mg, 0.100 mmol), (Z)-N-(3-

(benzyloxy)-3-methylbut-1-en-2-yl)-N-(4-methoxyphenyl)-4-

methylbenzene sulfonamide-1,2-benziodoxol-3-(1H)-one 10.2.20i (53.4 

mg, 77.0 µmol, 77% yield) was obtained, as a white amorphous solid. 

Rf: 0.40 (DCM:MeOH 9:1). 1H NMR (400 MHz, CDCl3 + DMF) δ 8.45 

(dd, J = 7.5, 1.7 Hz, 1H, ArH), 7.63 (td, J = 7.4, 0.9 Hz, 1H, ArH), 7.56 – 7.50 (m, 3H, ArH), 7.46 

(ddd, J = 8.8, 7.2, 1.7 Hz, 1H, ArH), 7.37 – 7.27 (m, 4H, 3H ArH + 1H vinylH), 7.25 – 7.22 (m, 2H, 

ArH), 7.19 (d, J = 8.2 Hz, 2H, ArH), 7.15 (d, J = 9.0 Hz, 2H, ArH), 6.74 (d, J = 9.0 Hz, 2H, ArH), 

4.48 – 4.40 (m, 1H, CH2O), 4.35 (d, J = 11.4 Hz, 1H, CH2O), 3.75 (s, 3H, OMe), 2.39 (s, 3H, CH3), 

1.59 (s, 3H, CH3), 1.28 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 166.6, 160.1, 159.4, 145.3, 

137.9, 135.6, 133.7, 133.1, 130.9, 130.6, 129.8, 128.9, 128.4, 128.1, 127.6, 126.9, 125.7, 115.1, 114.7, 

109.9, 81.0, 65.1, 55.4, 29.7, 25.9, 21.6 (1 Carbon aromatic signal non resolved). IR ν 2992 (m), 

2956 (w), 1627 (w), 1507 (m), 1438 (w), 1342 (w), 1266 (m), 1157 (m), 1067 (m), 1036 (m), 826 

(m), 745 (s), 670 (s). HRMS (ESI) calcd for C33H33INO6S
+ [M+H]+ 698.1068; found 698.1086. The 

structure of the Z-regioisomer was assigned by NMR correlation to compound 10.2.20a. 

 

(Z)-N-(8-(Trimethylsilyl)oct-1-en-7-yn-2-yl)-N-(4-methoxyphenyl)-4-methylbenzene 

sulfonamide-1,2-benziodoxol-3-(1H)-one (10.2.20j) 

 Starting from EBX 1.3.18g (424 mg, 1.00 mmol), (Z)-N-(8-

(trimethylsilyl)oct-1-en-7-yn-2-yl)-N-(4-methoxyphenyl)-4-

methylbenzene sulfonamide-1,2-benziodoxol-3-(1H)-one 

10.2.20j (380 mg, 0.542 mmol, 54% yield) was obtained, as an 

orange oil. Rf: 0.44 (DCM:MeOH 9:1). 1H NMR (400 MHz, 

CDCl3) δ 8.37 (dd, J = 7.3, 2.0 Hz, 1H, ArH), 7.58 – 7.49 (m, 4H, ArH), 7.34 (dd, J = 7.9, 1.3 Hz, 

1H, ArH), 7.25 (d, J = 8.0 Hz, 2H, ArH), 6.95 (d, J = 9.0 Hz, 2H, ArH), 6.82 (s, 1H, vinylH), 6.71 

(d, J = 9.0 Hz, 2H, ArH), 3.71 (s, 3H, OMe), 2.38 (m, J = 11.5 Hz, 4H, CH3 + CH2), 2.18 (t, J = 6.9 
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Hz, 2H, CH2), 1.64 (dd, J = 10.3, 5.0 Hz, 2H, CH2), 1.50 (q, J = 7.0 Hz, 2H, CH2), 1.19 (t, J = 7.1 

Hz, 1H, CH2), 0.09 (s, 9H, Si(Me3)3). 13C NMR (101 MHz, CDCl3) δ 166.8, 159.9, 155.9, 145.1, 

135.2, 133.8, 133.3, 132.7, 130.6, 130.1, 129.8, 129.6, 127.9, 125.9, 114.8, 114.7, 106.2, 104.8, 85.2, 

55.4, 35.2, 27.6, 26.3, 21.5, 19.3, 0.0. IR ν 2951 (w), 2837 (w), 2172 (w), 1731 (w), 1624 (m), 1607 

(m), 1506 (m), 1350 (m), 1245 (s), 1160 (s), 843 (s). HRMS (ESI/QTOF) Calcd for 

C32H37INO5SSi+ [M + H]+ 702.1201; found 702.1206. The structure of the Z-regioisomer was 

assigned by NMR correlation to compound 10.2.20a. 

 

(Z)-N-(1-Prop-1-en-2-yl)-N-(4-methoxyphenyl)-methylsulfonamide-1,2-benziodoxol-3-(1H)-

one (10.2.21a) 

 Starting from EBX 1.3.18a (286  mg, 1.00 mmol), (Z)-N-(1-prop-1-en-2-yl)-N-

(4-methoxyphenyl)-methylsulfonamide-1,2-benziodoxol-3-(1H)-one 10.2.21a 

(296 mg, 0.606 mmol, 61% yield) was obtained, as a pale pink amorphous solid. 

Rf: 0.40 (DCM:MeOH 9:1). 1H NMR (400 MHz, CDCl3) δ 8.39 – 8.33 (m, 1H, 

ArH), 7.61 – 7.52 (m, 2H, ArH), 7.43 – 7.38 (m, 1H, ArH), 7.28 (d, J = 9.0 Hz, 

2H, ArH), 6.88 (d, J = 1.4 Hz, 1H, vinylH), 6.85 (d, J = 9.0 Hz, 2H, ArH), 3.77 (s, 3H, OMe), 3.11 

(s, 3H, CH3), 2.43 (s, 3H, CH3).  13C NMR (101 MHz, CDCl3) δ 166.9, 160.0, 151.8, 133.5, 133.5, 

132.6, 130.7, 129.6, 129.5, 126.3, 115.2, 114.3, 105.0, 55.5, 39.9, 23.2. IR ν 2965 (w), 2925 (w), 

1604 (s), 1558 (w), 1506 (s), 1438 (w), 1337 (s), 1319 (m), 1249 (s), 1149 (s), 1030 (m), 965 (m), 

832 (m), 747 (s). HRMS (ESI) C18H19INO5S
+ [M+H]+ 488.0023; found 488.0023. The structure of 

the Z-regioisomer was assigned by NMR correlation to compound 10.2.20a. 

 

(Z)-N-(5-Chloro-1-pent-1-en-2-yl)-N-(4-methoxyphenyl)-methylsulfonamide-1,2-benziodoxol -

3-(1H)-one (10.2.21b) 

Starting from EBX 1.3.18c  (38.7 mg, 0.100 mmol), (Z)-N-(5-chloro-1-pent-

1-en-2-yl)-N-(4-methoxyphenyl)-methylsulfonamide-1,2-benziodoxol -3-

(1H)-one 10.2.21b was obtained as white sticky solid (48.0 mg, 87.0 µmol, 

87 %). Rf: 0.60 (DCM:MeOH 9:1). 1H NMR (400 MHz, CD2Cl2) δ 8.38 

(ddd, J = 6.9, 2.3, 1.5 Hz, 1H, ArH), 7.74 – 7.61 (m, 2H, ArH), 7.53 – 7.47 (m, 1H, ArH), 7.34 – 7.26 

(m, 2H, ArH), 6.94 – 6.85 (m, 3H, 2H ArH + 1H vinylH), 3.79 (s, 3H, OMe), 3.65 (t, J = 6.1 Hz, 2H, 

CH2), 3.15 (s, 3H, CH3), 2.65 (t, J = 7.4 Hz, 2H, CH2), 2.12 (q, J = 13.0, 6.4 Hz, 2H, CH2). 13C NMR 
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(101 MHz, CD2Cl2) δ 166.8, 160.7, 153.9, 134.3, 133.9, 132.9, 131.3, 129.7, 129.61, 126.8, 115.8, 

115.3, 106.2, 56.0, 44.1, 40.3, 33.4, 30.0. found 549.9957. IR ν 3662 (w), 3437 (w), 3049 (w), 2973 

(m), 2901 (m), 2840 (w), 1607 (s), 1583 (m), 1558 (m), 1507 (s), 1440 (m), 1413 (w), 1337 (s), 1300 

(m), 1247 (s), 1147 (s), 1131 (m), 1112 (m), 1069 (m), 1031 (m), 1004 (m), 971 (m), 828 (m), 804 

(m), 744 (s), 685 (m), 650 (w), 605 (w). HRMS (ESI) calcd for C20H22ClINO5S
+ [M+H]+ 549.9946; 

found 549.9957.  The structure of the Z-regioisomer was assigned by NMR correlation to compound 

10.2.20a. 

 

(Z)-N-(1-Vin-2-yl)-N-(4-methoxyphenyl)-4-nitrobenzenesulfonamide-1,2-benziodoxol-3-(1H)-

one (10.2.22a) 

Starting from 1.3.19 (34.4 mg, 0.100 mmol), (Z)-N-(1-vin-2-yl)-N-(4-

methoxyphenyl)-4-nitrobenzene sulfonamide-1,2-benziodoxol-3-(1H)-one 

10.2.22a was obtained as yellow sticky solid (30 mg, 52 µmol, 52% yield). Rf: 

0.44 (EtOAc:MeOH 9:1). 1H NMR (400 MHz, MeOD) δ 8.43 (d, J = 9.0 Hz, 2H, 

ArH), 8.36 (d, J = 8.0 Hz, 1H, ArH), 8.21 – 8.10 (m, 1H, ArH), 8.00 (d, J = 8.6 Hz, 

2H, ArH), 7.72 – 7.59 (m, 3H, ArH), 6.72 – 6.57 (m, 4H, ArH), 5.92 (d, J = 8.1 Hz, 1H, vinylH), 3.68 

(s, 3H, OCH3). 13C NMR (101 MHz, MeOD) δ 169.7, 163.4, 152.5, 143.5, 142.6, 135.2, 133.8, 133.6, 

133.3, 131.7, 130.8, 128.3, 126.4, 125.8, 116.9, 116.5, 75.2, 56.3. IR ν 3384 (m), 2488 (m), 2233 

(m), 2137 (w), 2071 (m), 1934 (w), 1652 (w), 1607 (m), 1581 (m), 1532 (m), 1509 (m), 1454 (w), 

1405 (w), 1352 (m), 1309 (m), 1292 (w), 1255 (m), 1170 (m), 1147 (m), 1123 (m), 1088 (s), 1065 

(m), 1024 (m), 973 (s), 832 (m), 738 (m), 663 (m), 622 (m). HRMS (ESI) calcd for C22H18IN2O7S
+ 

[M+H]+ 580.9874; found 580.9885. The structure of the Z-regioisomer was assigned by NMR 

correlation to compound 10.2.20a. 

(Z)-N-(1-Prop-1-en-2-yl)-N-(4-methoxyphenyl)-4-nitrobenzenesulfonamide-1,2-benziodoxol-3-

(1H)-one (10.2.22b) 

 Starting from EBX 1.3.18a (28.6  mg, 0.100 mmol), (Z)-N-(1-prop-1-en-2-yl)-N-

(4-methoxyphenyl)-4-nitrobenzenesulfonamide-1,2-benziodoxol-3-(1H)-one 

10.2.22b (42.1 mg, 71.0 µmol, 71% yield) was obtained as a yellow amorphous 

solid. Rf: 0.28 (DCM:MeOH 9:1). 1H NMR (400 MHz, CDCl3) δ 8.42 (dt, J = 

7.5, 1.5 Hz, 1H, ArH), 8.39 – 8.31 (m, 2H, ArH), 7.95 – 7.86 (m, 2H, ArH), 7.60 

(t, J = 7.3 Hz, 1H, ArH), 7.52 (tt, J = 7.2, 1.5 Hz, 1H, ArH), 7.32 (d, J = 8.1 Hz, 1H, ArH), 7.02 – 
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6.94 (m, 2H, ArH), 6.88 (s, 1H, vinylH), 6.81 – 6.74 (m, 2H, ArH), 3.76 (d, J = 1.2 Hz, 3H, OMe), 

2.28 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 166.7, 160.4, 151.9, 150.6, 144.0, 133.6, 133.5, 

132.9, 130.8, 130.2, 129.3, 128.9, 125.9, 124.5, 115.2, 114.7, 106.7, 55.6, 23.2. IR ν 3054 (w), 2934 

(w), 2838 (w), 1604 (s), 1507 (s), 1437 (m), 1338 (s), 1249 (s), 1149 (s), 1031 (m), 965 (m), 831 (s), 

733 (s). HRMS (ESI) calcd for calcd for C23H19IN2NaO7S
+ [M+Na]+ 616.9850; found 616.9849. The 

structure of the Z-regioisomer was assigned by NMR correlation to compound 10.2.20a. 

(Z)-(1-Vinyl-2-oxy)-4-methylbenzene-1,2-benziodoxol-3-(1H)-one (10.2.23a) 

Starting from EBX 1.3.19 (344 mg, 1.00 mmol), (Z)-(1-vinyl-2-oxy)-4-

methylbenzene-1,2-benziodoxol-3-(1H)-one 10.2.23a (87.5 mg, 0.230 mmol, 

23% yield) was obtained as a white resin. Rf: 0.52 (DCM:MeOH 9:1). 1H NMR 

(400 MHz, CDCl3) δ 8.44 – 8.26 (m, 1H, ArH), 7.64 – 7.57 (m, 1H, vinylH), 

7.53 – 7.47 (m, 2H, ArH), 7.45 (d, J = 4.7 Hz, 1H, ArH), 7.05 (d, J = 8.1 Hz, 

2H, ArH), 6.83 (d, J = 8.2 Hz, 2H, ArH), 5.99 (d, J = 4.7 Hz, 1H, vinylH), 2.25 

(s, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 167.3, 156.6, 153.7, 135.1, 133.6, 133.5, 132.9, 130.5 

(3 Carbon signals), 126.0, 117.2, 113.7, 78.9, 20.7. IR ν 2973 (w), 2878 (w), 1596 (m), 1507 (m), 

1338 (w), 1226 (s), 1089 (m), 1048 (s), 879 (m), 736 (s). HRMS (ESI) calcd for C16H14IO3
+ [M+H]+ 

380.9982; found 380.9984. The structure of the Z-regioisomer was assigned by NMR correlation to 

compound 10.2.20a. 

(Z)-(1-Prop-1-en-2-yl-2-oxy)-4-methylbenzene-1,2-benziodoxol-3-(1H)-one (10.2.23b) 

 Starting from EBX 1.3.18a (286 mg, 1.00 mmol), (Z)-(1-prop-1-en-2-yl-2-

oxy)-4-methylbenzene-1,2-benziodoxol-3-(1H)-one 10.2.23b (226 mg, 0.572 

mmol, 57% yield) was obtained, as a white amorphous solid. Rf: 0.48 

(DCM:MeOH 9:1). 1H NMR (400 MHz, Chloroform-d) δ 8.40 – 8.34 (m, 1H, 

ArH), 7.64 – 7.52 (m, 3H, ArH), 7.11 – 7.04 (m, 2H, ArH), 6.77 (d, J = 8.5 Hz, 

2H, ArH), 5.80 (d, J = 1.1 Hz, 1H, vinylH), 2.27 (s, 3H, CH3), 2.18 (d, J = 0.9 

Hz, 3H, CH3). 13C NMR (101 MHz, Chloroform-d) δ 167.1, 166.8, 151.2, 135.4, 133.7, 133.1, 132.7, 

130.4, 130.3, 125.3, 120.0, 113.7, 77.3 (1 Carbon signal overlaps with Chloroform-d), 20.7, 19.2. IR 

ν 1603 (s), 1559 (w), 1505 (s), 1437 (w), 1357 (w), 1275 (w), 1211 (m), 837 (w). HRMS (ESI) calcd 

for C17H16IO3
+ [M+H]+ 395.0139; found 395.0148. The structure of the Z-regioisomer was assigned 

by NMR correlation to compound 10.2.20a. 
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(Z)-(1-Pent-1-en-2-yl-2-oxy)-4-methylbenzene-1,2-benziodoxol-3-(1H)-one (10.2.23c) 

 Starting from EBX 1.3.18b (314 mg, 1.00 mmol), (Z)-(1-pent-1-en-2-yl-2-

oxy)-4-methylbenzene-1,2-benziodoxol-3-(1H)-one 10.2.23c (172 mg, 0.407 

mmol, 41% yield) was obtained as a white amorphous solid. Rf: 0.50 

(DCM:MeOH 9:1). 1H NMR (400 MHz, Chloroform-d) δ 8.49 – 8.31 (m, 1H, 

ArH), 7.60 (m, 3H, ArH), 7.09 (d, J = 7.9 Hz, 2H, ArH), 6.78 (d, J = 7.9 Hz, 

2H, ArH), 5.85 (s, 1H, vinylH), 2.48 (t, J = 7.6 Hz, 2H, CH2), 2.29 (s, 3H, 

CH3), 1.60 (q, J = 7.5 Hz, 2H, CH2), 0.96 (t, J = 7.4 Hz, 3H, CH3).  13C NMR (101 MHz, Chloroform-

d) δ 170.4, 166.5, 151.5, 134.9, 133.8, 133.1, 132.9, 130.6, 130.5, 125.1, 119.1, 113.9, 80.1, 34.4, 

20.7, 20.4, 13.5. IR ν 1601 (w), 1505 (w), 1430 (w), 1266 (m), 1205 (m), 1143 (w), 740 (s), 703 (m), 

660 (m). HRMS (ESI) calcd for C19H20IO3
+ [M+H]+ 423.0452; found 423.0452. The structure of the 

Z-regioisomer was assigned by NMR correlation to compound 10.2.20a. 

(Z)-(5-Chloro-1-pent-1-en-2-yl-2-oxy)-4-methylbenzene-1,2-benziodoxol-3-(1H)-one (10.2.23d) 

 Starting from EBX 1.3.18c (34.9 mg, 0.100 mmol), (Z)-(5-chloro-1-pent-1-

en-2-yl-2-oxy)-4-methylbenzene-1,2-benziodoxol-3-(1H)-one 5d (30.4 mg, 

67.0 µmol, 67% yield – 92% purity) was obtained, as a white amorphous 

solid. Rf: 0.44 (DCM:MeOH 9:1).365 1H NMR (400 MHz, Chloroform-d) δ 

8.44 – 8.34 (m, 1H, ArH), 7.64 – 7.56 (m, 3H, ArH), 7.14 – 7.03 (m, 2H, 

ArH), 6.79 (d, J = 8.5 Hz, 2H, ArH), 6.02 (s, 1H, vinylH), 3.55 (t, J = 6.2 Hz, 

2H, CH2), 2.79 – 2.65 (m, 2H, CH2), 2.29 (s, 3H, CH3), 2.01 (dq, J = 8.3, 6.4 Hz, 2H, CH2).  13C 

NMR (101 MHz, Chloroform-d) δ 168.3, 166.7, 151.3, 135.1, 133.7, 133.3, 132.8, 130.6, 125.4, 

118.9, 115.4, 114.0, 81.9, 43.4, 29.6, 29.3, 20.7. IR ν 2970 (w), 1603 (s), 1506 (s), 1351 (w), 1274 

(m), 1211 (m), 1048 (w), 837 (w), 750 (m), 670 (s). HRMS (ESI/QTOF) calcd for C19H19ClIO3
+ [M 

+ H]+  457.0062; found 457.0070. The structure of the Z-regioisomer was assigned by NMR 

correlation to compound 10.2.20a. 

 

  

                                                 
365 The proton and carbon spectra contain 8% of iodobenzoic acid as impurity. 
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(Z)-(1-Prop-1-en-2-yl-2-oxy)-3,5-dibromobenzene-1,2-benziodoxol-3-(1H)-one (10.2.25a) 

 Starting from EBX 1.3.18a (57.2 mg, 0.100 mmol), (Z)-(1-prop-1-en-2-yl-2-

oxy)-3,5-dibromobenzene-1,2-benziodoxol-3-(1H)-one 10.2.25a (27.1 mg, 

50.0 µmol, 50% yield) was obtained, as a white amorphous solid. Rf: 0.38 

(DCM:MeOH 9:1). 1H NMR (400 MHz, Methanol-d4) δ 8.32 (dd, J = 7.5, 1.8 

Hz, 1H, ArH), 7.94 (dd, J = 8.1, 1.1 Hz, 1H, ArH), 7.83 (td, J = 8.2, 7.7, 1.8 

Hz, 1H, ArH), 7.76 (td, J = 7.3, 1.1 Hz, 1H, ArH), 7.63 (t, J = 1.6 Hz, 1H, 

ArH), 7.34 (d, J = 1.6 Hz, 2H, ArH), 6.40 (d, J = 1.0 Hz, 1H, vinylH), 2.37 (s, 3H, CH3).13C NMR 

(101 MHz, Methanol-d4) δ 170.4, 167.9, 156.1, 142.3, 136.0, 133.7, 133.1, 132.5, 132.0, 131.6, 129.2, 

124.5, 123.8, 114.3, 80.4, 18.8. IR ν 2975 (w), 2882 (w), 1618 (w), 1576 (w), 1391 (w), 1320 (w), 

1271 (w), 1126 (w), 1095 (m), 1050 (s), 881 (m), 741 (m). HRMS (ESI) calcd for C16H12
79Br2IO3

+ 

[M+H]+ 536.8192; found 536.8194. The structure of the Z-regioisomer was assigned by NMR 

correlation to compound 10.2.20a. 

(Z)-(1-Pent-1-en-2-yl-2-oxy)-2,3,4,5-pentafluorobenzene-1,2-benziodoxol-3-(1H)-one (10.2.25b) 

 Starting from EBX 1.3.18b (31.4 mg, 0.100 mmol), (Z)-(1-pent-1-en-2-yl-2-

oxy)-2,3,4,5-pentafluorobenzene-1,2-benziodoxol-3-(1H)-one 10.2.25b 

(45.3 mg, 91.0 µmol, 91% yield) was obtained, as a white amorphous solid. 

Rf: 0.42 (DCM:MeOH 9:1). 1H NMR (400 MHz, Chloroform-d) δ 8.47 – 

8.37 (m, 1H, ArH), 7.69 – 7.53 (m, 3H, ArH), 6.03 (s, 1H, vinylH), 2.41 (t, J 

= 7.6 Hz, 2H, CH2), 1.66 (h, J = 7.4 Hz, 2H, CH2), 1.03 (t, J = 7.3 Hz, 3H, 

CH3). 13C NMR (101 MHz, Chloroform-d) δ 168.2, 166.8, 142.8 (dd, J = 12.5, 4.0 Hz), 140.6 – 139.9 

(m), 139.7 – 139.1 (m), 137.2 – 136.7 (m), 133.6, 133.2, 132.9, 130.8, 127.9 (td, J = 14.3, 13.5, 4.0 

Hz), 125.5, 113.9, 80.6, 33.5, 20.1, 13.4. IR ν 1695 (w), 1616 (w), 1517 (s), 1472 (w), 1341 (w), 1236 

(w), 1159 (w), 997 (m), 670 (m). HRMS (ESI) calcd for C18H13F5IO3
+ [M+H]+ 498.9824; found 

498.9822. The structure of the Z-regioisomer was assigned by NMR correlation to compound 

10.2.20a. 
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(Z)-N-(5-Chloro-1-pent-1-en-2-yl)-N-Sulfaphenazole-1,2-benziodoxol-3-(1H)-one (10.2.26) 

 Starting from EBX 1.3.18c (34.9 mg, 0.100 mmol) and commercially 

available Sulfaphenazole (31.4, 0.100 mmol, 1.00 equiv.), (Z)-N-(5-

chloro-1-pent-1-en-2-yl)-N-Sulfaphenazole-1,2-benziodoxol-3-(1H)-

one 10.2.26 (29.1 mg, 43.9 µmol, 43% yield) was obtained, as a pale 

orange amorphous solid. Rf: 0.25 (DCM:MeOH 9:1). 1H NMR (400 

MHz, Methanol-d4) δ 8.31 (dd, J = 7.5, 1.9 Hz, 1H, ArH), 7.75 (dd, J = 

7.3, 1.0 Hz, 1H, ArH), 7.72 (s, 1H, ArH), 7.71 – 7.66 (m, 1H, ArH), 7.56 – 7.51 (m, 2H, ArH), 7.30 

(dd, J = 8.1, 1.1 Hz, 1H, ArH), 7.26 – 7.22 (m, 3H, ArH), 6.92 – 6.86 (m, 2H, ArH), 6.84 – 6.77 (m, 

3H, ArH), 6.35 (d, J = 2.1 Hz, 1H, vinylH), 3.55 (t, J = 6.2 Hz, 2H, CH2), 2.49 – 2.41 (m, 2H, CH2), 

1.88 (p, J = 6.6 Hz, 2H, CH2). 13C NMR (101 MHz, Methanol-d4 + Chloroform-d) δ 170.1, 156.8, 

153.7, 140.7, 138.9, 137.1, 135.1, 134.2, 133.3, 132.3, 131.7, 130.4, 129.9, 128.7, 128.1, 120.9, 116.5, 

114.3, 107.2, 105.8, 44.4, 33.7, 31.6. IR ν 2976 (w), 2898 (w), 2863 (w), 1654 (w), 1616 (w), 1456 

(w), 1379 (w), 1279 (w), 1086 (m), 1048 (s), 880 (m), 650 (s). HRMS (ESI) calcd for 

C27H25ClIN4O4S
 + [M+H]+ 662.0372; found 663.0342. The structure of the Z-regioisomer was 

assigned by NMR correlation to compound 10.2.20a. 

(Z)-N-(5-Chloro-1-pent-1-en-2-yl)-N-Valsartan-1,2-benziodoxol-3-(1H)-one (10.2.27) 

 Starting from EBX 1.3.18c (39.0 mg, 0.100 mmol) and 

commercially available Valsartan (44.0 mg, 0.100 mmol), (Z)-N-

(5-chloro-1-pent-1-en-2-yl)-N-Valsartan-1,2-benziodoxol-3-

(1H)-one 10.2.27 was obtained as a white sticky solid (56.0 mg, 

71.0 µmol, 71%). Mixture of rotamers observed 1H NMR (400 

MHz, Methanol-d4) δ 8.26 (td, J = 7.0, 6.6, 1.9 Hz, 1H, ArH), 7.97 

– 7.84 (m, 2H, ArH), 7.81 – 7.69 (m, 2H, ArH), 7.65 (m, 1H, ArH), 

7.61 – 7.46 (m, 2H, ArH), 7.34 (d, J = 5.7 Hz, 1H, ArH), 7.26 (d, J = 8.2 Hz, 1H, ArH), 7.23 – 7.14 

(m, 2H, 1H ArH + 1H vinylH), 7.07 (d, J = 8.1 Hz, 1H, ArH), 4.64 – 4.49 (m, 1H, ArCH2N), 4.49 – 

4.36 (m, 1H, ArCH2N), 4.06 (d, J = 10.6 Hz, 1H, NCHCOOH), 3.71 (td, J = 6.2, 2.4 Hz, 2H, 

CH2CH2CH2Cl), 3.36 (dd, J = 9.5, 6.8 Hz, 2H, CH2CH2CH2Cl), 2.62 – 2.37 (m, 1H, NCHCH(CH3)2), 

2.35 – 2.06 (m, 4H, CH2CH2CH2Cl, NCOCH2CH2CH2CH3), 1.62 – 1.51 (m, 1H, 

NCOCH2CH2CH2CH3), 1.48 – 1.38 (m, 1H, NCOCH2CH2CH2CH3), 1.38 – 1.27 (m, 1H, 

NCOCH2CH2CH2CH3), 1.17 (h, J = 7.5 Hz, 1H, NCOCH2CH2CH2CH3), 1.00 – 0.75 (m, 9H, CH3). 

13C NMR (101 MHz, Methanol-d4) δ 177.0, 173.6, 166.0, 146.6, 143.3, 141.0, 138.2, 135.6, 134.5, 



Experimental Part and Annexes 

 

349 

 

133.4, 132.3, 132.1, 131.9, 131.7, 131.4, 130.5, 129.9, 129.1, 128.4, 125.8, 116.7, 94.8, 65.0, 44.6, 

34.6, 33.1, 31.3, 29.1, 28.5, 23.4, 20.6, 20.1, 19.3, 14.2. IR ν 2962 (m), 2876 (m), 2825 (w), 1727 

(m), 1725 (m), 1645 (s), 1624 (s), 1616 (s), 1604 (s), 1557 (m), 1542 (m), 1530 (w), 1512 (w), 1473 

(m), 1460 (m), 1436 (m), 1415 (m), 1376 (m), 1358 (m), 1329 (m), 1298 (m), 1269 (m), 1232 (m), 

1206 (m), 1171 (m), 1132 (w), 1103 (m), 1007 (m), 999 (m), 980 (m), 943 (m), 914 (m), 896 (m), 

828 (m), 812 (m), 787 (m), 760 (s), 746 (s), 715 (m), 703 (m), 687 (m), 674 (m), 650 (m). HRMS 

(ESI) calcd for C36H39ClIN5NaO5
+ [M+Na]+ 806.1577; found 806.1579. The structure of the Z-

regioisomer was assigned by NMR correlation to compound 10.2.20a. 

 

(Z)-(1-Prop-1-en-2-yl)-2-Tyrosine-1,2-benziodoxol-3-(1H)-one (10.2.28) 

 Starting from EBX 1.3.18a (57.2 mg, 0.100 mmol) and commercially 

available (D)-Tyrosine monohydrate (26.9 mg, 0.100 mmol, 1.00 equiv.), 

(Z)-(1-prop-1-en-2-yl)-2-Tyrosine-1,2-benziodoxol-3-(1H)-one 10.2.28 

(25.2 mg, 52.3 µmol, 52% yield) was obtained, as a pale yellow amorphous 

solid. Rf: 0.38 (DCM:MeOH 9:1). 1H NMR (400 MHz, Chloroform-d) 

Rotamers ratio 6:1 δ 8.37 (ddd, J = 5.9, 2.8, 1.4 Hz, 1H, ArH major), 8.32 

– 8.27 (m, 1H, ArH minor), 7.67 (d, J = 8.1 Hz, 1H, ArH minor), 7.62 – 7.56 

(m, 3H, ArH, major), 7.53 – 7.49 (m, 1H major), 7.24 (m, 1H, ArH minor 

overlapping with Chloroform-d), 7.14 – 7.03 (m, 2H + 2H, ArH major + ArH minor), 6.83 (d, J = 

8.5 Hz, 2H, ArH major), 6.48 (d, J = 7.8 Hz, 1H, NHAc minor), 6.40 (d, J = 7.7 Hz, 1H, NHAc 

major), 5.81 (s, 1H, vinylH major), 5.80 (s, 1H, vinylH minor), 4.87 – 4.82 (m, 1H, CH minor), 4.78 

(dt, J = 7.7, 6.0 Hz, 1H, CH major), 4.43 (q, J = 7.9 Hz, 2H, CH2 minor), 4.13 (dtd, J = 14.3, 7.4, 1.8 

Hz, 2H, CH2 major), 3.20 – 3.01 (m, 2H + 2H, CH2 major + CH2 minor), 2.41 (s, 3H, CH3 minor), 

2.20 (s, 3H, CH3 major), 1.96 (s, 3H, CH3 minor), 1.94 (s, 3H, CH3 major), 1.21 (m, 3H + 3H, CH3 

major + CH3 minor). 13C NMR (101 MHz, Chloroform-d) only major rotamer expressed δ 172.2, 

171.4, 169.8, 169.2, 166.9, 166.6, 152.5, 152.0, 134.8, 133.9, 133.7, 133.6, 133.4, 133.2, 132.9, 132.8, 

131.4, 130.9, 130.7, 130.6, 125.3, 125.0, 124.5, 121.2, 120.1, 114.2, 114.1, 113.8, 78.4, 74.3, 72.3, 

61.5, 53.2, 37.3, 37.1, 23.1, 21.3, 21.1, 19.4, 14.1 (2 Carbon signals not expressed). IR ν 2362 (w), 

1734 (w), 1599 (m), 1506 (w), 1438 (w), 1377 (w), 1266 (m), 1215 (w), 1127 (w), 1022 (w), 733 (s). 

HRMS (ESI) calcd for C23H25INO6
+ [M+H]+ 538.0721; found 538.0726. The structure of the Z-

regioisomer was assigned by NMR correlation to compound 10.2.20a. 



Experimental Part and Annexes 

 

350 

 

(Z)-(5-Chloro-1-pent-1-en-2-yl)-2-α-Tocopherol-1,2-benziodoxol-3-(1H)-one (10.2.29) 

 Starting from EBX 1.3.18c (349 mg, 1.00 mmol) and 

commercially available α-Tocopherol (305 mg, 1.00 mmol), 

(Z)-(5-chloro-1-pent-1-en-2-yl)-2-α-Tocopherol-1,2-

benziodoxol-3-(1H)-one 10.2.29 (517 mg, 0.791 mmol, 79% 

yield) was obtained, as a yellow oil. Rf: 0.55 (DCM:MeOH 

9:1). 1H NMR (400 MHz, Chloroform-d) δ 8.39 – 8.27 (m, 

1H, ArH), 7.62 (td, J = 5.6, 4.5, 3.2 Hz, 1H, ArH), 7.57 – 7.49 

(m, 2H, ArH), 5.68 (d, J = 11.8 Hz, 1H, vinylH), 3.58 – 3.47 

(m, 2H, CH2), 2.43 (ddt, J = 22.6, 15.2, 7.0 Hz, 4H, CH2 + 

CH), 2.02 (m, 5H, CH2 + CH3), 1.91 (s, 3H, CH3), 1.87 (s, 3H, CH3), 1.77 – 1.69 (m, 2H, CH2), 1.55 

– 1.41 (m, 3H, CH2 + CH3), 1.39 – 0.96 (m, 23H, CH + CH2 + CH3), 0.80 (ddd, J = 12.1, 6.7, 2.5 Hz, 

12H, CH3). 13C NMR (101 MHz, Chloroform-d) major + minor diasteromers366 δ 170.4, 169.9, 

166.6, 149.7, 149.6, 142.2, 142.1, 133.9, 133.9, 132.8, 132.6, 132.6, 130.3, 130.2, 129.75, 129.6, 

126.9, 126.9, 125.4, 125.3, 125.2, 123.9, 123.7, 118.3, 118.1, 114.8, 113.8, 113.7, 75.3, 72.1, 71.3, 

43.5, 43.5, 40.6, 39.2, 39.2, 39.1, 37.3, 37.3, 37.3, 37.3, 37.2, 37.1, 37.1, 32.6, 32.6, 32., 30.9, 30.8, 

30.0, 29.5, 29.4, 29.3, 27.8, 27.8, 24.6, 24.6, 24.3, 24.3, 23.9, 22.9, 22.6, 22.5, 20.9, 20.8, 20.4, 20.4, 

19.6, 19.5, 19.5, 13.0, 13.0, 12.2, 12.2, 11.7, 11.7 (2 minor aromatic and 2 minor aliphatic carbon 

signals not expressed). IR ν 2888 (s), 1569 (m), 1505 (w), 1495 (m), 1395 (m), 1369 (m), 1280 (m), 

1204 (w), 1123 (w), 986 (w). HRMS (ESI) calcd for C41H61ClIO4
+ [M+H]+ 779.3298; found 

779.3302. The structure of the Z-regioisomer was assigned by NMR correlation to compound 

10.2.20a. 

 

  

                                                 
366 In presence of acidic solvent, the ether opens and the tertiary carbocation isomerizes.  
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(Z)-(1-Pent-1-en-2-yl)-2-Estradiol-1,2-benziodoxol-3-(1H)-one (10.2.30) 

 Starting from EBX 1.3.18b (314 mg, 1.00 mmol) and commercially 

available Estradiol (272 mg, 1.00 mmol), (Z)-(1-pent-1-en-2-yl)-2-

Estradiol-1,2-benziodoxol-3-(1H)-one 10.2.30 (615 mg, 0.789 mmol, 79% 

yield) was obtained, as a white amorphous solid. Rf: 0.40 (DCM:MeOH 

9:1). 1H NMR (400 MHz, Chloroform-d) δ 8.42 – 8.34 (m, 1H, ArH), 7.58 

(m, 3H, ArH), 7.16 (d, J = 8.5 Hz, 1H, ArH), 6.63 (dd, J = 8.5, 2.7 Hz, 1H, 

ArH), 6.56 (d, J = 2.6 Hz, 1H, ArH), 5.90 (s, 1H, vinylH), 3.70 (t, J = 8.5 

Hz, 1H, CH), 2.81 – 2.66 (m, 2H, CH2), 2.49 (t, J = 7.5 Hz, 2H, CH2), 2.21 

(dd, J = 13.4, 3.5 Hz, 1H, CH), 2.16 – 2.03 (m, 2H, CH2), 1.92 (dt, J = 12.6, 3.3 Hz, 1H, CH), 1.82 

(ddt, J = 11.8, 5.7, 2.6 Hz, 1H, CH), 1.62 (m, 3H, CH2), 1.50 – 1.20 (m, 7H, CH2 + OH), 1.12 (m, 

1H, CH2), 0.96 (t, J = 7.4 Hz, 3H, CH3), 0.74 (s, 3H, CH3). 13C NMR (101 MHz, Chloroform-d) δ 

170.6, 166.6, 151.5, 138.9, 137.5, 133.7, 133.1, 132.9, 130.6, 126.9, 125.2, 119.0, 116.1, 113.8, 81.7, 

80.0, 49.9, 43.9, 43.1, 38.4, 36.6, 34.47, 30.5, 29.5, 26.9, 26.1, 23.1, 20.5, 13.5, 11.0. IR ν 2931 (w), 

2870 (w), 1600 (s), 1559 (w), 1492 (m), 1437 (w), 1345 (m), 1228 (m), 1153 (w), 1058 (w), 1006 

(w), 831 (w), 738 (s). HRMS (ESI) calcd for C30H36IO4
+ [M+H]+ 587.1653; found 587.1655. The 

structure of the Z-regioisomer was assigned by NMR correlation to compound 10.2.20a. 

 

(Z)-(1-Prop-1-en-2-yl)-2-Capsaicin-1,2-benziodoxol-3-(1H)-one (10.2.31) 

 Starting from EBX 1.3.18a (286 mg, 1.00 mmol) and 

commercially available Capsaicin (305 mg, 1.00 mmol), 

(Z)-(1-prop-1-en-2-yl)-2-Capsaicin-1,2-benziodoxol-3-

(1H)-one 10.2.31 (455 mg, 0.769 mmol, 77% yield) was 

obtained, as a yellow oil. Rf: 0.60 (DCM:MeOH 9:1). 1H 

NMR (400 MHz, Chloroform-d) major + minor rotamers 

ratio 12:1 δ 8.23 – 8.16 (m, 1H, ArH major), 8.13 (t, J = 

4.5 Hz, 1H, ArH minor), 7.61 (q, J = 5.3, 4.3 Hz, 1H, ArH major), 7.57 – 7.52 (m, 1H, ArH major), 

7.48 – 7.37 (m, 3H, ArH major), 7.35 – 7.29 (m, 2H, ArH minor), 7.01 (s, 1H, ArH minor), 6.93 (t, J 

= 7.4 Hz, 2H, ArH minor), 6.86 – 6.78 (m, 1H, ArH major), 6.72 – 6.64 (m, 2H, vinylH major + NH 

major), 6.63 – 6.56 (m, 2H, ArH minor + NH minor), 5.79 (s, 1H, vinylH minor), 5.53 (s, 1H, vinylH 

major), 5.33 – 5.19 (m, 2H, 1H vinylH major + 2H vinylH minor ), 4.34 (d, J = 6.1 Hz, 2H, CH2NH 
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minor), 4.28 (d, J = 5.9 Hz, 2H, CH2NH major), 3.87 – 3.81 (m, 3H, OMe minor), 3.64 – 3.51 (m, 

3H, OMe major), 2.22 (td, J = 7.7, 2.9 Hz, 2H, CH2 major), 2.17 – 2.11 (m, 4H, CH2 minor), 2.08 (s, 

3H, CH3 minor), 1.98 (s, 3H, CH3 major), 1.94 – 1.85 (m, 1H, CH major), 1.64 – 1.53 (m, 2H, CH 

major), 1.43 (m, 2H, CH2 minor), 1.30 (dd, J = 9.2, 6.3 Hz, 1H, CH2 major), 1.25 – 1.13 (m, 3H, CH2 

major), 0.88 (d, J = 6.7 Hz, 4H, CH3 major + CH3 minor + CH3 minor), 0.78 (d, J = 6.6 Hz, 3H, CH3 

major). 13C NMR (101 MHz, Chloroform-d) major + minor rotamers δ 175.4, 173.7, 173.6, 171.2, 

168.8, 168.5, 167.3, 167.2, 150.9, 150.4, 140.5, 139.9, 139.1, 138.8, 137.7, 133.5, 133.4, 132.8, 132.4, 

130.4, 130.1, 128.9, 128.6, 127.3, 126.5, 126.1, 124.9, 124.6, 122.3, 121.9, 120.5, 119.9, 114.4, 113.5, 

112.4, 111.8, 72.9, 42.6, 55.5, 38.8, 38.7, 36.4, 36.2, 32.2, 30.8, 29.6, 29.3, 29.2, 27.8, 27.1, 27.0, 

25.8, 25.3, 22.5, 22.5, 18.9. IR ν  2954 (w), 2926 (w), 1611 (s), 1508 (m), 1466 (w), 1360 (w), 1288 

(s), 1211 (w), 1158 (w), 748 (w). HRMS (ESI) calcd for C28H35INO5
+ [M+H]+ 592.1554; found 

592.1553. The structure of the Z-regioisomer was assigned by NMR correlation to compound 

10.2.20a. 

 

12.5.3 Products modifications 

General Procedure GP18 for the C-C bond formation via Stille cross-coupling. 

 

GP18: Following a reported procedure,367 N-vBX (0.100 mmol, 1.00 equiv.), Pd(PhCN)2Cl2 (1.90 

mg, 5.00 µmol, 5 mol%) and commercially available alkyl stannane (0.200 mmol, 2.00 equiv.) were 

added to a flame-dried vial. Upon sealing and oxygen removing under vacuum, the vial was backfilled 

with nitrogen (process repeated for three cycles). Dry DMF (1.00 mL, 0.1 M) was added under 

nitrogen atmosphere and the reaction was left stirring at room temperature for 10 hours. Then the 

reaction was stopped, EtOAc (10 mL) was added and the organic layer was washed with NaCl (3x30 

mL). The solvent was removed under reduced pressure and the crude purified via column 

chromatography (gradient Pentane:EtOAc 20:1-10:1). 

                                                 
367 Wu, J.; Deng, X.; Hirao, H.; Yoshikai, N. J. Am. Chem. Soc. 2016, 138, 9105–9108. 
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(Z)-N-(Buta-1,3-dien-1-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide (10.2.32) 

Starting from N-vBX 10.2.20b (55.0 mg, 0.100 mmol) and commercially available 

tributyl(vinyl)stannane (60.5 µL, 0.200 mmol, 2.0 equiv.), (Z)-N-(buta-1,3-dien-1-yl)-

N-(4-methoxyphenyl)-4-methylbenzenesulfonamide 10.2.32 (21.4 mg, 65.0 µmol, 

65%) was obtained as a yellow oil. Rf: 0.13 (Pentane:EtOAc 20:1). 1H NMR (400 MHz, Chloroform-

d) δ 7.53 – 7.45 (m, 2H, ArH), 7.29 – 7.21 (m, 2H, ArH), 7.03 – 6.95 (m, 2H, ArH), 6.82 (dd, J = 8.8, 

1.9 Hz, 2H, ArH), 6.45 (d, J = 9.1 Hz, 1H, vinylH), 5.73 (dt, J = 16.6, 10.7 Hz, 1H, vinylH), 5.42 (dd, 

J = 11.3, 9.0 Hz, 1H, vinylH), 4.98 (d, J = 16.8 Hz, 1H, vinylH), 4.77 (d, J = 10.2 Hz, 1H, vinylH), 

3.81 (d, J = 1.9 Hz, 3H, OMe), 2.42 (s, 3H, CH3).
368 13C NMR (101 MHz, Chloroform-d) δ 159.2, 

143.9, 134.8, 132.5, 130.1, 130.0, 129.5, 127.8, 126.3, 117.7, 116.8, 114.4, 55.4, 21.6.  IR ν 2997 

(w), 2953 (w), 2903 (w), 1636 (w), 1507 (w), 1441 (w), 1358 (w), 1252 (w), 1171 (m), 1123 (w), 

1068 (w), 977 (w), 913 (s). HRMS (ESI) calcd for C18H19NNaO3S
+ [M+Na]+ 352.0978; found 

352.0977. 

 

(Z)-N-(Cyclopentylbuta-1,3-dien-1-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide 

(10.2.33) 

 Starting from N-vBX 10.2.20f (62.0 mg, 0.100 mmol) and commercially available 

tributyl(vinyl)stannane (61.0 µL, 0.200 mmol, 2.0 equiv.), (Z)-N-(Cyclopentylbuta-

1,3-dien-1-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide 10.2.33 (32.0 

mg, 80.0 µmol, 80% ) was obtained as a yellow oil.369 3:1 rotamers ratio. Rf: 0.53 (Pentane:EtOAc 

9:1). 1H NMR (400 MHz, Methylene Chloride-d2) 3:1 rotamers ratio δ 7.67 – 7.60 (m, 2H, ArH 

minor), 7.58 – 7.51 (m, 2H, ArH major), 7.45 – 7.36 (m, 2H, ArH minor), 7.24 (m, 4H, 2H ArH major 

+ 2H ArH minor), 7.19 – 7.11 (m, 2H, ArH major), 6.84 – 6.76 (m, 4H, 2H ArH major + 2H ArH 

minor), 6.68 – 6.56 (m, 2H, 2H vinylH major + 2H vinylH minor), 6.18 (dd, J = 10.6, 1.0 Hz, 2H, 

1H vinylH major + 1H vinylH minor), 5.32 – 5.25 (m, 2H, 1H vinylH major + 1H vinylH minor), 

5.10 (dd, J = 10.2, 2.0 Hz, 2H, 1H vinylH major + 1H vinylH minor), 3.78 (d, J = 2.2 Hz, 6H, 3H 

CH3 major + 3H CH3 minor), 2.65 (h, J = 7.2 Hz, 1H, CH minor), 2.46 (td, J = 9.6, 3.7 Hz, 1H, CH 

major), 2.41 (s, 3H, CH3 major), 2.39 (s, 3H, CH3 minor), 1.93 (m, 2H, CH2 minor), 1.79 (m, 4H, 1H 

CH2 major + 3H CH2 minor), 1.73 – 1.62 (m, 5H, 2H CH2 major + 3H CH2 minor), 1.59 – 1.36 (m, 

                                                 
368 The compound was isolated in 92% purity, traces of PMPNHTs amide resulting of decomposition can be found in 

the 1H NMR spectrum 
369 The compound is highly unstable in acidic solvents. 
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5H, CH2 major). 13C NMR major (101 MHz, Chloroform-d) δ 158.8, 144.8, 143.4, 137.8, 133.2, 

130.4, 129.6, 129.3, 128.0, 126.4, 118.8, 114.3, 55.5, 46.1, 32.9, 31.2, 25.3, 24.9, 21.7. 13C NMR 

minor (101 MHz, Chloroform-d) δ 159.2, 144.7, 143.6, 137.3, 132.7, 130.8, 129.7, 129.1, 128.4, 

126.2, 119.5, 114.1, 47.8, 43.00, 33.4, 32.5, 26.6, 24.9, 18.3. IR ν 2953 (m), 2873 (w), 2844 (w), 

1603 (m), 1505 (s), 1458 (m), 1347 (m), 1298 (m), 1249 (m), 1163 (s), 1094 (m), 1035 (m), 912 (m), 

814 (m), 732 (m), 710 (m), 671 (s). HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C23H28NO3S
+ 

398.1784; Found 398.1780. 

 

(Z)-N-(4-Methoxyphenyl)-4-nitro-N-(1-phenylprop-1-en-2-yl)benzenesulfonamide (10.2.34)  

Starting from N-vBX 10.2.22b (59.4  mg, 0.100 mmol), and commercially available 

tributyl(phenyl)stannane (65.5 µL, 0.200 mmol, 2.00 equiv.), (Z)-N-(4-

methoxyphenyl)-4-nitro-N-(1-phenylprop-1-en-2-yl)benzenesulfonamide 10.2.34 

(37.3 mg, 0.088 mmol, 88% yield) was obtained, as yellow sticky solid. Rf: 0.88 (DCM:MeOH 9:1). 

1H NMR (400 MHz, Chloroform-d) δ 8.21 – 8.12 (m, 2H, ArH), 7.73 – 7.64 (m, 2H, ArH), 7.42 – 

7.34 (m, 2H, ArH), 7.26 (d, J = 3.4 Hz, 3H, ArH), 6.99 – 6.89 (m, 2H, ArH), 6.73 – 6.61 (m, 2H, 

ArH), 6.40 (s, 1H, CHCN), 3.75 (s, 3H, OCH3), 2.17 (d, J = 1.3 Hz, 3H, CH3). 13C NMR (101 MHz, 

Chloroform-d) δ 159.1, 150.0, 145.7, 136.0, 135.0, 132.0, 130.4, 129.1, 128.9, 128.4 (3 Carbon 

signals under this peak), 127.9, 123.9, 114.3, 55.5, 23.3 IR ν 3652 (w), 3603 (w), 3556 (w), 3372 

(w), 3278 (w), 3098 (w), 2987 (w), 2899 (w), 2611 (w), 2264 (s), 2118 (w), 1828 (w), 1777 (w), 1642 

(m), 1546 (m), 1472 (m), 1407 (m), 1380 (m), 1317 (m), 1278 (m), 1198 (m), 1100 (s), 990 (m), 955 

(m), 912 (m), 879 (m), 849 (m), 834 (s), 797 (m), 775 (m), 748 (m), 738 (m), 714 (m), 693 (m), 656 

(m), 644 (w), 626 (w). HRMS (ESI) calcd for C22H20N2NaO5S
+ [M+Na]+ 447.0985; found 447.0991. 

 

(Z)-N-(1-cyclopropylhex-1-en-1-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide 

(10.2.35) 

 Starting from N-vBX 10.2.20e (58.9 mg, 0.100 mmol) and commercially available 

tributyl(perfluoroethyl)stannane (65.3 µL, 0.200 mmol, 2.0 equiv.), (Z)-N-(1-

cyclopropylhex-1-en-1-yl)-N-(4-methoxyphenyl)-4-methylbenzene sulfonamide 

10.2.35 (20.7 mg, 52.0 µmol, 52% ) was obtained as a white oil. Rf: 0.14 

(Pentane:EtOAc 20:1). 1H NMR (400 MHz, Methanol-d4) δ 7.61 (d, J = 8.4 Hz, 2H, ArH), 7.33 (d, 

J = 8.2 Hz, 2H, ArH), 7.20 (d, J = 9.0 Hz, 2H, ArH), 6.86 (d, J = 9.0 Hz, 2H, ArH), 5.37 (td, J = 7.3, 

1.1 Hz, 1H, vinylH), 3.80 (s, 3H, OMe), 2.43 (s, 3H, CH3), 2.27 – 2.12 (m, 2H, CH2), 1.47 – 1.38 (m, 
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1H, CH), 1.29 (dt, J = 7.4, 3.1 Hz, 4H, CH2), 0.94 – 0.85 (m, 3H, CH3), 0.68 – 0.60 (m, 2H, CH2), 

0.50 – 0.39 (m, 2H, CH2).
370 . 13C NMR (101 MHz, Chloroform-d) δ 158.6, 142.9, 140.1, 138.3, 

133.1, 129.9, 129.2, 128.8, 127.8, 113.9, 55.4, 31.2, 27.9, 22.6, 21.5, 15.8, 13.9, 7.1. IR ν 2944 (s), 

2888 (m), 1624 (w), 1484 (w), 1315 (m), 1275 (m), 1201 (w), 1145 (w), 1127 (w), 1113 (m), 1050 

(m), 1008 (w). HRMS (ESI) calcd for C23H30NO3S
+ [M+H]+ 400.1868; found 399.1943. 

 

(8R,9S,13S,14S,17S)-3-((Z)-hepta-1,3-dien-4-yloxy)-13-methyl-7,8,9,11,12,13,14,15,16,17-

decahydro-6H-cyclopenta[a]phenanthren-17-ol (10.2.36) 

 Starting from O-vBX 10.2.30 (58.7 mg, 0.100 mmol) and commercially available 

tributyl(vinyl)stannane (60.5 µL, 0.200 mmol, 2.0 equiv.), (8R,9S,13S,14S,17S)-

3-((Z)-hepta-1,3-dien-4-yloxy)-13-methyl-7,8,9,11,12,13,14,15,16,17-

decahydro-6H-cyclopenta[a]phenanthren-17-ol 10.2.36 (28.9 mg, 79.0 µmol, 

79%) was obtained as a white transparent oil. Rf: 0.20 (Pentane:EtOAc 10:1). 1H 

NMR (400 MHz, Chloroform-d) δ 7.20 (d, J = 8.5 Hz, 1H, ArH), 6.72 (dd, J = 

8.5, 2.7 Hz, 1H, ArH), 6.65 (d, J = 2.7 Hz, 1H, ArH), 6.58 (dt, J = 17.2, 10.5 Hz, 

1H, vinylH), 5.71 (d, J = 10.7 Hz, 1H, vinylH), 5.14 (dd, J = 17.3, 2.1 Hz, 1H, vinylH), 4.93 (dd, J = 

10.4, 2.1 Hz, 1H, vinylH), 3.73 (t, J = 8.5 Hz, 1H, vinylH), 2.88 – 2.78 (m, 2H, CH2), 2.31 (dq, J = 

13.2, 3.8 Hz, 1H, CH), 2.24 – 2.08 (m, 4H, CH2), 1.95 (dt, J = 12.6, 3.4 Hz, 1H, CH), 1.91 – 1.85 (m, 

1H, CH), 1.71 (dddd, J = 12.3, 9.8, 6.9, 3.0 Hz, 1H, CH), 1.56 – 1.44 (m, 6H, CH2 + OH + H2O), 

1.41 – 1.24 (m, 4H, CH2), 1.23 – 1.15 (m, 1H, CH), 0.91 (t, J = 7.4 Hz, 3H, CH3), 0.79 (s, 3H, CH3). 

13C NMR (101 MHz, Chloroform-d) δ  154.4, 153.0, 138.2, 133.9, 130.8, 126.4, 116.5, 116.4, 114.9, 

113.8, 81.9, 50.1, 44.0, 43.2, 38.7, 36.7, 34.2, 30.6, 29.7, 27.2, 26.2, 23., 20., 13.6, 11.0. IR ν 3670 

(w), 3416 (w), 2960 (s), 2916 (s), 1661 (m), 1610 (w), 1492 (s), 1416 (m), 1381 (w), 1313 (w), 1232 

(s), 1132 (w), 1058 (s), 1006 (m), 902 (s), 734 (s). HRMS (ESI) calcd for C25H35O2
+ [M+H]+ 

367.2632; found 367.2626. 

  

                                                 
370 The compound was isolated in 92% purity, traces of PMPNHTs amide resulting of decomposition can be found in 

the 1H NMR spectrum 
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Synthesis of (Z)-N-(1-methyl-4-(trimethylsilyl)but-1-en-3-yn-1-yl)-N-(4-methoxyphenyl) -4-

methylbenzenesulfonamide (20.2.37) 

 

Following a reported procedure, N-vBX 10.2.20a (62.0 mg, 0.100 mmol, 1 equiv.), Pd(PPh3)2Cl2 

(3.51 mg, 5.00 µmol, 5 mol%), CuI (3.81 mg, 20.0 µmol, 20 mol%), TEA (14.0 µL, 0.100 mmol, 

1.00 equiv.) and ethynyltrimethylsilane (43.0 µL, 0.300 mmol, 3.00 equiv.) were added to a flame-

dried vial. Upon sealing and oxygen removing under vacuum, the vial was backfilled with nitrogen 

(process repeated for three cycles). Dry DMF (1.00 mL, 0.1 M) was added under nitrogen atmosphere 

and the reaction was left stirring at room temperature for 10 hours. Then the reaction was stopped, 

EtOAc (10 mL) was added and the organic layer was washed with NaCl (3x30 mL). The solvent was 

removed under reduced pressure and the crude product purified via column chromatography (gradient 

Pentane:EtOAc 20:1-10:1). (Z)-N-(1-cyclopentyl-4-(trimethylsilyl)but-1-en-3-yn-1-yl)-N-(4-

methoxyphenyl) -4-methylbenzenesulfonamide 20.2.37 (18.0 mg, 44.0 µmol, 44%) was obtained as 

a yellow oil. 6:1 Z:E ratio. Rf: 0.25 (Pentane:EtOAc 20:1). 1H NMR major Z: (400 MHz, Methanol-

d4) δ 7.64 (d, J = 8.4 Hz, 2H, ArH), 7.33 (d, J = 8.1 Hz, 2H, ArH), 7.31 – 7.25 (m, 2H, ArH), 6.83 (d, 

J = 9.0 Hz, 2H, ArH), 5.61 (d, J = 1.4 Hz, 1H, vinylH), 3.79 (s, 3H, OMe), 2.43 (s, 3H, CH3), 2.16 

(d, J = 1.3 Hz, 3H, CH3), 0.16 (s, 9H, Si(CH3)3). Minor E: (400 MHz, Methanol-d4) δ 7.63 (m, 2H, 

ArH), 7.41 (d, J = 8.2 Hz, 2H, ArH), 7.14 – 7.10 (m, 2H, ArH), 6.96 – 6.92 (m, 2H, ArH), 5.53 (d, J 

= 1.0 Hz, 1H, CH), 3.83 (s, 3H, OMe), 2.46 (s, 3H, CH3), 1.93 (d, J = 0.9 Hz, 3H, CH3), 0.17 (s, 9H, 

Si(CH3)3). 13C NMR major: (101 MHz, Chloroform-d) δ 159.1, 148.4, 143.3, 137.7, 132.4, 130.8, 

129.3, 128.1, 127.7, 113.9, 110.5, 100.9, 55.4, 22.9, 21.6, -0.3. IR ν 3367 (w), 2978 (w), 2934 (w), 

1713 (m), 1507 (m), 1448 (w), 1367 (m), 1248 (m), 1166 (s), 1094 (w), 1033 (w), 976 (w), 847 (m), 

794 (w), 674 (w). HRMS (ESI) calcd for C22H27NO3SSi 414.1481; 414.1560. 
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C-Heteroatom bond formation.   

(Z)-N-(1-Cyclohexyl-2-(phenylthio)vinyl)-N-(4-methoxyphenyl)-4-methylbenzene- 

sulfonamide (10.2.38) 

 

Commercially available thiophenol (10.0 µL, 0.100 mmol) and potassium 2-methylpropan-2-olate 

(13.0 mg, 0.120 mmol, 1.20 equiv.) were added to an oven-dried 5 mL microwave vial. The vial was 

capped with a rubber septum. Anhydrous DME (1.00 mL, 0.1 M) was introduced to the vial by syringe 

at 0 °C and the solution was stirred at room temperature for 10 min. N-vBX 10.2.20g (63.0 mg, 0.100 

mmol) was then added to the reaction mixture at room temperature under open air. The reaction 

mixture was stirred at room temperature for 16 h. The solvent was removed under reduced pressure 

and the crude material was purified by preparative TLC (Pentane:EtOAc 4:1) to afford (Z)-N-(1-

cyclohexyl-2-(phenylthio)vinyl)-N-(4-methoxyphenyl)-4-methylbenzene-sulfonamide 10.2.38 in an 

un-separable Z:E mixture, as yellow sticky solid (26.0 mg, 52.0 µmol, 52%). 7:1 Z:E ratio. Rf: 0.43 

(Pentane:EtOAc 4:1).  1H NMR (400 MHz, Chloroform-d) 7:1 Z:E ratio δ 7.68 – 7.63 (m, 2H, ArH 

major), 7.42 (dd, J = 8.7, 3.0 Hz, 2H, ArH minor), 7.39 – 7.27 (m, 14H, 7H ArH major + 7H ArH 

minor), 7.18 – 7.13 (m, 2H, ArH major), 7.12 – 7.08 (m, 2H, ArH minor), 6.98 – 6.93 (m, 1H, ArH 

minor), 6.84 (d, J = 2.3 Hz, 1H, ArH minor), 6.84 – 6.76 (m, 2H, ArH major), 6.24 (d, J = 0.7 Hz, 

1H, vinylH major), 6.00 (s, 1H, vinylH minor), 3.83 (s, 3H, OCH3 minor), 3.80 (s, 3H, OCH3 major), 

2.36 (s, 6H, 3H CH3 major + 3H CH3 minor), 2.14 – 1.96 (m, 6H, CH2 + CH major), 1.76 (dd, J = 

7.1, 3.4 Hz, 2H, CH2 major), 1.71 – 1.61 (m, 11H, CH2 + CH minor), 1.29 – 1.10 (m, 6H, CH2 major). 

13C NMR major (101 MHz, Chloroform-d) δ 159.1, 146.0, 143.4, 137.2, 136.3, 132.3, 130.4, 129.7, 

129.2, 129.0, 128.5, 126.9, 124.2, 114.4, 55.5, 43.9, 32.9, 26.7, 26.2, 21.7. IR ν 3691 (w), 3674 (w), 

2987 (s), 2975 (s), 2934 (s), 2899 (s), 1605 (w), 1583 (w), 1507 (s), 1478 (w), 1446 (m), 1442 (m), 

1403 (m), 1397 (m), 1382 (m), 1343 (m), 1300 (m), 1253 (s), 1231 (m), 1163 (s), 1088 (s), 1078 (s), 

1067 (s), 1037 (s), 963 (w), 910 (w), 894 (w), 867 (w), 832 (m), 816 (m), 802 (w), 744 (m), 708 (m), 

683 (m), 667 (m), 650 (m). HRMS (ESI) calcd for C28H31NNaO3S2
+ [M+Na]+ 516.1638; found 

516.1648.  
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(Z)-N-(1-Cyclopentyl-2-iodovinyl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide 

(10.2.39) 

 

N-vBX 10.2.20f (61.7, 0.100 mmol, 1.00 equiv) and [Ir{dF(CF3)ppy}2(dtbpy)]PF6 (11.2 mg, 10.0 

µmol, 10 mol%) were added to an oven-dried 5 mL microwave vial. The vial was capped with a 

rubber septum. Anhydrous DCE (1.00 ml, 0.1 M) was introduced to the vial by syringe at 0 °C and 

the solution degassed then stirred at room temperature for 12 h. The solvent was removed under 

reduced pressure and the crude material was purified by preparative TLC (Pentane/Ethyl acetate = 

80:20) to afford (Z)-N-(1-cyclopentyl-2-iodovinyl)-N-(4-methoxyphenyl)-4-

methylbenzenesulfonamide 10.2.39 as  pale yellow oil (25.6 mg, 51.0 µmol, 51%). Rf: 0.60 

(Pentane:EtOAc 10:1) 1H NMR (400 MHz, Chloroform-d) δ 7.65 (d, J = 8.1 Hz, 2H, ArH), 7.48 – 

7.39 (m, 2H, ArH), 7.18 (d, J = 8.1 Hz, 2H, ArH), 6.80 (d, J = 9.0 Hz, 2H, ArH), 6.54 (d, J = 1.0 Hz, 

1H, vinylH), 3.79 (s, 3H, OMe), 2.66 (dt, J = 10.5, 7.3 Hz, 1H, CH), 2.38 (s, 3H, CH3), 1.95 (s, 2H, 

CH2), 1.80 – 1.65 (m, 2H, CH2), 1.63 – 1.46 (m, 4H, CH2).
371 13C NMR (101 MHz, Chloroform-d) δ 

159.1, 154.9, 143.4, 137.1, 131.7, 130.2, 128.9, 128.4, 114.1, 80.3, 55.4, 47.6, 33.2, 24.7, 21.5. IR ν 

2982 (w), 2887 (w), 1737 (m), 1717 (m), 1527 (m), 1393 (w), 1369 (w), 1268 (w), 1178 (m), 1079 

(m), 861 (m), 758 (s), 634 (s). HRMS (ESI/QTOF) calcd for C21H25INO3S
+ [M+H]+ 498.0594; Found 

498.0601. 

 

  

                                                 
371 ca 4% of PMPNHTs amide as by product.  
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12.5.4 Control experiment  

Control experiment for the synthesis of (Z)-N-(Cyclopentylbuta-1,3-dien-1-yl)-N-(4-

methoxyphenyl)-4-methylbenzenesulfonamide (10.2.33) 

 

Following a reported procedure, (Z)-N-(1-cyclopentyl-2-iodovinyl)-N-(4-methoxyphenyl)-4-

methylbenzenesulfonamide 10.2.39 (49.7 mg, 0.100 mmol, 1.00 equiv.), Pd(PhCN)2Cl2 (1.90 mg, 

5.00 µmol, 5 mol%) and commercially available tributyl(vinyl)stannane (60.5 µL, 0.200 mmol, 2.00 

equiv.) were added to a flame-dried vial. Upon sealing and oxygen removing under vacuum, the vial 

was backfilled with nitrogen (process repeated for three cycles). Dry DMF (1.00 mL, 0.1 M) was 

added under nitrogen atmosphere and the reaction was left stirring at room temperature for 10 hours. 

Because no conversion was observed, the temperature was increased to 50 °C and stirred for 12 hours. 

To push the reaction the temperature was again increased to 75 °C for 12 hours and finally to 80 °C 

for 12 more hours. According to NMR, only 7 % of (Z)-N-(Cyclopentylbuta-1,3-dien-1-yl)-N-(4-

methoxyphenyl)-4-methylbenzenesulfonamide 10.2.33 was formed (internal yield calculated using 

50.0 µmol 1,3,5-trimethoxybenzene as an internal standard). 

 

 

 

 

 

  



Experimental Part and Annexes 

 

360 

 

  



Experimental Part and Annexes 

 

361 

 

13. Annexes 
 

13.1 Spectra of new compounds 
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Part I 
Allyl 2-cyano-5-methoxy-1-oxo-2,3-dihydro-1H-indene-2-carboxylate (2.4.4a) 

 

  

1H-NMR (400 MHz, CDCl3) 
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2-Methylallyl 2-cyano-5-methoxy-1-oxo-2,3-dihydro-1H-indene-2-carboxylate (2.4.4b) 

 

  

13C-NMR (101 MHz, CDCl3) 

1H-NMR (400 MHz, CDCl3) 
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2-Methylallyl 2-cyano-5-methyl-1-oxo-2,3-dihydro-1H-indene-2-carboxylate (2.4.4c) 

 

  

13C-NMR (101 MHz, CDCl3) 

1H-NMR (400 MHz, CDCl3) 
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2-Methylallyl 2-cyano-1-oxo-2,3-dihydro-1H-indene-2-carboxylate (2.4.4d) 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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2-Methylallyl 5-bromo-2-cyano-1-oxo-2,3-dihydro-1H-indene-2-carboxylate (2.4.4e) 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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2-Methylallyl 2-cyano-6-fluoro-1-oxo-2,3-dihydro-1H-indene-2-carboxylate (2.4.4f) 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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2-(((Tert-butyldiphenylsilyl)oxy)methyl)allyl 2-cyano-5-methoxy-1-oxo-2,3-dihydro-1H-

indene-2-carboxylate (2.4.4g) 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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2-Phenylallyl 2-cyano-5-methoxy-1-oxo-2,3-dihydro-1H-indene-2-carboxylate (2.4.4h)  

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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2-Chloroallyl 2-cyano-5-methoxy-1-oxo-2,3-dihydro-1H-indene-2-carboxylate (2.4.4i)  

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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(S)-2-Allyl-5-methoxy-1-oxo-2,3-dihydro-1H-indene-2-carbonitrile (2.4.5a)  

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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(S)-5-Methoxy-2-(2-methylallyl)-1-oxo-2,3-dihydro-1H-indene-2-carbonitrile (2.4.5b)  

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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(S)-5-Methyl-2-(2-methylallyl)-1-oxo-2,3-dihydro-1H-indene-2-carbonitrile (2.4.5c)  

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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(S)-2-(2-Methylallyl)-1-oxo-2,3-dihydro-1H-indene-2-carbonitrile (2.4.5d)  

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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(S)-5-Bromo-2-(2-methylallyl)-1-oxo-2,3-dihydro-1H-indene-2-carbonitrile (2.4.5e)  

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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(S)-6-Fluoro-2-(2-methylallyl)-1-oxo-2,3-dihydro-1H-indene-2-carbonitrile (2.4.5f)  

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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(R)-2-(2-(((tert-butyldiphenylsilyl)oxy)methyl)allyl)-5-methoxy-1-oxo-2,3-dihydro-1H-indene-

2-carbonitrile (2.4.5g)  

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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(S)-5-Methoxy-1-oxo-2-(2-phenylallyl)-2,3-dihydro-1H-indene-2-carbonitrile (2.4.5h)  

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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(R)-2-(2-Chloroallyl)-5-methoxy-1-oxo-2,3-dihydro-1H-indene-2-carbonitrile (2.4.5i)  

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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(S)-2-(Aminomethyl)-2-isobutyl-5-methoxy-2,3-dihydro-1H-inden-1-one (2.4.6) 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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(R)-6-Fluoro-2-(2-methylallyl)-1-oxo-2,3-dihydro-1H-indene-2-carboxamide (2.4.7)  

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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Part II 
1-(3-1-Methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.10a)  

  

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

392 

 

1-(3-1H-Indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.10b)  

 

  

1H-NMR (400 MHz, DMSO-d6) 

13C-NMR (101 MHz, DMSO-d6) 



Experimental Part and Annexes 

 

393 

 

1-(3-1-(But-3-en-1-yl)-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.10i)  

 

 

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

394 

 

1-(3-1-(2-((Triisopropylsilyl)oxy)ethyl)-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.10k) 

 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

395 

 

1-(3-1-(3-Phenylpropyl)-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.10j)  

 

 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

396 

 

1-(3-1,2-Dimethyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.10c)  

 

 

 

  

13C-NMR (101 MHz, CDCl3) 

1H-NMR (400 MHz, CDCl3) 



Experimental Part and Annexes 

 

397 

 

1-(3-5-Methoxy-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.10d)  

 

 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

398 

 

1-(3-5-fluoro-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.10e)  

 

 

 

  

1H-NMR (400 MHz, CD3OD) 

13C-NMR (101 MHz, CD3OD) 



Experimental Part and Annexes 

 

399 

 

1-(3-5-Chloro-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.10f)  

 

 

  

1H-NMR (400 MHz, CD3OD) 

13C-NMR (101 MHz, CD3OD) 



Experimental Part and Annexes 

 

400 

 

1-(3-5-Iodo-1-methyl-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.10g) 

 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

401 

 

1-(3-1-Methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole)-1H-1λ3 -benzo[b]iodo-3(2H)-

one (6.1.10h) 

 

 

 

  

13C-NMR (101 MHz, CD2Cl2) 

1H-NMR (400 MHz, CD2Cl2) 



Experimental Part and Annexes 

 

402 

 

1-(3-1-Methyl-1H-pyrrolo[2,3-b]pyridine)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.10n)  

 

  

1H-NMR (400 MHz, CD2Cl2) 

13C-NMR (101 MHz, CD2Cl2) 



Experimental Part and Annexes 

 

403 

 

1-(3-1H-Pyrrole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.13a)  

 

  

13C-NMR (101 MHz, CD3OD) 

1H-NMR (400 MHz, CD3OD) 



Experimental Part and Annexes 

 

404 

 

1-(3-1-Methyl-1H-pyrrole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.13c) 

 

  

1H-NMR (400 MHz, CD3OD) 

13C-NMR (101 MHz, CD3OD) 



Experimental Part and Annexes 

 

405 

 

1-(2-1-Methyl-1H-pyrrole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.13b)  

  

1H-NMR (400 MHz, CD3OD) 

13C-NMR (101 MHz, CD3OD) 



Experimental Part and Annexes 

 

406 

 

1-(3-1-Benzyl-1H-pyrrole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.13e)  

 

  

1H-NMR (400 MHz, CD3OD + C6D6) 

13C-NMR (101 MHz, CD3OD + C6D6) 



Experimental Part and Annexes 

 

407 

 

1-(2-1-Benzyl-1H-pyrrole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.13d)  

 

 

  

1H-NMR (400 MHz, CD3OD + C6D6) 

13C-NMR (101 MHz, CD3OD + C6D6) 



Experimental Part and Annexes 

 

408 

 

1-(3-9-Methyl-9H-carbazole)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.10o)  

 

 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

409 

 

1-(2-1-Methyl-1H-pyrrole)-3,3-bis(trifluoromethyl)-1,3-dihydro-1λ3-benzo[d][1,2]iodaoxole (6.1.6a) 

  

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

410 

 

1-(3-1-methyl-1H-pyrrole)-3,3-bis(trifluoromethyl)-1,3-dihydro-1λ3-benzo[d][1,2]iodaoxole (6.1.6b) 

 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

411 

 

1-(3-1-Methyl-1H-indole)-3,3-bis(trifluoromethyl)-1,3-dihydro-1λ3-benzo[d][1,2]iodaoxole (6.1.9)  

  

   

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

412 

 

 

 

COSY 2D ( CDCl3) 

HSQC 2D (CDCl3) 



Experimental Part and Annexes 

 

413 

 

 

  

HMBC 2D (400 MHz, CDCl3) 

19F-NMR (376 MHz, CDCl3) 



Experimental Part and Annexes 

 

414 

 

1-(3-1-Methyl-1H-indole)-3,3-dimethyl-1,3-dihydro-1λ3-benzo[d][1,2]iodoxole (6.1.11) 

  

 

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

415 

 

1-(2-1-Methyl-1H-pyrrole)-3,3-dimethyl-1,3-dihydro-1λ3-benzo[d][1,2]iodoxole (6.1.14a) and 1-(3-1-

methyl-1H-pyrrole)-3,3-dimethyl-1,3-dihydro-1λ3-benzo[d][1,2]iodoxole (6.1.14b)

 

 

  

1H-NMR (400 MHz, CD2Cl2) 

13C-NMR (101 MHz, CD2Cl2) 



Experimental Part and Annexes 

 

416 

 

5,6-Dimethoxy-1-(3-1-Methyl-1H-indole)- 1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.10i) 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

417 

 

5,6-Dimethoxy-1-(2-1-methyl-1H-pyrrole)- 1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.13f) 

 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

418 

 

5,6-Dimethoxy-1-(3-1-methyl-1H-pyrrole)- 1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.13g) 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

419 

 

4-Fluoro-1-(2-1-methyl-1H-pyrrole)- 1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.13h) 

 

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

420 

 

4-Fluoro-1-(3-1-methyl-1H-pyrrole)- 1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.13i) 

  

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

421 

 

5-Nitro-1-(2-1-Methyl-1H-pyrrole)-1H-1λ3-benzo[d][1,2]iodoxol-3-one (6.1.13j) 

 

 

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

422 

 

5-Nitro-1-(3-1-methyl-1H-pyrrole)-1H-1λ3-benzo[d][1,2]iodoxol-3-one (6.1.13k) 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

423 

 

1-(2‐D‐1‐methylindole)-1H-1λ3-benzo[b]iodo-3(2H)-one (6.1.10aD) 

  

 

  

1H-NMR (400 MHz, CDCl3:AcOH 9:1) 

13C-NMR (101 MHz, CDCl3:AcOH 9:1) 



Experimental Part and Annexes 

 

424 

 

1-(2-1H-Thiophene)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.15)  

 

 

 

  

13C-NMR (101 MHz, CDCl3) 

1H-NMR (400 MHz, CD3OD) 



Experimental Part and Annexes 

 

425 

 

1-(3-1H-2,5-dimethylfuran)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.1.16)  

 

 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

426 

 

β-Phenyliodonioindole Tetrafluoroborate (6.1.10salt). 

 

 

  

1H-NMR (400 MHz, DMSO-d6) 

13C-NMR (101 MHz, DMSO-d6) 



Experimental Part and Annexes 

 

427 

 

1-Methyl-3-(2-(pyridin-2-yl)phenyl)-1H-indole (6.2.2a)  

 

  

13C-NMR (101 MHz, CDCl3) 

1H-NMR (400 MHz, CDCl3) 



Experimental Part and Annexes 

 

428 

 

3-(2-(Pyridin-2-yl)phenyl)-1H-indole (6.2.2b)  

  

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

429 

 

1-(3-Phenylpropyl)-3-(2-(pyridin-2-yl)phenyl)-1H-indole (6.2.12)  

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

430 

 

5-Methoxy-1-methyl-3-(2-(pyridin-2-yl)phenyl)-1H-indole (6.2.2f)  

 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

431 

 

5-Fluoro-1-methyl-3-(2-(pyridin-2-yl)phenyl)-1H-indole (6.2.2g)  

 

  

13C-NMR (101 MHz, CDCl3) 

1H-NMR (400 MHz, CDCl3) 



Experimental Part and Annexes 

 

432 

 

5-Chloro-1-methyl-3-(2-(pyridin-2-yl)phenyl)-1H-indole (6.2.2h)  

 

  

13C-NMR (101 MHz, CDCl3) 

1H-NMR (400 MHz, CDCl3) 



Experimental Part and Annexes 

 

433 

 

5-Iodo-1-methyl-3-(2-(pyridin-2-yl)phenyl)-1H-indole (6.2.2i)  

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

434 

 

1-Methyl-3-(2-(pyridin-2-yl)phenyl)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole 

(6.2.2j)  

 

  

13C-NMR (101 MHz, CDCl3) 

1H-NMR (400 MHz, CDCl3) 



Experimental Part and Annexes 

 

435 

 

2-(2-(1-Methyl-1H-pyrrol-3-yl)phenyl)pyridine (6.2.2c)  

  

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

436 

 

2-(2-(1H-Pyrrol-3-yl)phenyl)pyridine (6.2.2e)  

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

437 

 

2-(2-(1-Benzyl-1H-pyrrol-3-yl)phenyl)pyridine (6.2.9)  

 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

438 

 

2-(2-(1-Methyl-1H-pyrrol-2-yl)phenyl)pyridine (6.2.2d) 

 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

439 

 

2-(2-(1-Benzyl-1H-pyrrol-2-yl)phenyl)pyridine (6.2.10)  

 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

440 

 

3-(5-Methoxy-2-(pyridin-2-yl)phenyl)-1-methyl-1H-indole (6.2.2k)  

 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

441 

 

3-(5-Chloro-2-(pyridin-2-yl)phenyl)-1-methyl-1H-indole (6.2.2l) 

 

 

  

13C-NMR (101 MHz, CDCl3) 

1H-NMR (400 MHz, CDCl3) 



Experimental Part and Annexes 

 

442 

 

3-(5-Bromo-2-(pyridin-2-yl)phenyl)-1-methyl-1H-indole (6.2.2m)  

 

 

  

13C-NMR (101 MHz, CDCl3) 

1H-NMR (400 MHz, CDCl3) 



Experimental Part and Annexes 

 

443 

 

Methyl 3-(1-methyl-1H-indol-3-yl)-4-(pyridin-2-yl)benzoate (6.2.2n)  

 

 

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

444 

 

1'-Methyl-1-(pyrimidin-2-yl)-1H,1'H-2,3'-biindole (6.2.5)  

 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

445 

 

10-(1-Methyl-1H-indol-3-yl)benzo[h]quinoline (6.2.6)  

 

 

  

13C-NMR (101 MHz, CDCl3) 

1H-NMR (400 MHz, CDCl3)  



Experimental Part and Annexes 

 

446 

 

1-Methyl-3-(2-(pyrimidin-2-yl)phenyl)-1H-indole (6.2.7)  

 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

447 

 

3-(2-(1H-Pyrazol-1-yl)phenyl)-1-methyl-1H-indole (6.2.8)  

 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

448 

 

3-(1-Methyl-1H-indol-3-yl)-4-(pyridin-2-yl)benzonitrile (6.2.11)  

 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

449 

 

8-(1-Methyl-1H-indol-3-yl)quinolin-2(1H)-one (6.2.13)  

 

  

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

450 

 

(2R,3R,4R,5R)-2-(Acetoxymethyl)-5-(6-(2-(1-methyl-1H-indol-3-yl)phenyl)-9H-purin-9-

yl)tetrahydrofuran-3,4-diyl diacetate (6.2.14) 

 

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

451 

 

Methyl 3,5-bis(1-methyl-1H-indol-3-yl)-4-(pyridin-2-yl)benzoate (6.2.15) 

 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

452 

 

8-(1-Methyl-1H-indol-3-yl)quinoline 1-oxide (6.2.16a) 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

453 

 

6-Methoxy-8-(1-methyl-1H-indol-3-yl)quinoline 1-oxide (6.2.16b) 

 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

454 

 

Methyl-8-(1-methyl-1H-indol-3-yl)quinoline 1-oxide (6.2.16c) 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

455 

 

8-(1-Methyl-1H-indol-3-yl)-6-fluoroquinoline-1-oxide(6.2.16d) 

 

 

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

456 

 

8-(1-methyl-1H-indol-3-yl)-6-phenylquinoline 1-oxide (6.2.16e) 

 

 

 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

457 

 

N-Methoxybenzo[d][1,3]dioxole-5-carboxamide (6.3.1b) 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

458 

 

N-Methoxy-2-(1-methyl-1H-indol-3-yl)benzamide (6.3.2a)  

 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

459 

 

N-Methoxy-4-methyl-2-(1-methyl-1H-indol-3-yl)benzamide (6.3.2e)  

 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

460 

 

N,4-Dimethoxy-2-(1-methyl-1H-indol-3-yl)benzamide (6.3.2d)  

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

461 

 

5-Fluoro-N-methoxy-2-(1-methyl-1H-indol-3-yl)benzamide (6.3.2g)  

 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

462 

 

4-Bromo-N-methoxy-2-(1-methyl-1H-indol-3-yl)benzamide (6.3.2f)  

 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

463 

 

N-Methoxy-5-methyl-2-(1-methyl-1H-indol-3-yl)benzamide (6.3.2h)  

   

 

  

13C-NMR (101 MHz, CD2Cl2) 

1H-NMR (400 MHz, CD2Cl2) 



Experimental Part and Annexes 

 

464 

 

N-Methoxy-2-(1-methyl-1H-indol-3-yl)-5-(trifluoromethyl)benzamide (6.3.2i)  

  

 

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

465 

 

5-Fluoro-N-methoxy-2-(1-methyl-1H-indol-3-yl)benzamide (6.3.2k) 

 

 

  

13C-NMR (101 MHz, CDCl3) 

1H-NMR (400 MHz, CDCl3) 



Experimental Part and Annexes 

 

466 

 

5-Chloro-N-methoxy-2-(1-methyl-1H-indol-3-yl)benzamide (6.3.2j)  

 

 

  

1H-NMR (400 MHz, CD2Cl2) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

467 

 

N-Methoxy-6-(1-methyl-1H-indol-3-yl)benzo[d][1,3]dioxole-5-carboxamide (6.3.2b)  

 

 

  

1H-NMR (400 MHz, CD2Cl2) 

13C-NMR (101 MHz, CD2Cl2) 



Experimental Part and Annexes 

 

468 

 

N-Methoxy-2-(1-methyl-1H-indol-3-yl)-1-naphthamide (6.3.2c)  

 

 

  

  

13C-NMR (101 MHz, CDCl3) 

1H-NMR (400 MHz, CDCl3) 



Experimental Part and Annexes 

 

469 

 

 

11b-Methoxy-7-methyl-6,6a,7,11b-tetrahydro-5H-indolo[2,3-c]isoquinolin-5-one(6.3.7b) 

 

 

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

470 

 

Potassium trifluoro(1-(tert-butoxycarbonyl)-6-methoxy-1H-indol-2-yl)borate (12.4.15) 

 

 

 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

471 

 

Potassium trifluoro(1-(tert-butoxycarbonyl)-6-bromo-1H-indol-2-yl)borate (12.4.18) 

 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 



Experimental Part and Annexes 

 

472 

 

Potassium trifluoro(1-(tert-butoxycarbonyl)-3-methyl-1H-indol-2-yl)borate (12.4.19) 

 

 

  



Experimental Part and Annexes 

 

473 

 

Potassium trifluoro(1-(tosyl)-1H-indol-2-yl)borate (12.4.20) 

 

 

  



Experimental Part and Annexes 

 

474 

 

Potassium trifluoro(2-(2-(1H-indol-3-yl)ethyl)isoindoline-1,3-dione)borate (6.5.7) 

 

 

  



Experimental Part and Annexes 

 

475 

 

1-(Tert-butyl 1H-indole-1-carboxylate)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.5.8a) 

 

 

  



Experimental Part and Annexes 

 

476 

 

1-(2-1-(Tosyl)-1H-indol-2-yl)-1H-1λ3 -benzo[b]iodo-3(2H)-one (6.5.8b)  

 

 

  



Experimental Part and Annexes 

 

477 

 

1-(2-Tert-butyl 1H-indole-1-carboxylate)-3,3-dimethyl-1,3-dihydro-1λ3-benzo[d][1,2]iodoxol  

(6.5.8c)  

 

  



Experimental Part and Annexes 

 

478 

 

1-(2-1-Tosyl-1H-indole)-3,3-dimethyl-1,3-dihydro-1λ3-benzo[d][1,2] iodoxole (6.5.8d)  

 

 

  



Experimental Part and Annexes 

 

479 

 

1-(2-5-Methoxy-1-tert-butyl-1H-indole-1-carboxylate)-3,3-dimethyl-1,3-dihydro-1λ3-benzo 

[d][1,2]iodoxole (6.5.8e) 

 

  



Experimental Part and Annexes 

 

480 

 

1-(2-6-Methoxy-1-tert-butyl-1H-indole-1-carboxylate)-3,3-dimethyl-1,3-dihydro-1λ3-benzo 

[d][1,2]iodoxole (6.5.8f)  

 

 

  



Experimental Part and Annexes 

 

481 

 

1-(2-5-Bromo-1-tert-butyl-1H-indole-1-carboxylate)-3,3-dimethyl-1,3-dihydro-1λ3-benzo 

[d][1,2]iodoxole (6.5.8g)  

 

  



Experimental Part and Annexes 

 

482 

 

1-(2-3-Methyl-1-tert-butyl-1H-indole-1-carboxylate)-3,3-dimethyl-1,3-dihydro-1λ3-benzo 

[d][1,2]iodoxole (6.5.8h):  
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1-(2-(1H-Indol-3-yl)ethyl)isoindoline-1,3-dione)-3,3-dimethyl-1,3-dihydro-1λ3-benzo[d][1,2] 

iodoxole (6.5.8i):  
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1-Methyl-2-(2,4,6-trimethoxyphenyl)-1H-indole (6.6.2a) 
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1-Methyl-2,3-bis(2,4,6-trimethoxyphenyl)-1H-indole (6.6.3). 
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5-Iodo-1-methyl-2-(2,4,6-trimethoxyphenyl)-1H-indole (6.6.2b) and and 5-iodo-1-methyl-2,3-

bis(2,4,6-trimethoxyphenyl)-1H-indole (6.6.2b’) 
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1-Methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-(2,4,6-trimethoxyphenyl)-1H-

indole (6.6.2c)
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1,2-Dimethyl-3-(2,4,6-trimethoxyphenyl)-1H-indole (6.6.2d) 
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1,1'-Dimethyl-1H,1'H-2,3'-biindole (6.6.7b) 
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5'-Methoxy-1,1'-dimethyl-1H,1'H-2,3'-biindole (6.6.7c) and 5'-methoxy-1,1'-dimethyl-1H,1'H-

2,7'-biindole (6.6.7c’) 
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5'-Chloro-1,1'-dimethyl-1H,1'H-2,3'-biindole (6.6.7d) 
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5'-Iodo-1,1'-dimethyl-1H,1'H-2,3'-biindole (6.6.7e) 
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1,1'-Dimethyl-5'-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H,1'H-2,3'-biindole (6.6.7f) 
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1,1'-Dimethyl-1H,1'H-[2,3'-biindol]-6'-ol (6.6.7g) 
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1-Methyl-1H,1'H-2,3'-biindole (6.6.7h) 
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5'-Fluoro-1-methyl-1H,1'H-2,3'-biindole (6.6.7i) 
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5'-Bromo-1-methyl-1H,1'H-2,3'-biindole (6.6.7j) 
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1,1',3-Trimethyl-1H,1'H-2,3'-biindole (6.6.8a) 
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2-(1'-Methyl-1H,1'H-[2,3'-biindol]-3-yl)ethanol (6.6.8b) 
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5-Iodo-1,1'-dimethyl-1H,1'H-2,3'-biindole (6.6.7k) 
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5'-Methoxy-1,1'-dimethyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H,1'H-2,3'-biindole 

(6.6.7l). 
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5'-Nitro-1,1'-dimethyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H,1'H-2,3'-biindole 

(6.6.7m) 
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1-Methyl-2-(1-methyl-1H-pyrrol-2-yl)-1H-indole (6.6.9a) 
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1-Methyl-2-(1-phenyl-1H-pyrrol-2-yl)-1H-indole (6.6.9b) 
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1-methyl-2-(1-phenyl-1H-pyrrol-3-yl)-1H-indole (6.6.9b’) 
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2-(3-Methoxythiophen-2-yl)-1-methyl-1H-indole (6.6.10a) 
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2-(2,5-Dimethylthiophen-3-yl)-1-methyl-1H-indole (6.6.10b) 
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2-(2,4,6-Trimethoxyphenyl)-1H-indole (6.6.4a)  
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5-Methoxy-2-(2,4,6-trimethoxyphenyl)-1H-indole (6.6.4b) 

 

 

  



Experimental Part and Annexes 

 

515 

 

6-Methoxy-2-(2,4,6-trimethoxyphenyl)-1H-indole (6.6.4c) 
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6-Bromo-2-(2,4,6-trimethoxyphenyl)-1H-indole (6.6.4d) 
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3-Methyl-2-(2,4,6-trimethoxyphenyl)-1H-indole (6.6.4e)  
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2-(2-(2-(2,4,6-Trimethoxyphenyl)-1H-indol-3-yl)ethyl)isoindoline-1,3-dione (6.6.6) 
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2-(2,4,6-Trimethoxy-3-methylphenyl)-1H-indole (6.6.5a)  
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3-Methyl-2-(2,4,6-trimethoxy-3-methylphenyl)-1H-indole (6.6.5b)  
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6'-Bromo-1H,1'H-2,3'-biindole (6.6.11a)  
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6'-Fluoro-1H,1'H-2,3'-biindole (6.6.11b) 
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6-Bromo-5',6'-dimethoxy-1H,1'H-2,3'-biindole (6.6.11c) 
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2-(3-Methoxythiophen-2-yl)-1H-indole (6.6.10a)  
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2-Bromo-12-methyl-5,12-dihydroindolo[3,2-a]carbazole (6.6.29)
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2-Chloro-5,12-dimethyl-6,7-diphenyl-5,12-dihydroindolo[3,2-a]carbazole (6.6.29) 

 

 

  



Experimental Part and Annexes 

 

527 

 

3-Chloro-2-(2,4,6-trimethoxyphenyl)quinolone (6.6.32) 
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5'-Fluoro-1,1'-dimethyl-1H,1'H-2,3'-biindole (6.6.7b’)
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5'-Bromo-1,1'-dimethyl-1H,1'H-2,3'-biindole (6.6.7j’) 

  



Experimental Part and Annexes 

 

530 

 

Part III 
(Pent-1-ynyl)-1,2-benziodoxol-3(1H)-one (1.3.18b) 

 

 

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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2-Cyclopentylethynyl-1,2-benziodoxol-3(1H)-one (1.3.18e) 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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2-Cyclohexylethynyl-1,2-benziodoxol-3(1H)-one (1.3.18f) 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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2-Acetoxy-2-(1,3-dioxoisoindolin-2-yl)ethyl 2-iodobenzoate 10.2.3a and 2-acetoxy-1-(1,3-

dioxoisoindolin-2-yl)ethyl 2-iodobenzoate 10.2.3b. 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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(Z)-N-(1-prop-1-en-2-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-benziodoxol-

3-(1H)-one (10.2.20a) 

  

13C-NMR (101 MHz, CDCl3) 

1H-NMR (400 MHz, CDCl3) 
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(Z)-N-(1-vin-2-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-benziodoxol-3-(1H)-

one (10.2.20b)  

 

 

  

13C-NMR (101 MHz, CD3OD) 

1H-NMR (400 MHz, CD3OD) 
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(Z)-N-(1-pent-1-en-2-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-benziodoxol-

3-(1H)-one (10.2.20c) 

 

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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(Z)-N-(5-chloro-1-pent-1-en-2-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-

benziodoxol-3-(1H)-one (10.2.20d)  

 

 

  

1H-NMR (400 MHz, CD2Cl2 + AcOH) 

13C-NMR (101 MHz, CD2Cl2) 
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(Z)-N-(8-(trimethylsilyl)oct-1-en-7-yn-2-yl)-N-(4-methoxyphenyl)-4-methylbenzene 

sulfonamide-1,2-benziodoxol-3-(1H)-one (10.2.20j) 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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(Z)-N-(1-vin-2-yl-2-cyclopropyl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-

benziodoxol-3-(1H)-one (10.2.20e) 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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(Z)-N-(1-vin-2-yl-2-cyclopentyl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-

benziodoxol-3-(1H)-one (10.2.20f) 

 

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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(Z)-N-(1-vin-2-yl-2-cyclohexyl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-

benziodoxol-3-(1H)-one (10.2.20g) 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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(Z)-N-(3-(benzyloxy)-3-methylbut-1-en-2-yl)-N-(4-methoxyphenyl)-4-methylbenzene 

sulfonamide-1,2-benziodoxol-3-(1H)-one (10.2.20i) 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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(Z)-N-(1-prop-1-en-2-yl)-N-(4-methoxyphenyl)-methylsulfonamide-1,2-benziodoxol-3-(1H)-

one (10.2.21a)

 

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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(Z)-N-(5-chloro-1-pent-1-en-2-yl)-N-(4-methoxyphenyl)-methylsulfonamide-1,2-benziodoxol -

3-(1H)-one (10.2.21b) 

 

  

1H-NMR (400 MHz, CD2Cl2) 

13C-NMR (101 MHz, CD2Cl2) 
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(Z)-N-(1-prop-1-en-2-yl)-N-(4-methoxyphenyl)-4-nitrobenzenesulfonamide-1,2-benziodoxol-3-

(1H)-one (10.2.22b) 

 

 

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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(Z)-N-(1-vin-2-yl)-N-(4-methoxyphenyl)-4-nitrobenzenesulfonamide-1,2-benziodoxol-3-(1H)-

one (10.2.22a) 

 

  

1H-NMR (400 MHz, MeOD) 

13C-NMR (101 MHz, CD3OD) 
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(Z)-(1-vinyl-2-oxy)-4-methylbenzene-1,2-benziodoxol-3-(1H)-one (10.2.23a) 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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(Z)-(1-prop-1-en-2-yl-2-oxy)-4-methylbenzene-1,2-benziodoxol-3-(1H)-one (10.2.23b) 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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(Z)-(1-pent-1-en-2-yl-2-oxy)-4-methylbenzene-1,2-benziodoxol-3-(1H)-one (10.2.23c) 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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(Z)-(5-chloro-1-pent-1-en-2-yl-2-oxy)-4-methylbenzene-1,2-benziodoxol-3-(1H)-one (10.2.23d) 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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(Z)-(1-prop-1-en-2-yl-2-oxy)-3,5-dibromobenzene-1,2-benziodoxol-3-(1H)-one (10.2.25a) 

 

 

  

1H-NMR (400 MHz, CD3OD) 

13C-NMR (101 MHz, CD3OD) 
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(Z)-(1-pent-1-en-2-yl-2-oxy)-2,3,4,5-pentafluorobenzene-1,2-benziodoxol-3-(1H)-one (10.2.25b) 

 

  

13C-NMR (101 MHz, CDCl3) 

1H-NMR (400 MHz, CDCl3) 
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(Z)-N-(5-chloro-1-pent-1-en-2-yl)-N-Sulfaphenazole-1,2-benziodoxol-3-(1H)-one (10.2.26) 

 

  

1H-NMR (400 MHz, CD3OD) 

13C-NMR (101 MHz, CD3OD) 
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 (Z)-(1-prop-1-en-2-yl)-2-Tyrosine-1,2-benziodoxol-3-(1H)-one (10.2.28) 

 

  

  

13C-NMR (101 MHz, CDCl3) 

1H-NMR (400 MHz, CDCl3) 
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(Z)-(5-chloro-1-pent-1-en-2-yl)-2-α-Tocopherol-1,2-benziodoxol-3-(1H)-one (10.2.29) 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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 (Z)-(1-prop-1-en-2-yl)-2-Capsaicin-1,2-benziodoxol-3-(1H)-one (10.2.31) 

 

  

13C-NMR (101 MHz, CDCl3) 

1H-NMR (400 MHz, CDCl3) 



Experimental Part and Annexes 

 

557 

 

(Z)-(1-pent-1-en-2-yl)-2-Estradiol-1,2-benziodoxol-3-(1H)-one (10.2.30)  

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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(Z)-N-(5-chloro-1-pent-1-en-2-yl)-N-Valsartan-1,2-benziodoxol-3-(1H)-one (10.2.27) 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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(Z)-N-(buta-1,3-dien-1-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide (10.2.32) 

 

  

13C-NMR (101 MHz, CDCl3) 

1H-NMR (400 MHz, CDCl3) 
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(Z)-N-(Cyclopentylbuta-1,3-dien-1-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide  

(10.2.33) 

  

 

  

1H-NMR (400 MHz, CD2CL2) 

13C-NMR (101 MHz, CDCl3) 
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(Z)-N-(4-methoxyphenyl)-4-nitro-N-(1-phenylprop-1-en-2-yl)benzenesulfonamide (10.2.34)  

 

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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(Z)-N-(1-cyclopropylhex-1-en-1-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide 

(10.2.35) 

  

13C-NMR (101 MHz, CDCl3) 

1H-NMR (400 MHz, CD3OD) 
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(8R,9S,13S,14S,17S)-3-((Z)-hepta-1,3-dien-4-yloxy)-13-methyl-7,8,9,11,12,13,14,15,16,17-

decahydro-6H-cyclopenta[a]phenanthren-17-ol (10.2.36)

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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(Z)-N-(1-methyl-4-(trimethylsilyl)but-1-en-3-yn-1-yl)-N-(4-methoxyphenyl) -4-methyl 

benzenesulfonamide (10.2.37) 

 

1H-NMR (400 MHz, CD3OD) 

13C-NMR (101 MHz, CDCl3) 
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(Z)-N-(1-cyclohexyl-2-(phenylthio)vinyl)-N-(4-methoxyphenyl)-4-methylbenzene-sulfonamide 

(10.2.38) 

 

  

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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(Z)-N-(1-cyclopentyl-2-iodovinyl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide 

(10.2.39) 

 

 

 

1H-NMR (400 MHz, CDCl3) 

13C-NMR (101 MHz, CDCl3) 
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13.2 Crystals of new compounds 

 

A single crystal was grown by slow diffusion of the solution of 2.4.5d in EtOAc/heptane mixture. 

Supplementary crystallographic data for this compound have been deposited at Cambridge 

Crystallographic Data Centre (CCDC 1418044) and can be obtained free of charge via 

www.ccdc.cam.ac.uk/data_request/cif. 

  

A single crystal was grown by slow diffusion of the solution of 6.1.10b in MeOD/CCl4 mixture. 

Supplementary crystallographic data for this compound have been deposited at Cambridge 

Crystallographic Data Centre (1540821) and can be obtained free of charge via 

www.ccdc.cam.ac.uk/data_request/cif. 
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A single crystal was grown by slow diffusion of the solution of 6.1.13a in MeOD/CCl4 mixture. 

Supplementary crystallographic data for this compound have been deposited at Cambridge 

Crystallographic Data Centre (1541174) and can be obtained free of charge via 

www.ccdc.cam.ac.uk/data_request/cif.. 

 

A single crystal was grown by slow diffusion of the solution of 6.5.8c in CDCl3. Supplementary 

crystallographic data for this compound have been deposited at Cambridge Crystallographic Data 

Centre (1824408) and can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif. 

 

A single crystal was grown by removal of reaction solvent from 6.6.2a by evaporation. 

Supplementary crystallographic data for this compound have been deposited at Cambridge 

Crystallographic Data Centre (1824407) and can be obtained free of charge via 

www.ccdc.cam.ac.uk/data_request/cif. 
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A single crystal was grown by removal of reaction solvent from 6.6.31 by evaporation. 

Supplementary crystallographic data for this compound have been deposited at Cambridge 

Crystallographic Data Centre (1903101) and can be obtained free of charge via 

www.ccdc.cam.ac.uk/data_request/cif. 

 

A single crystal was grown by slow diffusion of the solution of 10.2.20b in MeOH mixture. 

Supplementary crystallographic data for this compound have been deposited at Cambridge 

Crystallographic Data Centre (1876011) and can be obtained free of charge via 

www.ccdc.cam.ac.uk/data_request/cif. 
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