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Résumé 

Les alcynes et nitriles aliphatiques sont des groupements fonctionnels de grande importance 

en chimie organique. Ils ont un rôle central dans l’exploration et le développement de nouvelles 

stratégies pour la formation efficace de liaisons C-C. Ils sont très utilisés en chimie de synthèse en 

tant que maillons polyvalents pour de nombreuses applications allant des produits pharmaceutiques 

aux sciences des matériaux. La bio-orthogonalité des alcynes permet leur utilisation en biochimie, 

notamment pour les marquages de protéines. 

Dans ce contexte, la chimie radicalaire apporte une alternative aux réactions d’alcynation 

et cyanation nucléophiliques et électrophiliques. L’étude intensive de la structure de ces réactifs 

ont permis d’améliorer l’efficacité de ces transferts. L’essor de méthodes permettant le transfert 

d’alcynes et de nitriles par voie radicalaire a permis de développer de nouveaux outils et d’ouvrir 

la voie pour de futures améliorations. En particulier, la génération des radicaux libres était limitée 

à de dures conditions impliquant peroxydes, températures élevées et initiateurs. Pour pallier à ces 

contraintes, le développement de la catalyse photorédox a permis de révolutionner la génération de 

radicaux libres à l’aide de conditions douces. Des réactions d’alcynation catalysées par photorédox 

ont été réalisée, mais seulement pour quelques classes de substrats : sels de potassium 

alkyltrifluoroborates et esters redox-actifs. 

Ainsi, le premier objectif de ma thèse était d’étendre l’alcynation catalysée par photorédox 

aux acides carboxyliques. Ces acides sont en effet des précurseurs idéaux car issus de la biomasse. 

Leur conversion en alcynes permettrait une nouvelle approche pour la construction efficace de 

liaisons Csp3-Csp, et trouverait également de nombreuses applications en biochimie. La 

combinaison entre les réactifs Ethynyl Benziodoxolone (EBX), CsOBz, un catalyseur à l’iridium 

et des LEDs bleues ont permis le développement de cette nouvelle réactivité, avec notamment une 

large étendue. 

Cette stratégie a ensuite été appliquée à la cyanation d’acides carboxyliques via 

décarboxylation catalysée par photorédox, où pour la première fois le réactif Cyano 

Benziodoxolone (CBX) a été utilisée dans ces conditions. En utilisant CsOBz, un catalyseur à 

l’iridium et le CBX, des amino- et oxy-acides ont été convertit en nitriles de manière douce, 

permettant ainsi l’élaboration d’intermédiaires utilisés pour la synthèse d’APIs. Pendant le scope, 

la formation d’hydantoïnes a été observée comme réaction secondaire. L’optimisation de cette 

réaction a permis de développer une nouvelle synthèse d’hydantoïnes chirales à partir 

d’aminoacides et CBX. Enfin, l’étude des mécanismes réactionnels photocatalysés a révélé une 
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divergence entre l’alcynation et la cyanation. Une étape redox supplémentaire a lieu dans le cas de 

la cyanation entre le CBX et le radical en position  de l’amine. 

Le deuxième objectif de ma thèse était d’utiliser ce transfert d’alcynes et nitriles en 

photoredox sur d’autres substrats. Notre stratégie était d’utiliser les fragmentations radicalaires 

initiées par la décarboxylation sous catalyse photorédox. Pour pallier un vide dans les catalyseurs 

à haut potentiel oxydant, nous avons conçu et synthétisé de nouveaux photocatalyseurs organiques 

fortement oxydants à partir du catalyseur 4CzIPN (tetracarbazole isophtalonitrile). Leur efficacité 

a été prouvée par les excellents rendements obtenus lors de l’alcynation après fragmentation 

radicalaire d’éthers d’oximes cycliques.  

Enfin, des résultats préliminaires ont été obtenus pendant l’étude du transfert d’alcynes 

après clivages homolytiques de liaisons C-O, C-S et C-N initiés par décarboxylation 

photocatalysée. Bien qu’actuellement limitées, ces nouvelles transformations auront certainement 

un impact important dans l’élaboration de nouvelles déconnections et contribueront aux 

connaissances actuelles des transferts d’alcynes et nitriles catalysés par photorédox grâce aux 

réactifs à l’iode hypervalent. 

 

Mots clés: catalyse photoredox, chimie radicalaire, decarboxylation, alcynation, cyanation, 

réactifs à l’iode hypervalent, EBX, CBX, photosensibilateur organique, acides carboxyliques, 

alcynes, nitriles. 

  



 

v 

Abstract 
 

Aliphatic alkynes and nitriles are privileged motifs in organic chemistry. Therefore, alkynes 

and nitriles have played a central role for the exploration and development of novel strategies to 

forge C-C bonds in efficient manner. They are broadly used as versatile building blocks for 

applications from pharmaceuticals to material sciences. Alkynes are also of paramount importance 

in chemical biology for labelling experiments due to their bio orthogonality. 

In this context, radical chemistry provides endless alternatives to nucleophilic and 

electrophilic alkynylation and cyanation reactions. For decades, organic chemists have designed 

and improved the structure of the reagents in order to enhance the efficiency of group transfer. 

Methods enabling alkynylation and cyanation of alkyl radicals have emerged and while providing 

useful tools, they set the basis for further improvements. Notably, the formation of alkyl radicals 

is limited to harsh conditions using peroxides, elevated temperature and radical initiators. To 

overcome these limitations, photoredox catalysis has emerged as a powerful tool for the generation 

of alkyl radicals under ambient conditions. Photoredox-catalyzed alkynylation have been 

developed, but limited to organoboron trifluoroborates salt and N-phtalimide esters. 

In this regard, the goal of my PhD was first to extend the photoredox catalyzed alkynylation 

to carboxylic acids. Indeed, carboxylic acids are broadly available from biomass, thus making them 

attractive starting materials. Their conversion to alkynes would provide efficient disconnections 

for the construction of Csp3-Csp, and find useful applications in chemical biology. Ethynyl 

Benziodoxolone (EBX) reagents, CsOBz and iridium photocatalysts were identified as a promising 

combination for the development of this novel transformation, in which silyl, aryl and alkyl 

substituted alkynes were transferred. amino, oxy and non-heteroatom stabilized radicals 

could be alkynylated in good to excellent yields upon visible light irradiation.  

This strategy was next applied to the decarboxylative cyanation of carboxylic acids. In that 

regard, Cyano Benziodoxolone CBX was introduced for the first time in photoredox-catalyzed 

cyanation. The combination of CBX, CsOBz and the same iridium photocatalyst allowed the 

smooth conversion of amino and oxy acids to their corresponding nitriles, and this novel method 

was applied to the synthesis of important intermediates in the synthesis of APIs. During scope 

investigations, hydantoins were isolated as side products. This background reaction was further 

optimized as a novel and efficient synthesis of chiral hydantoins starting from amino acids and 
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CBX. Finally, investigations of the reaction mechanisms of the photoredox-catalyzed 

decarboxylations revealed that the cyanation followed a divergent mechanism compared to 

alkynylation. A additional redox step between CBX and -amino radical allows the generation of 

cyanide and iminium, which upon recombination affords the nitrile product. 

The second goal of my PhD was to implement the photoredox alkynylation and cyanation 

to other starting materials. In this regard, the use of carboxylic acids as starting materials to initiate 

photoredox catalyzed radical fragmentations was an appealing strategy. For our future 

investigations, we first designed fine-tuned and strongly oxidizing organic dyes based on the 

scaffold of 4CzIPN (tetracarbazole isophtalonitrile) in order to fill an existing gap. Their use in the 

iminyl radical driven fragmentation alkynylation of cyclic oximes ethers was crucial to obtained 

high yields and fast reactions. 

Finally, preliminary results were obtained in the C-O, C-S and C-N bond cleavages for the 

transfer of alkynes using photoredox-catalyzed decarboxylation as the fragmentation initiation. 

While limitations remain, the study of these novel transformations will certainly contribute to allow 

new disconnections and gain knowledge of photoredox-catalyzed alkynylation and cyanation using 

EBX and CBX. 

 

Keywords: photoredox catalysis, radical chemistry, decarboxylation, alkynylation, cyanation, 

hypervalent iodine reagents, EBX, CBX, organic dye, carboxylic acids, alkynes, nitriles. 
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1. Introduction 
In our modern societies, chemistry and its applications play a crucial role, spanning from 

food and energy supply, to the manufacturing of drugs, smartphones, paintings and clothes. With 

the aim of responding to higher and higher demands, it is important for chemists to have, design 

and develop more and more efficient tools in a cost effective and sustainable manner. Therefore, 

simple and convenient procedures using simple feedstocks and easy-to-handle reagents are highly 

valuable towards the synthesis of building blocks and high value chemicals. Concerning synthetic 

chemistry, the retrosynthetic approach has been rationalized by Corey. 1  Following classical 

reactivity, easy disconnections to build complex molecules led to a very rich organic chemistry. 

However, in some substrates, a reverse polarity is required to make the bond feasible. The reverse 

reactivity of a molecule, commonly described as umpolung, is an attractive strategy rationalized 

by Seebach.2 It allows new disconnections and therefore open completely new approaches for 

organic chemists. In that regard, the use of hypervalent iodine reagents is of high interest, because 

it allows the umpolung of many functional groups. Among them, alkynyl and cyano moieties are 

suitable for group transfer using this class of reagents. These two functional groups are among the 

most versatile building blocks in organic chemistry. Moreover, aliphatic compounds bearing 

alkynes or nitriles are very interesting, and their occurrence in every area of chemistry, such as 

pharmaceutical, medicinal and material sciences make their synthesis extremely valuable. 

However, new approaches are urgently needed to make the synthesis of such building blocks more 

efficient. Therefore, a mild and convenient synthesis of both alkynes and nitriles starting from non-

expensive material would be a major contribution in many fields. 

In that regard, in our group we are investigating the electrophilic alkynylation of various 

types of molecules in order to furnish interesting buildings blocks for the synthesis of bioactive 

compounds, but also towards the late stage alkynylation of complex molecules such as peptides or 

polycyclic structures. To accomplish this goal, EBX reagents, first made by Ochiai and Zhdankin, 

have been developed and well-studied within the group and they are broadly used nowadays. As 

many difficult alkynylations occurred at high temperature or required transition metal catalysis, an 

elegant fashion to achieve non-favorable alkynylations would be merging hypervalent iodine 

                                                             
1 Corey, E. J.; Cheng, X. M. (1995) The Logic of Chemical Synthesis. New York: Wiley. (b) Corey, E. J. Angew. Chem. 
Int. Ed. 1991, 30, 455. (c) Corey, E. J. Chem. Soc. Rev. 1988, 17, 111. 
2 Seebach, D. Angew. Chem. Int. Ed. 1979, 18, 239. 



     Chapter 1: Introduction 

6 

reagents and visible light induced photoredox catalysis. Indeed, for a decade, photoredox has 

known a growing interest, especially for the generation of radicals with excellent chemo-selectivity 

under mild conditions. The choice of radical precursors is very important. As traceless activating 

group and feedstocks, carboxylic acids are used as starting materials. Furthermore, their 

decarboxylation under photoredox conditions have already been reported. Introducing an alkyne 

or a nitrile from a carboxylic acid is not an easy task, and we believe that the merger of photoredox 

catalysis with EBX and CBX reagents would be pivotal for the implementation of the 

decarboxylative alkynylation and cyanation under mild conditions.  

In my thesis, I will describe the successful development of novel alkynylation and cyanation 

transformations using photoredox catalyzed decarboxylation and hypervalent iodine reagents. In 

the introduction (Chapter 2), the importance of alkynes and nitriles and their classical synthesis 

will be first presented. Then, the main existing methods for alkynylation and cyanation of alkyl 

radicals will be shown, with and without the assistance of photoredox catalysis. The final part of 

the introduction will highlight the use of hypervalent iodine reagents in organic chemistry with a 

special focus on EBX and CBX. Pioneering works on alkynylation of alkyl radicals using EBX and 

cyanation using CBX will be highlighted, and then the objectives of my PhD research will be 

detailed (Chapter 3). The results and discussion will be divided in two main parts. Part 1 (chapter 

4) will be dedicated to the implementation of our strategy towards the decarboxylative alkynylation 

and cyanation of carboxylic acids using photoredox catalysis and hypervalent iodine reagents. This 

chapter will also include the development of an efficient synthesis of enantiopure hydantoins 

starting from chiral amino acids and CBX, observed first as a background reaction during the 

decarboxylative cyanation. Thereafter, the design and synthesis of new organophotocatalysts and 

their use in the remote alkynylation of cyclic oxime ethers will be presented (Part 2, Chapter 5), 

while the preliminary results towards new homolytic cleavage of C-O, C-S and C-N bond will be 

discussed in chapter 6. Finally, a general conclusion of this work will summarize the main aspects 

of the present thesis, and an outlook for future efforts and follow-up research will broaden the 

potential of the chemistry realized in this thesis. The last chapter will compile experimental part 

and characterization data (Chapter 8). 
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2. Background and significance 
 

2.1. Alkynes & nitriles: importance and classical syntheses 
 

2.1.1. Aliphatic alkynes 
 

Alkynes are compounds that contain two adjacent sp hybridized carbon atoms linked 

together by a triple bond, involving a strong  bond and two orthogonal  bonds, thereby making 

alkynes linear. The carbon-carbon triple bond gives alkynes unique physical properties and 

intrinsic chemical reactivity. The simplest alkyne ethyne, or acetylene, is a colorless and odorless 

gas and was discovered by Edmund Davy in 1836. Friedrich Wölher subsequently reported its first 

synthesis from calcium carbide in 1862.3 

 

2.1.1.1. Importance of aliphatic alkynes 
 

Compared to other functional groups, aliphatic alkynes are not widely occurring in nature, 

although some examples exist (Figure 1). For example, Mutafuran A (2.1) was isolated in 2007 

from marine sponges. It belongs to the family of Mutafurans, important antifungal brominated 

polyunsaturated fatty acids that differ only by the substituents at the C17 position.4 Natural alkynes 

are often encountered in conjugated -systems. Rare examples of natural products bearing a 

terminal alkyne not involved in a conjugated system occur, such as the polyacetylenic 

Callyspongynic acid (2.2).5 Due to their compact size and rare occurrence, aliphatic terminal 

alkynes are ideal tags for selective bioconjugation without perturbing the structure of the substrate.6 

Notably, propargyl amides have found widespread application in chemical biology, as exemplified 

by the labeling of caspase-1 with alkyne-base caspase-1 probe 2.3.7 

                                                             
3 (a) Gleiter, R.; Werz, D. Chem. Rev. 2010, 110, 4447. (b) Wöhler, F. Liebigs Ann. 1862, 124, 220. (c) Wöhler, F. 
Nachr. Univ. Ges. Wiss. Göttingen 1862, 374. 
4 Morinaka, B. I.; Skepper, C. K.; Molinski, T. F. Org. Lett. 2007, 9, 1975. 
5 Nickel, S.; Serwa, R. A.; Kaschani, F.; Ninck, S.; Zweerink, S.; Tate, E. W.; Kaiser, M. Chem. Eur. J. 2015, 21, 
10721. 
6 (a) Lehmann, J.; Wright, M. H.; Sieber, S. A. Chem. Eur. J. 2016, 22, 4666. (b) Zhu, X.; Liu, J.; Zhang, W. Nat. 
Chem. Biol. 2015, 11, 115. 
7 Ekkebus, R.; van Kasteren, S. I.; Kulathu, Y.; Scholten, A.; Berlin, I.; Geurink, P. P.; de Jong, A.; Goerdayal, S.; 
Neefjes, J.; Heck, A. J. R.; Komander, D.; Ovaa, H. J. Am. Chem. Soc. 2013, 135, 2867. 
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Figure 1: Selected examples of natural products containing alkynes and alkyne-base caspase-1 probe 2.3 

 

Pharmaceutical companies use alkynes because they give interesting properties to drugs 

(rigidity, lipophilicity).8 Among them, aliphatic alkynes, and especially propargylic compounds, 

are of particular interest (Figure 2). For example, intensive work on receptor tyrosine kinases led 

to the development of efficient inhibitors such as propargyl amines 2.4, which exhibit high 

activity.9 Ethynylestradiol (2.5) exhibits more potent activity than natural Estradiol.10 Finally, 

Efavirenz (2.6) (trade name Sustiva) has been approved for medical use in 1998 and is now among 

the most used HIV antiviral drugs.11 Other examples of simple propargyl compounds, like the 

nonsteroidal anti-inflammatory Parsalmide (2.7)12 and the antihypertensive Pargyline (2.8), exhibit 

high bioactivity.13 As alternatives to the important anti-tumour drug cis-platin, new complexes 

based on propargylated aspirin have been developed and have led to a new class of organometallic 

cytostatics, in which Co-ASS (2.9) is the most potent anticancer candidate.14  

                                                             
8 Diederich, D.; Stang, P. J.; Tykwinski, R. R. Acetylene Chemistry: Chemistry, Biology and Material Science (Eds.: 
Diederich, D.; Stang, P. J.; Tykwinski, R. R.), Wiley-VCH, 2005. 
9 Hubbard, R. D.; Dickerson, S. H.; Emerson, H. K.; Griffin, R. J.; Reno, M. J.; Hornberger, K. R.; Rusnak, D. W.; 
Wood, E. R.; Uehling, D. E.; Waterson, A. G. Bioorg. Med. Chem. Lett. 2008, 18, 5738. 
10 Inhoffen, H. H.; Hohlweg, W. Naturwissenschaften, 1938, 26, (6), 96. 
11 Correia, C. A.; Gilmore, K.; McQuade, D. T.; Seeberger, P. H. Angew.Chem. Int. Ed. 2015, 54, 4945. b) Rizzo, R. 
C.; Udier-Blagovic, M.; Wang, D.-P.; Watkins, E. K.; Kroeger Smith, M. B.; Smith, R. H.; Triado-Rives, J.; Jorgensen, 
W. L. J. Med. Chem. 2002, 45,2970. c) Corbett, J. W.; Ko, S. S.; Rodgers, J. D.; Gearhart, L. A.; Magnus, N. A.; 
Bacheler, L. T.; Diamond, S.; Jeffrey, S.; Klabe, R. M.; Cordova, B. C.; Garber, S.; Logue, K.; Trainor, G.; Anderson, 
P. S.; Erickson-Vittanen, S. K. Med. Chem. 2000, 43, 2019. 
12 (a) Bianchetti, A.; Lavezzo, A.; Carminati, P. J. Pharm. Pharmacol. 1982, 34, 51. (b) Pedrazzoli A, Dall'asta L, 
Maffi G, Giudice A, Ferrero E. Boll. Chim. Farm. 1976, 115, 125. 
13 Fisar Z.; Hroudová, J.; Raboch, J. Neuro. Endocrinol. Lett. 2010, 31, 645. 
14 Ott, I.; Schmidt, K.; Kircher, B.; Schumacher, P.; Wiglenda, T.; Gust, R. J. Med. Chem. 2005, 48, 622. 
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Figure 2: Selected examples of propargylic compounds used as drugs  

 

Alkynes are also widely used in material sciences to give rigidity, avoid conformational 

rotation and provide enhanced electron mobility. Due to their extended -systems, aromatic 

alkynes have demonstrated particular utility in such applications. In contrast, aliphatic alkynes are 

more commonly used as building blocks, such as 2.10 and 2.11 that have been used for the synthesis 

of helicene 2.13 (Scheme 1).15 Propargyl amines have also found application in polymer chemistry, 

as efficient (macro) terminators in living polymerization.16 

 

 

Scheme 1: Selected example of alkynes building blocks used for helicenes synthesis 

 

                                                             
15 Šámal M.; Chercheja, S.; Rybáček, J.; Chocholoušová, J. V.: Vacek, J.; Bednárová, L.; Šaman, D.; Stará, I. G.; Starý, 
I. J. Am. Chem. Soc. 2015, 137, 8469. 
16 Fu, L.; Zhang, T.; Fu, G.; Gutekunst, W. R. J. Am. Chem. Soc. 2018, 140, 12181. 
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In organic synthesis, chemists need highly versatile building blocks to design more 

straightforward routes to complex natural products, drugs and materials. Due to the exceptional 

properties of the C-C triple bond, the chemistry surrounding alkynes is particularly rich and useful 

(Scheme 2), involving:  

- Reductions to make (E) / (Z) alkenes and alkanes with excellent selectivity depending on 

the catalyst used (1); 

- Hydration to make carbonyls (2); 

- Hydro- and carbo-metallation for accessing important tri- and tetra-substituted alkenes (3); 

- Cycloadditions with various partners, to afford valuable carbo- and heterocycles (4). 

 

Scheme 2: Selected examples of alkynes reactivity 

 

Among the myriad of cycloaddition transformations of alkynes, the Huisgen 1,3 dipolar 

cycloaddition with azide derivatives has achieved remarkable prominence (Scheme 3, eq 1). 17 

Initially discovered by Huisgen, and popularized by Sharpless and Meldal with the advent of Click 

Chemistry using a copper catalyst (eq 2),18 it is one of the most frequently used reactions in organic 

chemistry. Especially fast, selective, with metal free variants (Strain Promoted Alkyne Azide 

                                                             
17 (a) Huisgen, R.; Grashey, R.; Sauer, J. in Chemistry of Alkenes, Interscience, New York, 1964, 806. (b) Huisgen, R.; 
Szeimies, G.; Möbius, L. Chem. Ber. 1967, 100, 2494. 
18 (a) Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless, K. B. Angew. Chem. Int. Ed. 2002, 41, 2596. (b) Kolb, 
H.; Sharpless, K. B. Drug Discov Today. 2003 8, 1128. (c) Kolb, H. C.; Finn, M. G.; Sharpless, K. B. Angew. Chem. 
Int. Ed. 2001, 40, 2004. (d) Tornøe, C. W.; Christensen, C.; Meldal, M. J. Org. Chem. 2002, 67, 3057. 
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Coupling (eq 3)), this reaction has led to incredibly efficient labelling methods for biomolecules19 

and has found further application in the context of materials chemistry.20 The broad utility of click 

chemistry has reinvigorated the chemistry of alkynes, leading to significant interest in the synthesis 

of terminal acetylenes. 

 

Scheme 3: Alkyne-azide cycloadditions for chemical biology applications 

 

A recent application of the unique reactivity of alkynes is the development of alkyne 

metathesis by the group of Prof. Fürstner (Scheme 4, eq 1). After initial studies by Penella,21 

Mortreux and Blanchard,22 tremendous achievements were made by Katz, Schrock, Fürstner and 

others.23 More recently, intra- molecular reactions (Scheme 4, eq 2), and extension to nitriles have 

been reported. These methods have been applied in the total syntheses of numerous natural 

products, and have found application in chemical biology for the synthesis of macrocyclic 

peptides.24 

                                                             
19 (a) For an impressive example in living cells, see: Hong, V.; Steinmetz, N. F.; Manchester, M.; Finn. M. G. 
Bioconjugate Chem. 2010, 21, 1912. For reviews, see: (b) El-Sagheerab, A. H.; Brown, T. Chem. Soc. Rev. 2010, 39, 
1388. (c) Jewett, J. C.; Bertozzi, C. R. Chem. Soc. Rev. 2010, 39, 1272. (d) Hein, C. D.; Liu, X.-M.; Wang, D. Pharm 
Res. 2008, 25, 2216. (e) Lehmann, J.; Wright, M. H.; Sieber, S. A. Chem. Eur. J. 2016, 22, 4666. (f) Carell, T.; Vrabel, 
M. Top. Curr. Chem. 2016, 374, 9.  
20 Xi, W.; Scott, T. F.; Kloxin, C. J.; Bowman, C. N. Adv. Funct. Mater. 2014, 24, 2572. 
21 Pennella, F.; Banks, R. L.; Bailey, G. C. Chem. Commun. 1968, 1548. 
22 (a) Mortreux, A.; Blanchard, M. J. Chem. Soc., Chem. Commun. 1974, 786. (b) Mortreux, A.; Dy, N.; Blanchard, 
M. J. Mol. Catal. 1975/76, 1, 101. (c) Mortreux, A.; Petit, F.; Blanchard, M. Tetrahedron Lett. 1978, 4967. (d) 
Bencheick, A.; Petit, M.; Mortreux, A.; Petit, F. J. Mol. Catal., 1982, 15, 93. (e) Mortreux, A.; Delgrange, J. C.; 
Blanchard, M.; Lubochinsky, B. J. Mol. Catal. 1977, 2, 73. (f) Mortreux, A.; Petit, F.; Blanchard, M. J. Mol. Catal. 
1980, 8, 97. 
23 For reviews, see: (a) Fürstner, A. Angew. Chem. Int. Ed. 2013, 52, 2794. (b) Wu, X.; Tamm, M. Beilstein J. Org. 
Chem. 2011, 7, 82. (c) Zhang, W. Moore, J. S. Adv. Synth. Catal. 2007, 349, 93. (d) Fürstner, A.; Davies, P. W. Chem. 
Commun. 2005, 2307. 
24 Cromm, P. M.; Schaubach, S.; Spiegel, J.; Fürstner, A.; Grossmann, T. N.; Waldmann, H. Nat. Commun. 2016, 7, 
11300. 
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Scheme 4: Metathesis of alkynes 

 

Due to their incredible versatility, alkynes are among the most used functional groups in 

total synthesis. Indeed, alkynes can act both as nucleophiles and as electrophiles, thus rendering 

them ideal intermediates in retrosynthetic analysis. A great example is the asymmetric total 

synthesis of Soraphen A (2.14) by Trost and coworkers (Equation 1), in which the two fragments 

2.15 and 2.16 possess alkynes, and several classical alkyne transformations are used (synthesis via 

Ohira-Bestmann, acetylide addition, hydrosilylation, hydrogenation).25 

 

Equation 1: Alkynes as important building blocks in the asymmetric total synthesis of Soraphen A 

 

Another masterpiece highlighting the impressive versatility of alkynes is the 

enantioselective total synthesis of Fijiolide A (2.17) reported by Dr. C. Heinz and Prof. N. Cramer 

at EPFL in 2015 (Scheme 5).26 Advanced intermediate 2.18 bearing two alkynes was obtained after 

the ruthenium catalyzed [2+2+2] cycloaddition of three different alkynes 2.19, 2.20 and 2.21 via a 

boron-tethered strategy. 

                                                             
25 Trost, B. M.; Sieber, J. D.; Qian, W.; Dhawan, R.; Ball, Z. T. Angew. Chem. Int. Ed. 2009, 48, 5478. 
26 Heinz, C.; Cramer, N. J. Am. Chem. Soc. 2015, 137, 11278. 
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Scheme 5: Alkynes as important building blocks in the asymmetric total synthesis of Fijiolide A (2.17) 

 

2.1.1.2. Classical syntheses of aliphatic alkynes 
 

As exemplified by the previous section, alkynes are of high interest to the synthetic 

chemistry community. However, the possible applications of alkynes are dependent on the efficient 

formation or incorporation of the triple bond into the organic framework. The latter can be further 

subdivided into three parts: 1) nucleophilic, 2) electrophilic, 3) radical alkyne transfer. The 

nucleophilic transfer of alkynes is shortly described, while electrophilic and radical alkynylation 

will be described later in the sections 2.2 and 2.3. 

Many syntheses of aliphatic alkynes have previously been developed.27 One of the earliest 

reported strategies to access alkynes is the elimination of halogenated alkenes or dihalogenated 

alkanes (Equation 2). However, the difficult formation of such halogenated intermediates and the 

strongly basic conditions required to promote the elimination are two main limitations, which 

prevented its application in mainstream organic synthesis.  

 

Equation 2: Elimination of halogenated compounds for alkynes synthesis  

 

Syntheses that allowed greater flexibility were then investigated. The broad availability of the 

starting materials was an important criterion. Starting from commercially available or easily 

                                                             
27 Synthesis of acetylenes, allenes and cumulenes: methods and techniques; Brandsma. L. Ed.; Elsevier Ltd., 2004. 
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accessible carbonyl compounds, such as ketones or aldehydes, the Seyfert-Gilbert reaction and the 

Corey-Fuchs reaction are still widely used nowadays. 

The Seyfert-Gilbert reaction was first discovered by Seyfert in 1970 and further optimized 

by Gilbert (Scheme 6).28 Alkynes are generated by mixing (diazomethyl)phosphonate (2.22) and 

ketones under basic conditions (usually potassium tert-butoxide). Importantly, the putative 

mechanism involves nitrogen loss and a 1,2 shift of the formed vinylidene carbene.  

 

Scheme 6: Seyfert-Gilbert synthesis of alkynes 

The so called Ohira-Bestmann modification of the Seyfert-Gilbert reaction is based on the 

in-situ generation of the reactive dimethyl(diazomethyl)phosphonate using potassium carbonate 

and 2.23 in methanol (Equation 3).29 Notably, by using a weaker base, this modification allows the 

synthesis of terminal alkynes. 

 

Equation 3: Ohira-Bestmann modification for the synthesis of terminal alkynes  

In 1972, Corey and Fuchs reported an alternative synthesis of alkynes, starting from the 

homologation of aldehydes, followed by base mediated elimination (Scheme 7).30 The first step 

involves a Wittig type mechanism to give 1,1-dibrominated alkenes using carbon tetrabromine and 

triphenylphosphine. Interestingly, lithium acetylides are obtained after elimination, and the 

quenching step with a suitable electrophile allows access to either terminal alkynes (E+ = H+) or 

internal alkynes.  

                                                             
28 (a) Seyferth, D.; Marmor, R. S. Tetrahedron Lett. 1970, 2493. (b) Gilbert, J. C.; Weerasooriya, U. J. Org. Chem. 
1979, 44, 4997. 
29 (a) Muller, S.; Liepold, B.; Roth, G. J.; Bestmann, H. J. Synlett 1996, 521. (b) Ohira, S. Synth. Commun. 1989, 19, 
561. 
30 Corey, E. J.; Fuchs, P. L. Tetrahedron Lett. 1972, 3769. 
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Scheme 7: Corey-Fuchs synthesis of alkynes 

The second class of alkyne synthesis is the nucleophilic transfer of acetylides. Indeed, 

internal alkynes have been historically prepared by taking advantages of the increased acidity of 

terminal alkynes (pKa around 24-26), thus leading to a general nucleophilic transfer of alkynes 

(Scheme 8). Lithium bases are often used for the deprotonation and classical electrophilic partners 

are aldehydes, ketones, imines and alkyl halides. However, possible side reactions such as 

elimination can occur easily under the strongly basic conditions. 

 

Scheme 8: Classical nucleophilic acetylides additions and substitution 

 

Also based on their acidity, terminal alkynes have been broadly used in transition metal 

catalyzed cross-couplings.31 Acetylides are indeed readily coupled with various electrophiles in 

presence of transition metals (usually Cu, Pd and Ni), thus leading to three types of couplings: 

- Csp-Csp, via the Cadiot-Chodkiewicz reaction, using alkynylbromides as electrophiles and 

a copper catalyst to give unsymmetrical diynes (Scheme 9, eq 1).32 Symmetrical diynes can 

be prepared by the simple oxidative dimerization in presence of copper, namely the Glaser-

Hay coupling.33  

                                                             
31 Metal-Catalyzed Cross-Coupling Reactions, Second Edition; De Meijere, A. Diederich, F. ed.; Wiley-VCH, 2004. 
32 (a) Sonogashira, K. Chapter 2.5 - Coupling Reactions Between sp Carbon Centers in Comprehensive Organic 
Synthesis, Elsevier 1991, 3, 551. (b) Sindhu, K. S.; Thankachan, A. P.; Sajitha, P. S.; Anilkumar, G.; Org. Biomol. 
Chem. 2015, 13, 6891. 
33 Recently, a report showed synthesis of unsymmetrical diynes by fine-tuning conditions of the Glaser-Hay coupling. 
Su, L.; Dong, J.; Liu, L.; Sun, M.; Qiu, R.; Zhou, Y.; Yin, S.-F. J. Am. Chem. Soc. 2016, 138, 12348. 
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- Csp-Csp2, usually described as the Sonogashira cross coupling (eq 2). 34  In 1975, 

Sonogashira and Hagihara described the first examples of such palladium and copper 

couplings, in which vinyl and aryls halides are the most common electrophilic partners. It 

is broadly used for C-C bond formation in medicinal chemistry.35 

- Csp-Csp3, which is the most challenging coupling for alkynes, due to competitive -hydride 

elimination (eq 3). Only few methods were reported for alkyl-alkynes couplings using Pd-

catalysis.36 A recent modern alternative is the use of Ni-catalysis, taking advantage of the 

higher barrier of -hydride elimination in Ni-alkyl complexes.37 

 

Scheme 9: Classical couplings of terminal alkynes 

 

Aliphatic alkynes are of paramount importance in organic chemistry due to their widespread 

occurrence in natural products, pharmaceuticals and materials. They also play a key role as versatile 

building blocks for the efficient syntheses of complex molecules. Well-established methods for 

their synthesis exist; however, they often suffer from some limitations. The Sonogashira coupling 

is widely used in both academia and industry to make Csp-Csp2 bonds, but there is a lack of 

methods available for the more challenging coupling of alkynes with halogenated alkanes. To 

overcome this issue, radical chemistry has been widely used. The synthesis of aliphatic alkynes by 

the mean of radical chemistry will be discussed later in section 2.2.1..  

                                                             
34 (a) Sonogashira, K.; Tohda, Y.; Hagihara, N. Tetrahedron Lett. 1975, 4467. For review, see: (b) Chinchilla, R.; 
Najera, C. Chem. Rev. 2007, 107, 874; (c) Chinchilla, R.; Najera, C. Chem. Soc. Rev. 2011, 40, 5084. 
35 Roughley, S. D.; Jordan, A. M. J. Med. Chem. 2011, 54, 3451. 
36 (a) Eckhardt, M.; Fu, G. C.  J. Am. Chem. Soc. 2003, 125, 13642. (b) Altenhoff, G.; Wurtz, S.; Glorius, F. 
Tetrahedron Lett. 2006, 47, 2925. 
37 For selected examples/reviews of Ni cross-coupling involving alkyl groups, see: (a) Vechorkin, O.; Barmaz, D.; 
Proust, V.; Hu, X. L. J. Am. Chem. Soc. 2009, 131, 12078. (b) Hu, X. Chem. Sci. 2011, 2, 1867. (c) Rudolph, A.; 
Lautens, M. Angew. Chem. Int. Ed. 2009, 48, 2656. (d) Iwasaki, T.; Nobuaki K. Top Curr Chem. 2016, 374, 66. 
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2.1.2. Aliphatic nitriles 
 

The simplest nitrile, hydrogen cyanide (HCN) or prussic acid, is a colorless liquid with 

extremely high toxicity. Scheele discovered it in 1782, and actually passed away one year later 

while trying to isolate the pure compound. HCN also possesses a Csp hybridized carbon, with a 

linear triple C-N bond. This highly polarized bond makes the pKA of HCN unusually low (9.2). 

Therefore, the corresponding cyanide is often used as a mild nucleophile in organic synthesis, 

despite its toxicity. Pelouze developed the first synthesis of an aliphatic nitrile in 1834, with the 

isolation of propionitrile.38  

 

2.1.2.1. Importance of aliphatic nitriles 
 

Nitriles are extremely useful building blocks in organic synthesis and material science, and 

especially in the synthesis of nitrogen containing heterocycles.39 Aliphatic nitriles in particular 

have found various applications in fine chemicals industry, both as building blocks and final 

products in natural and synthetic bioactive compounds (Figure 4).40 For example, sulfoxide 2.24 

has been isolated from Diphtychocarpus Strictus and exhibits high antihypoxic activity. 41 

Osmaronin epoxide (2.25) possesses strong cyanogenic properties, most likely due to epoxide 

hydrolysis leading to cyanide release.42 Another frequent class of naturally occurring nitriles is that 

of the -amino nitriles. An interesting example is the -amino nitrile 2.26 derived from glutamic 

acid isolated from Streptomyces cultures and which exhibits antifungal activity.43 Finally, among 

aliphatic nitriles, the most represented class is that of the -amino nitriles. More complex nitriles 

                                                             
38 Pelouze, J. Annalen der Pharmacie, 1834, 10, 249. 
39 (a) Rappoport, Z. Chemistry of the Cyano Group, Wiley, London, 1970. (b) Enders, D.; Shilvock, J. P. Chem. Soc. 
Rev. 2000, 29, 359. (c) Fleming, F. F.; Wang, Q. Z. Chem. Rev. 2003, 103, 2035. (d) Murphy, S. T.; Case, H. L.; 
Ellsworth, E.; Hagen, S.; Huband, M.; Joannides, T.; Limberakis, C.; Marotti, K. R.; Ottolini, A. M.; Rauckhorst, M.; 
Starr, J.; Stier, M.; Taylor, C.; Zhu, T.; Blaser, A.; Denny, W. A.; Lu, G.-L.; Smaill, J. B.; Rivault, F. Bioorg. Med. 
Chem. Lett. 2007, 17, 2150. (e) Kim, J.; Kim, H. J.; Chang, S. Angew. Chem., Int. Ed. 2012, 51, 11948. (f) Wang, T.; 
Jiao, N. Acc. Chem. Res. 2014, 47, 1137. (g) Ping, Y.; Ding, Q.; Peng, Y. ACS Catal. 2016, 6, 5989. 
40 (a) Fleming, F. F. Nat. Prod. Rep. 1999, 16, 597. (b) Fleming, F. F.; Yao, L.; Ravikumar, P. C.; Funk, L.; Shook, B. 
C. J. Med. Chem. 2010, 53, 7902. (c) Perry, M. A.; Morin, M. D.; Slafer, B. W.; Rychnovsky, S. D. J. Org. Chem. 
2012, 77, 3390.  
41 (a) Aripova, S. F.; Abdilalimov, O.; Bagdasarova, E. S.; Aizikov, M. I.; Yunusov, S. Y.; Kurmukov, A. G. Chem. 
Nat. Compd. 1984, 20, 79. (b) Tolstikov, A. G.; Biktimirova, L. A.; Tolstikova, O. V.; Shmakov, V. S.; Aripova, S. 
F.; Odinokov, V. N.; Tolstikov, G. A. Chem. Nat. Compd. 1991, 27, 225. 
42 Lechtenberg, M.; Nahrstedt, A.; Wray, V.; Fronczek, F. R. Phytochemistry 1994, 37, 1039. 
43 Naruse, N.; Yamamoto, S.; Yamamoto, H.; Kondo, S.; Masuyoshi, S.; Numata, K.-I.; Fukagawa, Y.; Oki, T. J. 
Antibiot. 1993, 46, 685. 
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are also occurring, like the alkaloids Lahadinine A and B (2.27-2.28) obtained from the leaf extract 

Kopsia Pauciflora.44 Finally, Saframycin A (2.29) is the first isolated compound from a large 

family of -amino nitriles having high antimicrobial and antitumor activities.45 

 

Figure 4: Selected examples of natural aliphatic nitriles 

 

The nitrile moiety is an important pharmacophore, and numerous examples of synthetic 

drugs highlight the broad spectrum of bioactivity encountered with this special functional group 

(Figure 5). For example, the tertiary nitrile Anastrozole (2.30) is a blockbuster drug developed by 

AstraZeneca. It is the drug of choice in the treatment of breast cancer.46 Synthetic -amino nitriles 

are the most promising nitrile derivatives for therapeutic activity. Odanacatib (2.31), which is 

currently developed by Merck, is expected to be a top selling drug for osteoporosis and one 

metastasis in the next few years.47 Saxagliptin (2.32) is a common drug for treating diabetes 

                                                             
44 Kam, T.-S.; Yoganathan, K. Phytochemistry 1997, 46, 785. 
45 Arai, T.; Takahashi, K.; Nakahara, S.; Kubo, A. Experientia 1980, 36, 1025. 
46 Nabholtz, J. M.; Buzdar, A.; Pollak, M.; Harwin, W.; Burton, G.; Mangalik, A.; Steinberg, M.; Webster, A.; von 
Euler, M. J. Clin. Oncol., 2000, 18, 3758. 
47  Gauthier, J. Y.; Chauret, N.; Cromlish, W.; Desmarais, S.; Duong, L. T.; Falgueyret, J. P.; Kimmel, D. B.;  
Lamontagne, S.; Leger, S.; LeRiche, T.; Li, C. S.; Masse, F.; McKay,  D. J.; Nicoll-Griffith, D. A.; Oballa, R. A.; 
Palmer, J. T.; Percival, M. D.; Riendeau, D.; Robichaud, J.; Rodan, G. A.; Rodan, S. B.; Seto, C.; Therien, M.; Truong, 
V. L.; Venuti, M. C.; Wesolowski, G.; Young, R. N.; Zamboni, R.; Black, W. C. Bioorg. Med. Chem. Lett. 2008, 18, 
923. 
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produced by AstraZeneca,48 and the structurally related Vildagliptin (2.33), exhibiting similar 

antidiabetic activity, has been released recently by Novartis Pharma under the tradename Galvus.49 

These last two examples are among the top 10 selling drugs for diabetes.50 

 

 

Figure 5: Selected examples of synthetic aliphatic nitriles drugs 

 

Aliphatic nitriles are not only important pharmacophores, they are also useful building 

blocks (Scheme 10). Important reactions range from hydrolysis (often used for amino-acid 

synthesis, eq 1), to reduction to primary amines (eq 2) and esterification (eq 3). It is noteworthy 

that Grignard addition affords the corresponding ketones upon aqueous work-up. As for alkynes, 

cycloaddition (eq 4) of the triple bond leads to valuable nitrogen rich heterocycles such as pyridines 

(via [2+2+2]) or tetrazoles (via [3+2]).51 Furthermore, the tetrazole scaffold is considered as a 

bioisostere of the carboxylic acid group.52  

                                                             
48 Augeri, D. J.; Robl, J. A.; Betebenner, D. A.; Magnin, D. R.; Khanna, A.; Robertson, J. G.; Wang, A. Y.; Simpkins, 
L. M.; Taunk, P.; Huang, Q.; Han, S. P.; Abboa-Offei, B.; Cap, M.; Xin, L.; Tao, L.; Tozzo, E.; Welzel, G. E.; Egan, 
D. M.; Marcinkeviciene, J.; Chang, S. Y.; Biller, S. A.; Kirby, M. S.; Parker, R. A.; Hamann, L. G. J. Med. Chem. 
2005, 48, 5025 
49 (a) Villhauer, E. B. N-substituted 2-cyanopyrrolidines. WO9819998, 1998. (b) Schafer, F.; Sedelmeier, G. Process 
for the preparation of N-substituted 2-cyanopyrrolidens. WO04092127, 2004. (c) Holmes, D. G. Combinination of 
organic compounds. WO05049088, 2005. (d) Pfeffer, S.; Schaefer, F.; Schneeberger, R.; Sutton, P. A.; Trueby, M. F.; 
Wirth, W. Direct compression formulation and process. WO06078593, 2006. (e) Reber, J.-L.; Villhauer, E. B. New 
compounds. WO07019255, 2007. 
50  Sales of antidiabetes drugs: within the overview entitled “The world’s top selling diabetes drugs”: 
https://www.pharmaceutical-technology.com/features/featurethe-worlds-top-selling-diabetes-drugs-4852441/  
51 (a) Demko, Z. P.; Sharpless, K. B. Angew. Chem. Int. Ed. 2002, 41, 2110. (b) Demko, Z. P.; Sharpless, K. B. Angew. 
Chem. Int. Ed. 2002, 41, 2113. (c) Sakai, T.; Danheiser, R. L. J. Am. Chem. Soc. 2010, 132, 13203. 
52 Lassalas, P.; Gay, B.; Lasfargeas, C.; James, M. J.; Tran, V.; Vijayendran, K. G.; Brunden, K. R.; Kozlowski, M. 
C.; Thomas, C. J.; Smith, A. B.; Huryn, D. M.; Ballatore, C. J. Med. Chem. 2016, 59, 3183. 
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Scheme 10: Classical reactivity of nitriles 

 

2.1.2.2. Classical syntheses of aliphatic nitriles 
 

Considering their importance, it is not surprising that many methods for the installation of 

nitriles have been developed.39, 53  Similar to alkynes, two types of nitrile synthesis are 

distinguished: 1) Nitrile transfer, 2) Triple bond formation. First, nucleophilic nitrile transfer will 

be presented. Subsequently, methods for the formation of the triple bond itself will be described. 

Electrophilic and radical cyanation will appear in the next sections. 

Due to the high acidity of HCN, nucleophilic substitutions of alkali cyanides salts on 

primary alkyl halides are well established (Kolbe nitrile synthesis, Scheme 11, eq 1). However, 

side reactions like elimination can proceed easily under these conditions, and it is the predominant 

process for tertiary halides (Scheme 11, eq 2-3). Furthermore, the alkyl halide precursors 

themselves often require laborious syntheses involving additional synthetic steps, and toxic 

cyanides need to be handled. 

 

Scheme 11: Nucleophilic substitution on alkyl bromides for the synthesis of aliphatic nitriles 

                                                             
53 D. T. Mowry, Chem. Rev. 1948, 42, 189. 
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Similar to acetylides, cyanides can also add onto carbonyl compounds (Scheme 12, eq 1). 

This reaction, the cyanohydrin reaction, is usually an equilibrium process, thereby resulting in a 

mix of the starting material and the product. However, for alkyl carbonyls, hydroxy-nitrile 

formation is favoured. For example, sodium cyanide reacts in 77% yield with acetone at room 

temperature (Scheme 12, eq 2). 

 

 

Scheme 12: Synthesis of -oxy nitriles from carbonyl derivatives 

 

A tremendous amount of studies has been performed on the addition of cyanides onto 

imines (Scheme 13, eq 1). It is now possible to start from the carbonyls, which generate the more 

reactive imines in situ after condensation with ammonia or an amine (eq 2-3). The so-called 

Strecker reaction is widely used for the synthesis of -amino nitriles,54 and asymmetric variants 

have been reported.55 Of particular interest for the purpose of this thesis, is the recent development 

of oxidative Strecker reactions starting from alkylamines (equation 4).56 On the other hand, the 

reductive strategy starting from amides and lactams has further extended the broad access to nitriles 

(equation 5).57 However, the use of superstoichiometric amounts of highly toxic cyanide salts is a 

major drawback of all these approaches.  

                                                             
54 Strecker, A. Ann. Chem. Pharm. 1850, 75, 27. 
55 Selected examples: (a) Sigman, M.; Jacobsen, E. N. J. Am. Chem. Soc. 1998, 120, 5315. (b) Yan, H.; Suk Oh, J.; 
Lee, J.-W.; Eui Song, C. Nat Commun. 2012, 3, 1212. (c) Ni, S.; Garrido-Castro, A. F.; Merchant, R. R.; deGruyter, J. 
N.; Schmitt, D. C.; Mousseau, J. J.; Gallego, G. M.; Yang, S.; Collins, M. R.; Qiao, J. X.; Yeung, K.-S.; Langley, D. 
R.; Poss, M. A.; Scola, P. M.; Qin, T.; Baran, P. S. Angew. Chem. Int. Ed. 2018, ASAP. DOI: 10.1002/anie.201809310 
For reviews on asymmetric Strecker reactions, see (d) Wang, J.; Liu, X.; Feng, X. Chem. Rev. 2011, 111, 6947. (e) 
Cai, X.-H.; Xie, B. Arkivoc 2014, 1, 205. (f) Kouznetsov, V. V.; Puerto Galvis, C. E. Tetrahedron 2018, 74, 773. 
56 Murahashi, S.-H.; Komiya, N.; Terai, H. Angew. Chem. Int. Ed. 2005, 44, 6931. 
57 Fuentes de Arriba, A. L.; Lenci, E.; Sonawane, M.; Formery, O.; Dixon, D. J. Angew. Chem. Int. Ed. 2017, 56, 3655. 
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Scheme 13: Synthesis of -amino nitrile via the Strecker reaction 

 

In nature, nitriles are synthesized by building up the triple bond itself. It usually starts from 

α-amino acids through an enzymatic cascade via a decarboxylative formation of aldoximes 

followed by dehydration (Scheme 14).58 Important cyanogenic glycosides can then be obtained in 

the terminal step of such enzymatic cascades. Biomimetic approaches have thus been developed, 

using transition metals to promote the dehydration step from aldoximes. Recently, dehydratase 

enzymes have also been used to convert aldoximes into the corresponding nitriles.59 

 

Scheme 14: Biosynthesis of nitriles 

 

Using chemical methods, harsh conditions involving toxic chemicals are generally required 

to build the nitrile triple bond. For example, amino acids can be converted via peptidic coupling 

into amino-amides, which upon treatment with para-toluene sulfonyl chloride (p-TsCl) can afford 

                                                             
58 (a) Halkier, B. A.; Scheller, H. V.; Moller, B. L. in Cyanide Compounds in Biology (Ciba Foundation Symposium 
140), Wiley, Chichester, 1988, 49. (b) Nelp, M. T.; Bandarian, V. Angew. Chem. Int. Ed. 2015, 54, 10627. 
59 Betke, T.; Higuchi, J.; Rommelmann, P.; Oike, K.; Nomura, T.; Kato, Y.; Asano, Y.; Gröger, H. ChemBioChem 
2018, 19, 768. 
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the amino-nitriles in good yields, after two steps and long reaction times (Scheme 15, eq 1).60 It is 

noteworthy that retention of configuration is observed for chiral starting materials. An alternative, 

one-pot, synthesis has been developed and applied to the multi-gram scale preparation of alkyl/aryl 

nitriles.61 The direct conversion of carboxylic acids starts by treating them with chlorosulfonyl 

isocyanate at elevated temperature, which, following the addition of DMF at ambient temperature, 

leads to the nitrile product (Scheme 15, eq 2).  

 

Scheme 15: Synthesis of aliphatic nitriles from dehydration of amino amides 

 

A more recent method for the conversion of carboxylic acids into nitriles is a three-step 

procedure involving esterification, reduction and oxidative dehydration, which can be neatly 

performed in one pot (Scheme 16).62 This strategy avoids the isolation and purification of each 

intermediate; however, it suffers from a lack of practicality, especially regarding the large amounts 

of waste generated. 

 

Scheme 16: Synthesis of aliphatic nitriles from carboxylic acids 

                                                             
60Cobb, A. J. A.; Shaw, D. M.; Longbottom, D. A.; Gold J. B.; Ley, S. V. Org. Biomol. Chem. 2005, 3, 84. 
61 Lohaus, G. Org. Synth. 1988, 6, 304. 
62 Miyagi, K.; Moriyama, K.; Togo, H. Eur. J. Org. Chem. 2013, 5886. 
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2.1.2.3. Conclusion 
 

Aliphatic nitriles are of paramount importance in organic chemistry. Their syntheses have 

attracted a lot of interest, leading to an impressive toolbox to access this unique C-N triple bond. 

However, the nucleophilic approach is limited by the toxicity of cyanides, whereas the dehydration 

strategy requires multistep, harsh conditions and harmful reagents. It is therefore urgent to consider 

alternatives in order to provide more efficient syntheses of nitriles. The following key criteria will 

be of particular interest for designing the new transformations: 

- one step protocol 

- mild reaction conditions,  

- less expensive starting materials,  

- safer reagents. 

  



     Chapter 2: Background and Significance 

27 

2.2. Alkynylation and cyanation of alkyl radicals 
 

Radical chemistry has always suffered from misconceptions, having been classified as 

uncontrollable and perplexing.63 However, some pioneering works allowed the extension of the 

synthetic utility of radical chemistry: a short selection of historical milestones in carbon centered 

radical chemistry will be presented in the next section to highlight the synthetic utility of the radical 

approach in organic chemistry. 

In 1848, the first useful transformation promoted by radicals was reported: the Kolbe 

electrolysis, involving oxidative decarboxylation (Scheme 17, eq 1).64 More than a decade later, 

the Hunsdiecker reaction highlighted the important role of radical decarboxylative processes (eq 

2). 65  In this case, silver catalysts are used to promote the decarboxylation, and subsequent 

bromination afforded the corresponding brominated products. Bromination of allylic and benzylic 

positions was then described by Wohl and Ziegler in 1919 (eq 3).66 From 1934, a period of intensive 

study on the reactivity of highly attractive aryl radical species commenced. First, the discovery of 

homolytic aromatic substitution, now commonly known as SHAr, allowed the synthesis of biphenyl 

compounds (eq 4).67 In 1939, the Meerwein olefin hydroarylation (not shown) from aryldiazonium 

salts68 and in 1944 the Birch reduction (eq 5)69 showed powerful transformation utilizing aryl 

radical intermediates. Tin hydride chemistry,70 introduced by Van der Kerk (not shown) and the 

Minisci reaction, involving the addition of alkyl radicals generated after silver catalyzed 

decarboxylation onto heteroaromatics (eq 6), 71  put alkyl radicals back into the spotlight. 

                                                             
63 (a) Yan, M.; Lo, J. C.; Edwards, J. T.; Baran, P. S. J. Am. Chem. Soc. 2016, 138, 12692. (b) Zard, S. Z. Org. Lett. 
2017, 19, 1257. (c) Walling, C. Tetrahedron 1985, 41, 3887. (d) Ingold, K. U. Pure Appl. Chem. 1997, 69, 241. 
64 Kolbe, H. Ann. Chem. Pharm. 1848, 64, 339. 
65 (a) Borodin, A. Ann. Chem. Pharm. 1861, 119, 121. (b) Hunsdiecker, H.; Hunsdiecker, C. Ber. Dtsch. Chem. Ges. 
B 1942, 75, 291. (c) For book chapter, see: Li, J. J. Hunsdiecker reaction. In Name Reactions for Functional Group 
Transformations; Li, J. J., Corey, E. J., Eds., John Wiley & Sons: Hoboken, NJ, 2007, pp 623–629. 
66 (a) Wohl, A. Ber. Dtsch. Chem. Ges. B 1919, 52, 51. (b) Ziegler, K.; Spaeth, A.; Schaaf, E.; Schumann, W.; 
Winkelmann, E. Justus Liebigs Ann. Chem. 1942, 551, 80. (c) Djerassi, C. Chem. Rev. 1948, 43, 271. 
67 (a) Hey, D. H. J. Chem. Soc. 1934, 1966. (b) Grieve, W. S. M.; Hey, D. H. J. Chem. Soc. 1934, 1797. (c) Hey, D. 
H.; Waters, W. A. Chem. Rev. 1937, 21, 169. 
68 (a) Meerwein, H.; Buchner, E.; van Emsterk, K. J. Prakt. Chem. 1939, 152, 237. (b) For review see: Kindt, S.; 
Heinrich, M. R. Synthesis 2016, 48, 1597. 
69 (a) Birch, A. J. J. Chem. Soc. 1944, 430. (b) Birch, A. J. J. Chem. Soc. 1945, 809. For reviews, see: (c) Rabideau, P. 
W.; Marcinow, Z. Org. React. 1992, 42, 1. (d) Mander, L. N. In Comprehensive Organic Synthesis; Trost, B. M., 
Fleming, I., Eds.; Pergamon: Oxford, 1991; Vol. 8, pp 489. 
70 (a) van der Kerk, G. J. M.; Noltes, J. G.; Luijten, J. G. A. J. Appl. Chem. 1957, 7, 356. (b) Noltes, J. G.; van der 
Kerk. Chem. Int. (London) 1959, 294. (c) Kuivila, H. G. Acc. Chem. Res. 1968, 1, 299. 
71 (a) Minisci, F.; Bernardi, R.; Bertini, F.; Galli, R.; Perchinummo, M. Tetrahedron 1971, 27, 3575. (b) For review 
see: Duncton, M. A. J. Med. Chem. Commun. 2011, 2, 1135. 
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Subsequent reports from Barton 72 (deoxygenation eq 7) and Giese (radical addition to olefin, eq 

8) 73   set the stage for a number of stunning achievements in radical chemistry. Barton 

(decarboxylation, eq 9) and Zard74 (Xanthates, eq 10) continued to develop new mode of generation 

of alkyl radicals, thus allowing powerful transformations. We will also see later that photoredox 

catalytic versions of these pioneering radical transformations have been achieved and are often 

used as benchmark reactions. 

 

Scheme 17: Selection of 10 historical milestones in radical reactions involving C-centered radicals 

                                                             
72 These reaction will be exemplified later. For an autobiographical account of research by Sir Barton, see: Barton, D. 
H. R. Some Recollections of Gap Jumping: Profiles, Pathways, and Dreams; Seeman, J. I., Ed.; American Chemical 
Society: Washington, DC, 1991. 
73 (a) Giese, B.; Zwick, W. Angew. Chem., Int. Ed. Engl. 1978, 17, 66. (b) For a review, see: Giese, B. Angew. Chem., 
Int. Ed. Engl. 1983, 22,753. 
74 (a) Delduc, P.; Tailhan, C.; Zard, S. Z. J. Chem. Soc., Chem. Commun. 1988, 308. For review, see: (b) Zard, S. Z. 
In Radicals in Organic Synthesis; Renaud, P., Sibi, M. P., Eds.; Wiley: New York, 2008; Vol. 1, p 90. (c) Zard, S. Z. 
Angew. Chem., Int. Ed. Engl. 1997, 36, 672. (d) Quiclet-Sire, B.; Zard, S. Z. Chimia 2012, 66, 404. 



     Chapter 2: Background and Significance 

29 

In the present thesis, we will focus our attention on carbon-centered radicals (Figure 6). Csp 

centered radicals are only occasionally encountered due to their very high energy. The cyano 

radical is mostly found in interstellar medium and while it has important applications in 

astrochemistry, 75  its synthetic applications are mostly limited to advances in spectroscopy. 76 

Studies on alkynyl radicals revealed them to be high energy species exhibiting fast reactivity 

towards C-H bonds (Csp-H bond being 130 kcal/mol)77 and aromatic rings. Interestingly, the 

addition of the phenyl ethynyl radical to substituted arenes showed that steric hindrance has a minor 

impact, and the product distribution of ortho, meta and para addition is more homogeneous 

compared to the addition of alkyl, vinyl or aryl radicals.78 Csp2 centered radicals, such as aryl and 

vinyl radicals, are more frequent. Functionalization of these reactive species is, however, 

challenging because of competitive H-abstraction from solvents (>105 s-1 for intramolecular 1,5-

shift HAT,79 and >106 M-1s-1 for intermolecular HAT80). Finally, Csp3 centered radicals are the 

most used radical species. Benzylic and allylic radicals are stabilized by the conjugation with the 

aromatic ring and vinyl moiety respectively. Aliphatic radicals in the -position of a hetereoatom 

(for example, N / O / S) are also stabilized. In the case of non-conjugated radicals, a higher degree 

of substitution leads to higher stability of the corresponding radical (tertiary>secondary>primary). 

In this thesis, the functionalization (alkynylation and cyanation) of such alkyl radicals will be 

investigated.  

 

 

Figure 6: Carbon centered radicals 

                                                             
75 Brocklehurst, B.; Hebert, G. R.; Innanen, S. H.; Seel, R. M.; Nicholls, R. W. The identication atlas of molecular 
spectra. the CN A 2Π <- X 2Σ+ Red System; York University, Centre for Research in Experimental Space Science, 
Toronto, 1971. 
76 Pieniazek, P. A.; Bradforth, S. E.; Krylov, A. I. J. Phys. Chem. A 2006, 110, 4854. 
77 (a) Erwin, K. M.; Gronert, S.; Barlow, S. E.; Gilles, M. K.; Harrison, A. G.; Bierbaum, V. M.; DuPuy, C. H.; 
Lineberger, W. C.; Ellison, G. B. J. Am. Chem. Soc. 1990, 112, 5750. (b) Robinson, M. S.; Polek, M. L.; Bierbaum, 
V. M.; DuPuy, C. H.; Lineberger, W. C. J. Am. Chem Soc. 1995, 117, 6766. 
78 (a) Martelli, G.; Spagnolo, P.; Tiecco, M. J. Chem. Soc. D 1969, 0, 282b. (b) Martelli, G.; Spagnolo, P.; Tiecco, M. J. 
Chem. Soc. B 1970, 0, 1413. (c) Boutillier, P.; Zard, S. Z. Chem. Commun. 2001, 1304. 
79 Gilbert, B. C.; Parry, D. J. J. Chem. Soc., Perkin Trans. 2 1988, 875. 
80 Gilbert, B. C.; McLay, N. R.; Parry, D. J. J. Chem. Soc., Perkin Trans. 2 1987, 329. 
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The intrinsic properties of each type of radical and their generation leads to chemoselective 

reactivity. To better understand and rationally design radical transformations, some important 

(approximate) rate constants of specific radical processes are listed in figure 7.81 These constants 

were obtained through “radical clock” experiments by Ingold, Newcomb, and others. 82  Of 

particular relevance to this present thesis, is the difference in the rate of decarboxylative pathways: 

there is a difference of approximately 3 orders of magnitude between the decarboxylation of 

benzylcarboxyl radical and phenylcarboxyl radical. The stability of benzylic radicals has been 

further highlighted by the rearrangement of primary homobenzylic radicals and by the low rate of 

alkene cyclization initiated by benzylic radicals. 

 

Figure 7: Rate constant of important radical processes 

 

These main radical transformations found applications in the synthesis of polycyclic 

compounds and in the total synthesis of natural products. For example, Curran and Rakiewicz 

described in 1985 the racemic total synthesis of Hirsutene (2.37) involving a powerful radical 

cyclization to build the tricyclic ring system (Scheme 18).83 The radical cascade was initiated by 

alkyl iodide 2.36 and tin hydride, followed by radical cyclization of I onto an alkene to generate a 

tertiary alkyl radical II, which subsequently cyclized again onto a terminal alkyne. Curran and 

coworkers reported other similar total syntheses based on this strategy.84 

                                                             
81 Neta, P.; Grodkowski, J.; Ross, A. B. J. Phys. Chem. Ref. Data 1996, 25, 709. 
82 (a) Griller, D.; Ingold, K. U. Acc. Chem. Res. 1980, 13, 317. (b) Newcomb, M. Tetrahedron 1993, 49, 1151. 
83 (a) Curran, D. P.; Rakiewicz, D. M. J. Am. Chem. Soc. 1985, 107, 1448. (b) Curran, D. P.; Rackiewicz, D. M. 
Tetrahedron 1985, 41, 3943. 
84 (a) Curran, D. P.; Chen, M.-H. Tetrahedron Lett. 1985, 26, 4991. (b) Curran, D. P.; Kuo, S.-C. J. Am. Chem. Soc. 
1986, 108, 1106. (b) Curran, D. P. Aldrichimica Acta 2000, 33, 104. 
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Scheme 18: Key step radical cyclization for the total synthesis of Hirsutene (2.37) by Curran 

 

While alkyl radicals were widely used with electron-deficient alkenes and aryls in the 

corresponding Giese and Minisci reactions to build difficult C-C bonds, attempts towards C-C bond 

formation using alkynes and nitriles as starting materials remained limited.85 In fact, Giese proved 

that alkynes react with alkyl radicals about 3 to 5 times slower than alkenes.86 Therefore, for 

decades, radical chemistry of alkynes was quite limited to its use in biased systems for cyclization, 

or addition of thioradicals87 or cycloalkyl radicals,88 whereas the radical chemistry of nitriles was 

almost untouched due to the low rate of cyclisation (for example, the one of 5-cyanobutyl is 4×104 

s−1 at 80 °C).89 In fact, only few cyclizations based on radical addition onto the nitrile leading to 

iminyl radical formation have been reported. The iminyl radical can then either:  

1) Undergo -fragmentation for cascade reaction;90  

2) Be used for the syntheses of cyclic ketones after subsequent quenching/hydrolysis;91 

3) Be trapped, often by cyclization of suitable substrates.92  

The seemingly low reactivity of alkynes and nitriles towards radicals is an important factor 

when considering the syntheses of such compounds under radical reaction conditions, thus meaning 

side reactions on the products may be limited.  The necessity to develop alternative syntheses of 

both alkynes and nitriles led to the syntheses of somophilic reagents, which can transfer alkynes 

and nitriles under homolytic cleavage. The successful implementation of such reagents will be 

described in the following sections.  

                                                             
85 Wille, U. Chem. Rev. 2013, 113, 813. 
86 Giese, B.; Lachhein, S. Angew. Chem. Int. Ed. Engl. 1982, 21, 768. 
87 (a) Benati, L.; Capella, L.; Montevecchi, P. C.; Spagnolo, P. J. Org. Chem. 1994, 59, 2818.  
88 Doohan, R. A.; Hannan, J. J.; Geraghty, N. W. A. Org. Biomol. Chem. 2006, 4, 942. 
89 Griller, D.; Schmid, P.; Ingold, K. U. Can. J. Chem. 1979, 57, 831. 
90 Bowman, W. R.; Bridge, C. F.; Brookes, P. Tetrahedron Lett. 2000, 41, 8989. 
91 de Lijser, H. J. P.; Arnold, D. R. J. Phys. Chem. A 1998, 102, 5592. 
92 Camaggi, C. M.; Leardini, R.; Nanni, D.; Zanardi, G. Tetrahedron 1998, 54, 5587. 
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2.2.1. Alkynylation of alkyl radicals 
 

The preparation of alkynes using radical chemistry required specific reagent design. The 

introduction of a good leaving group, leading to the formation of a stable radical able to carry out 

a possible chain propagation, was necessary. Sulfonyl radicals exhibit the requisite stability and 

have therefore been used as ideal leaving groups for such chemistry. The remarkable reactivity of 

alkynylsulfones towards radicals has been a starting point for radical C-alkynylation 

transformations. The mechanism is assumed to proceed via a -addition / -elimination sequence 

(Scheme 19). 

 

Scheme 19: Putative mechanism for the alkynylation of radicals using alkynylsulfones reagents 

 

Indeed, as a breakthrough in this field, Russel et al first reported a radical alkynylation of 

alkylmercury halides with various alkynes, such as iodoalkynes and alkynyl sulfones (Scheme 20, 

eq 1).93 Then, Fuchs and coworkers developed a metal free radical alkynylation involving a C-H 

activation of heterocycles (eq 2).94 Two years later, Fuchs extended this transformation to alkyl 

iodides (eq 3). 95  In 2006, Renaud and coworkers developed an interesting alkynylation of 

alkylcatecholboranes, still with alkynyl sulfones as reagents, thus allowing a one-pot procedure for 

the hydroalkynylation of olefins in combination with catecholborane mediated hydroboration (eq 

4).96 Finally, inspired by the work of Renaud, Landais reported the carboalkynylation of alkenes 

using 2.38 (eq 5).97 Simple bromo- or iodo-alkynes were also used, but often proved inferior to the 

sulfone reagents. 

                                                             
93 (a) Russel, G. A.;  Ngoviwatchai, P. Tetrahedron Lett. 1986, 27, 3479. (b) Russel, G. A.; Ngoviwatchai, P.  
Tashtoush, H. I.; Dalmau, A.; Khanna, R. K. J. Am. Chem. Soc. 1988, 110, 3530. (c) Russel, G. A.; Ngoviwatchai, P. 
J. Org. Chem. 1989, 54, 1836. 
94 (a) Gong, J.; Fuchs, P. L. J. Am. Chem. Soc. 1996, 118, 4486. (b) Xiang, J.; Jiang, W.; Fuchs, P. L. Tetrahedron Lett. 
1997, 38, 6635. 
95 Xiang, J.; Fuchs, P. L. Tetrahedron Lett. 1998, 39, 8597. 
96 Schaffner, A.-P.; Darmency, V.; Renaud, P. Angew. Chem. Int. Ed. 2006, 45, 5847. 
97 Liautard, V.; Robert, F.; Landais, Y. Org. Lett. 2011, 13, 2658. 
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Scheme 20: Alkynylation of alkyl radicals using alkynylsulfones reagents 

 

In 2013, Inoue and coworkers reported an elegant radical C-H alkynylation of alcohols, 

ethers, amines, amides and ureas (Scheme 21). 98  This reaction is mediated by light and a 

stoichiometric amount of diarylketone photosensitizer is required to promote the HAT process of 

the weak C-H bonds. They successfully applied this transformation in the total synthesis of (+)-

lactacystin (2.42).99  

 

Scheme 21: Radical alkynylation as a key step for the synthesis of (+)-lactacystin by Inoue 

                                                             
98 Hoshikawa,T.; Kamijo, S.; Inoue, M. Org. Biomol. Chem. 2013, 11, 164. 
99 Yoshioka, S.; Nagatomo, M.; Inoue, M. Org. Lett. 2015, 17, 90. 
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Recently, another alkynylation of alkyl radicals mediated by UV light and based on an 

ATRA (Atom-Transfer Radical Addition) strategy was developed (Scheme 22). This 

transformation occurs in aqueous media between terminal arylalkynes (low yield with TIPS-

acetylene) and alkyliodides, followed by base mediated elimination.100 

 

Scheme 22: ATRA-elimination cascade for the radical alkylation of terminal alkynes 

 

Hypervalent iodine reagents, an alternative class of alkynylating reagents, have been highly 

successful in radical alkynylation, and the main achievements will be discussed in a separate 

section (See section 2.4.2).  

 

2.2.2. Cyanation of/via alkyl radicals 
 

Cyanation of alkyl radicals was limited for a long time to toxic reagents such as cyanogen 

(NC-CN), cyanogen chloride (ClCN), or methylcyanoformate (MCF). Tanner developed UV light 

photolysis and peroxide mediated cyanation, however no practical use has yet been found.101 Stork 

introduced tert-butylisocyanide as radical trap, which after -scission released the nitrile 

product.102 

In a similar manner to alkynes, cyanation of alkyl radicals has received growing interest 

due to the development and use of aryl- and alkylsulfonyl cyanides. These reagents have been 

extensively studied, especially tosyl cyanide (2.45), and their synthetic potential has already been 

shown. Developed by Barton and coworkers, these sulfones allow the cyanation of acyl derivatives 

of N-hydroxy-2- thiopyridone (as known as Barton ester103) under tungsten visible light irradiation 

                                                             
100 Liu, W.; Li, L.; Li, C.-J. Nat. Comm. 2015, 6, 6526. 
101 (a) Tanner, D. D.; Bunce, N. J. J. Am. Chem. Soc. 1969, 91, 3028. (b) Tanner, D. D.; Rahimi, P. M. J. Org. Chem. 
1979, 44, 1674. 
102 Stork, G.; Sher, P. M. J. Am. Chem. Soc. 1983, 105, 6765. 
103 Motherwell, W. B.; Crich, D.; Barton, D. H. R. J. Chem. Soc. Chem. Commun. 1983,939. 
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(Scheme 23).104 For example, linoleic acid (2.43) is activated in excellent yield to Barton ester 

2.44, which under irradiation give nitrile 2.46. This mild reaction is a formal two steps 

decarboxylative cyanation under visible light irradiation.  

 

Scheme 23: Light induced stepwise decarboxylative cyanation using Barton esters 

 

In 1998, Hill and Zheng described the photocatalytic C-H cyanation of alkanes using 

polyoxotungstate catalysts and MCF as nitrile source.105 The tungstate catalyst can abstract a 

hydrogen atom upon excitation under UV light. Then, a radical cascade is initiated involving 

radical addition to MCF, thus generating an iminyl radical, which upon thermal fragmentation (90 

°C) allows the formation of the expected nitrile, CO2 and the methyl radical.  

In 2006, Renaud and coworkers developed an interesting cyanation of alkylcatecholboranes 

with aryl sulfonyl cyanides. This allowed a one-pot procedure for the hydrocyanation of olefins in 

combination with a hydroboration with catecholborane (Scheme 24, eq 1).96 The hydroboration 

step governs the regioselectivity of the reaction (Kharasch effect). Carreira and coworkers have 

also reported a cobalt-catalyzed hydrocyanation in 2007, in which the products follow 

Markovnikov regioselectivity (eq 2). 106  In 2011, Inoue extended his work on diarylketone-

photoinduced generation of radicals for the C -H cyanation of ethers and amines (eq 3).107 Soon 

after, Alexanian and coworkers utilised TsCN for the radical ring-closing oxycyanation of 

unsaturated hydroxamic acids, with low diastereoselectivity (eq 4). 108  Later, Landais and 

                                                             
104 Theodorakis, E. A.; Jaszberenyi, J. C.; Barton, D. H. R. Tetrahedron 1992, 48, 2613. 
105 Zheng, Z.; Hill, C. L. Chem. Commun. 1998, 2467. 
106 Gaspar, B.; Carreira, E. M. Angew. Chem. Int. Ed. 2007, 46, 4519. 
107 Kamijo, S.; Hoshikawa, T.; Inoue, M. Org. Lett. 2011, 13, 5928. 
108 Quinn, R. K.; Schmidt, V. A.; Alexanian, E. J. Chem. Sci. 2013, 4, 4030. 
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coworkers developed a carbocyanation of alkenes, starting from -halo carbonyls or sulfones and 

tosyl cyanide (eq 5).109 The formation of two different C-C bonds is highly attractive, however, the 

activation using tin reagents and peroxides in benzene is a major drawback. An important extension 

of this strategy using catalytic amounts of the radical initiator V-40 and alkylsulfonylcyanide 2.46 

allows a tin free transformation, with SO2 as the sole byproduct (eq 6).109 All these transformations 

are based on the addition/elimination process that occurs with arylnitrilesulfones in presence of 

radicals.  However, despite the high yields, they often required harsh reaction conditions and the 

use of radical initiators or stoichiometric oxidants. 

 

Scheme 24: Cyanation of alkyl radicals using cyanosulfone reagents 

 

Recently, some progress has been achieved in the introduction of alternative reagents. Kim 

and coworkers developed organophosphoryl cyanide 2.47 as a new cyanating reagent with 

                                                             
109 Hassan, H.; Pirenne, V.; Wissing, M.; Khiar, C.; Hussain, A.; Robert, F.; Landais, Y. Chem. Eur. J. 2017, 23, 4651. 
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comparable efficiency to TsCN in the cyanation of alkyl iodides (Scheme 25, eq 1).110 However, 

the activation mode remains identical, with either thermal decomposition of peroxides or UV 

activation of a tin dimer. In 2013, benzylnitrile (2.48) was used as the cyano source by Bao and 

Wan in presence of TBHP and a catalytic amount of TBAI (eq 2).111 They found that the reaction 

proceeded through a radical oxidation of benzylnitrile (2.48) to benzoylcyanide (2.49). 

Subsequently, the cyanation proceeds via a similar -addition/ -elimination process, which expels 

an acyl radical along with the desired nitrile product. Later in 2015, Ofial introduced KSCN (2.50) 

as a non-toxic cyanide source in the oxidative Strecker reaction of tertiary amines (eq 3).112 

However, four equivalents of TBHP are required to oxidize both the amine and the thiocyanate, 

thus preventing its use in scale-up process.  

 

Scheme 25: Alternatives cyanation systems involving alkyl radicals 

 

A significant breakthrough in the field of cyanation chemistry occurred with the 

development of radical capture processes whereby Cu(II) species combine with alkyl radicals to 

generate Cu(III) intermediates. Subsequent reductive elimination allows Csp3-Csp bond formation 

(Scheme 26, eq 1). Using chiral ligands 2.51 Liu, Wang and Stahl reported an enantiodetermining 

reductive elimination step to achieve highly enantioselective C-H cyanation of benzylic 

                                                             
110 Cho, C. H.; Lee, Y.; Kim, S. Synlett, 2009, 1, 0081. 
111 Zhang, C.; Liu, C.; Shao, Y.; Bao, X.; Wan, X. Chem. Eur. J. 2013, 19, 17917. 
112 Wagner, A.; Ofial, A. R. J. Org. Chem. 2015, 80, 2848. 
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positions.113 One drawback to this protocol, however, is the large excess of TMSCN required. They 

later extended this strategy to amino and azido cyanation of styrenes (eq 2 and 3),114 and to 

trifluoromethyl- cyanation of styrenes using TMSCN and Togni reagent 2.52 (eq 4).115 Using 

superstoichiometric quantities of TBHP, CuCN and pentamethyldiethylenetriamine (PMDETA), 

the Han group successfully developed protocols for both the oxycyanation and aminocyanation of 

alkenes.116  

 

 

Scheme 26: Recent cyanation of alkyl radicals catalyzed by copper for asymmetric transformations 

 

 

                                                             
113 Zhang, W.; Wang, F.; McCann, S. D.; Wang, D.; Chen, P.; Stahl, S. S.; Liu, G. Science 2016, 353, 1014. 
114 Wang, D. ; Wang, F.; Chen, P.; Lin, Z.; Liu, G. Angew. Chem. Int. Ed. 2017, 56, 2054. 
115 Wang, F.; Wang, D.; Wan, X.; Wu, L.; Chen, P.; Liu, G. J. Am. Chem. Soc. 2016, 138, 15547. 
116 Chen, F.; Zhu, F.-F.; Zhang, M.; Liu, R.-H.; Yu, W.; Han, B. Org. Lett. 2017, 19, 3255. 
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2.2.3. Conclusion 
 

Radical chemistry has become more and more popular in organic chemistry due to its 

mildness and selectivity. Nowadays, C-C bond formation via radical chemistry is considered 

mainstream both in academia and in industry.117 When the carbon-centered radicals are generated 

under mild conditions at room temperature, then the selectivity, as well as the functional group 

tolerance are better than at high reaction temperatures. Using SOMOphilic species, complex 

molecules with polycyclic cores can be synthetized in short sequences and many functional group 

transformations are available. 118  Radicals are therefore powerful intermediates in organic 

chemistry, and offer some new useful synthetic disconnections, involving a homolytic pathway. 

However, the aforementioned radical syntheses of alkynes and nitriles suffered from two major 

drawbacks: 

a) The generation of the radical species under harsh conditions (UV, peroxides, heat, 

stoichiometric amounts of oxidants/reductants) or using toxic/dangerous reagents (tin 

compounds, unstable Barton esters, potentially explosive peroxides) 

b) The limited number of practical trapping reagents. (Mostly arylsulfones reagents) The 

introduction of new reagent for the radical transfer of alkynes and nitriles would allow more 

flexibility. 

Therefore, new modes of activation and new reagents are urgently needed to explore radical 

alkynylation and cyanation. For a long time, electrochemistry has been known to promote electron 

transfer to small molecules and the generation of alkyl radicals.119 Recently, renewed efforts to 

increase the feasibility and ease of access to this technology have been undertaken, as well as the 

exploration of its applicability in organic synthesis. For example, the synthesis of a-amino nitriles 

from secondary amines, and especially piperidines, can be now performed in high yield and with 

broad functional group tolerance (Scheme 27).120 In this case, direct hydride transfer occurs from 

amine to an oxoammonium specie (here ABNO (2.53)), in situ formed via SET from electrodes. 

                                                             
117 Deepthi, A.; Sathi, V.; Nair, V. Tetrahedron Lett. 2018, 59, 2767. 
118 (a) Ramaiah, M. Tetrahedron Lett. 1987, 43, 3541. (b) Curran, D. P. Synthesis 1988, 417. 
119 (a) Yan, M.; Kawamata, Y.; Baran, P. S. Chem. Rev. 2017, 117, 13230. (b) Yan, M.; Kawamata, Y.; Baran, P. S. 
Angew. Chem. Int. Ed. 2018, 57, 4149. 
120 Lennox, A. J. J.; Goes, S. L.; Webster, M. P.; Koolman, H. F.; Djuric, S. W.; Stahl, S. S. J. Am. Chem. Soc. 2018, 
140, 11227. 
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Scheme 27: Recent electrochemistry method for the -cyanation of piperidines 

 

Another mode of activation for radical generation is the use of visible light irradiation for 

photoredox catalysis. This appealing method has recently emerged as a powerful tool. Mild 

conditions and practically easy setup, with low cost LEDs or house bulb make this strategy very 

attractive compared to electrochemistry, with expensive electrode and maintenance. The section 

2.3 will describe the modern approach for the radical generation using visible light photoredox 

catalysis concept. The section 2.4 will focus on the development of alternative reagents for 

inducing radical alkynylation and cyanation utilizing hypervalent iodine reagents.  
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2.3. Photoredox catalysis, a powerful method to generate radicals 
 

2.3.1 General introduction of photoredox catalysis 
 

2.3.1.1 Photophysics 
 

Using visible light as energy for chemical reactions is a very elegant way to make chemistry 

more and more sustainable. Indeed, visible light requires less energy than a UV lamp and it is 

experimentally more convenient to work with. (Classic glassware, no special protection for eyes or 

skin required depending light intensity). Furthermore, visible light induced transformations is a 

step forward in order to use sun light for chemical reactions. Sun light is attractive in many ways, 

as it is renewable, inexpensive and broadly available. This idea to use sun light as energy source 

led chemists to develop a library of catalysts, either metallic complexes or organic dyes, which 

could be excited by irradiation under visible light.121 It is well known that UV light can activate 

chemical bonds, but visible light activation of molecules is more challenging. The key to succeed 

in this new type of activation was the use of extended conjugated systems. In that manner, the 

wavelength absorption of these molecules is shifted in the visible light area. The low HOMO-

LUMO gap in these organic and organometallic structures rendered possible the excitation of such 

molecules. For metal photocatalysts, metal to ligand charge transfer (MLCT) occurs: upon 

absorption of a photon from visible light, an electron in one of the metal-centered t2g orbitals is 

excited to a ligand-centered π* orbital. Formally, the metal has been oxidized and the ligand 

framework has undergone a single electron reduction. Then, rapid intersystem crossing furnished 

the triplet state of the excited photocatalyst. This triplet state is the long-lived and actual active 

species, which undergoes single electron transfer in presence of oxidant or reductant. In fact, 

excited species are both more oxidizing and reducing than the ground-state species. In the 

following scheme, Ru(bpy)3
2+ (2.54) was chosen as example because it is the most used and well 

know photocatalyst (Scheme 28). It is also for historical reason: in their seminal work, Nicewicz 

                                                             
121 For selected reviews, see: (a) (a) Zeitler, K. Angew. Chem. Int. Ed. 2009, 48, 9785. (b) Yoon, T. P.; Ischay, M. A.; 
Du, J. N. Nat. Chem. 2010, 2, 527. (c) Teply, F. Collect. Czech. Chem. Commun. 2011, 76, 859. (d) Narayanam, J. M. 
R.; Stephenson, C. R. J. Chem. Soc. Rev. 2011, 40, 102. (e) Shi, L.; Xia, W. Chem. Soc. Rev. 2012, 41, 7687. (f) Xuan, 
J.; Xiao, W.-J. Angew. Chem., Int. Ed. 2012, 51, 6828. (g) Tucker, J. W.; Stephenson, C. R. J. J. Org. Chem. 2012, 77, 
1617. (h) Ravelli, D.; Fagnoni, M.; Albini, A. Chem. Soc. Rev. 2013, 42, 97. (i) Prier, C. K.; Rankic, D. A.; MacMillan, 
D. W. C. Chem. Rev. 2013, 113, 5322. 
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and MacMillan summarized some longstanding knowledge122 and harnessed the photophysical 

properties of Ru(bpy)3
2+ for the photocatalytic redox activation of small molecules using simple 

blue LEDs.123 

 

Scheme 28: Frontier orbital model of photocatalyst Ru(bpy)3
2+ (2.54). 

 

In an excited state, a photocatalyst can then undergo an oxidation in presence of an oxidant 

(Scheme 29). In the case of *Ru(bpy)3
2+ (2.54*), this furnished Ru(bpy)3

3+ (2.54ox) which is a very 

strong oxidant (E1/2(III/II) = +1.29 V vs SCE). This catalytic cycle is named oxidative quenching 

cycle, and the oxidant that accepts electron from *Ru(bpy)3
2+ (2.54*) is the oxidative quencher. On 

the other hand, *Ru(bpy)3
2+ (2.54*) can undergo a reduction in presence of a reductant, affording 

Ru(bpy)3
+ (2.54red), which is a strong reductant (E1/2(II/I) = -1.33 V vs SCE). This second catalytic 

                                                             
122 (a) Caspar, J. V.; Meyer, T. J. J. Am. Chem. Soc. 1983, 105, 5583. For application to water splitting, see: (b) Hara, 
M.; Waraksa, C. C.; Lean, J. T.; Lewis, B. A.; Mallouk, T. E. J. Phys. Chem. A 2000, 104, 5275. (c) Bard, A. J.;Fox, 
M. A. Acc. Chem. Res., 1995, 28, 141. 
123 Nicewicz, D. A.; MacMillan, D. W. C. Science 2008, 322, 77. 
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cycle is called the reductive quenching cycle. In the absence of quencher, *Ru(bpy)3
2+ undergoes 

emission. (λmax = 615 nm) 

 

Scheme 29: Oxidative and reductive quenching cycles in photoredox chemistry 

 

Photoredox catalyzed reactions require mild conditions, as they are performed often at room 

temperature, without further use of strong external oxidant or reductant. Only light irradiation is 

necessary to promote the reaction. A distinction is made between visible light induced reaction and 

visible light catalyzed reaction. In the first one, a propagation of the radical can occur; therefore, 

the light is required just at the beginning to initiate the reaction. In the second one, each catalytic 

cycle generates an active radical, but there is no propagation. On-off light experiment and quantum 

yield measurement are common general methods to discriminate or not the presence of propagation 

chains.  

Since the seminal report by Nicewicz and Macmillan in 2008,123 photoredox catalysis has 

truly entered mainstream organic chemistry by providing solutions to longstanding problems.121 Its 

translational potential is currently under development in industrial process utilizing flow 

techniques, in order to overcome lower yields due to difficult irradiation often encountered on large 
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scale, which will broadly increase its synthetic potential and usefulness.124 To help choose the 

suitable photocatalyst, a short introduction of the existing metals complexes and organic dyes will 

be presented. 

 

2.3.1.2. Common photocatalysts 
 

The main organometallic photocatalysts are presented in figure 8. For their applications in 

solar energy, Ru based complexes have been widely studied and were used in the pioneering works 

on photoredox catalysis. Using more electron poor ligands (with addition of N), the photocatalysts 

start to be more oxidizing, like Ru(bpm)3 and Ru(bpz)3 (2.55-2.56). Ir complexes are less electron 

rich compared to Ru ones. fac-Ir(bpy)3 is too strongly reducing and cannot be used in most common 

solvents, while fac-Ir(ppy)3 (2.57) is a strongly reducing photocatalyst with broad applications. 

However, it is easier to modulate the properties in heteroleptic complexes (when two different 

ligands are used). In this case, the LUMO and HOMO of the photocatalyst are spatially separated, 

which allows tuning of oxidation potential without influencing too much the reduction potential. 

In that regard, Ir complexes have been widely used due to a larger spin-orbit coupling that improves 

MLCT efficiency. [Ir(ppy2)dtbbpy]PF6 (2.58) and [Ir(dF(CF3)ppy)2dtbbpy]PF6 (2.59) have been 

introduced as stronger oxidants that fac-Ir(ppy)3 and are now commercially available due to their 

synthetic utility. Copper based photocatalysts are also important in photoredox catalysis, 125 

Cu(dap)2Cl (2.60) being broadly used,126 while recently alternative catalysts with both N-N and 

phosphine ligands have been described by Shawn and coworkers.127 Despite the fact that metal-

based photocatalyst reactivity and their rational design128 are now well established, these catalysts 

are often expensive and use precious metals (Ru, Ir). Furthermore, their syntheses often require 

several steps, including ligand synthesis.129 

                                                             
124 For recent reviews on photoredox catalysis in flow, see: (a) Straathof, N. J. W.; Noël, T. Accelerating Visible‐Light 
Photoredox Catalysis in Continuous‐Flow Reactors. Book chapter in Visible light photocatalysis in organic chemistry; 
Stephenson, C. R. J.; Yoon, T.; MacMillan, D. W. C. Wiley-VCH, Berlin, 2018, 389. (b) Noël, T. Journal of Flow 
Chemistry, 2017, 7, 87. 
125 (a) Armaroli, N.; Accorsi, G.; Cardinali, F.; Listorti, A. Top. Curr. Chem. 2007, 280, 69. (b) O. Horvath, Coord. 
Chem. Rev. 1994, 135, 303. (c) D. R. McMillin, J. R. Kirchhoff, K. V. Goodwin, Coord. Chem. Rev. 1985, 64, 83. 
126 (a) Schwendiman, D. P.; Kutal, C. J. Am. Chem. Soc. 1977, 99, 5677. (b) Kern, J.-M.; Sauvage, J.-P. J. Chem. Soc. 
Chem. Commun. 1987, 546. 
127 Minozzi, C.; Caron, A.; Grenier-Petel, J.-C.; Santandrea, J.; Collins, S. K. Angew. Chem. Int. Ed. 2018, 57, 5477. 
128 Arias-Rotondo, D. M.; McCuske, J. K. Chem. Soc. Rev. 2016, 45, 5803. 
129 Kelly, C. B.; Patel, N. R.; Primer, D. N.; Jouffroy, M.; Tellis, J. C.; Molander, G. A. Nat. Protoc. 2017, 12, 472. 
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Figure 8: Common metal complexes used as photoredox catalysts 

 

Organic dyes have emerged as powerful alternatives to transition metal based photoredox 

catalysts.130 They are not only the “metal free” alternatives; they also offer a wider spectrum of 

redox potential. There are also examples of highly reducing and highly oxidizing dyes, which 

conferred them unique catalytic property potentially inaccessible with transition metal complexes. 

Xanthenes (Fluorescin (2.61), Eosin Y (2.62), Rose Bengal (2.63)); pyriliums (2.64), acridiniums 

(Fukuzumi dye (2.65)) and cyanoarenes (DCA (2.66), DCB (2.67), DCN (2.68)) are the most 

                                                             
130 Romero, N. A.; Nicewicz, D. A. Chem. Rev. 2016, 116, 10075. 
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encountered family of organic dyes and selected examples are shown in figure 9. However, these 

organophotocatalysts often suffers from low stability (acridinium, pyriliums and cyanoarenes 

especially). In 2014, cyanoarenes were modified to modulate their redox properties by Jiang and 

coworkers, with the introduction of dicyanopyrazines scaffold. DPZ (2.69) was identified as a 

suitable push-pull chromophore for photoredox catalysis.131 Later in 2016, Luo and Zhang reported 

the application of donor acceptors cyanoarenes fluorophores, previously described by Adachi and 

coworkers,132 in photoredox/Ni dual photocatalysis. Among them, 4DPAIPN (2.70) and 4CzIPN 

(2.71) were the most successful. 133  Similarly, Nicewicz and coworkers 134  and Sparr and 

coworkers135 developed new acridinium dyes (2.72) with greater stability and wider redox potential 

spectra. 

 

Figure 9: Common organic photocatalysts and new generations of organic dyes 

                                                             
131 Zhao, Y.; Zhang, C.; Chin, K. F.; Pytela, O.; Wei, G.; Liu, H.; Bureš, F.; Jiang, Z. RSC Adv. 2014, 4, 30062. 
132 Uoyama, H.; Goushi, K.; Shizu, K.; Nomura, H.; Adachi, C. Nature 2012, 492, 234. 
133 Luo, J.; Zhang, J. ACS Catal. 2016, 6, 873. As pointed out by Zeitler and coworkers (See ref 376) and by our group 
(See ref 440), 4DPAIPN was missassigned by Zhang and Luo, who actually synthesized 2.70a and not 2.70b. 
134 Joshi-Pangu, A.; Lévesque, F.; Roth, H. G.; Oliver, S. F.; Campeau, L.-C.; Nicewicz, D.; DiRocco, D. A. J. Org. 
Chem. 2016, 81, 7244. 
135 Fischer, C.; Sparr, C. Angew. Chem. Int. Ed. 2018, 57, 2436. 
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2.3.1.3. Common C-centered radical precursors 
 

Since the reintroduction of photoredox catalysis, various precursors for C-centered alkyl 

radicals have been harnessed (Figure 10). Reduction of the radical precursors was initially used by 

Nicewicz and Macmillan in their 2008 breakthrough report taking advantage of the easily reduced 

phenacyl bromide derivatives.123 Alkyl iodides are also usually engaged in radical chemistry after 

photoreduction, especially perfluoroalkyliodides. Then, N-acyloxyphthalimides are among the 

most used precursors upon reduction due to easily accessible reduction potential and broad 

availability of carboxylic acids.136 Recently introduced, pyridinium salts are emerging as attractive 

precursors for deaminative processes of broadly available primary amines, despite the low atom 

economy.137 On the other hand, oxidation of the radical precursors leads to a complementary 

approach. -Trimethylsylilaminoderivatives can readily undergo oxidation and TMS release to 

generate -amino radicals.138 Potassium trifluoroborates,139 and carboxylates salts140 are the most 

frequent radical precursors used in reductive quenching of the photocatalysts. Recently, 

alternatives such as silicates 141  or 1,4-dihydropyridines (1,4-DHP) 142  have found particular 

interest, especially for their used in dual nickel / photoredox catalysis. 

 

Figure 10: Common precursors of C-centered alkyl radicals used in photoredox catalysis (potentials in V vs SCE) 

                                                             
136 For a recent review, see: Murarka, S. Adv.Synth. Catal. 2018, 360, 1735. 
137 Klauck, F. J. R.; James, M. J.; Glorius, F. Angew. Chem. Int. Ed. 2017, 56, 12336. 
138 Ruiz Espelt, L.; McPherson, I. S.; Wiensch, E. M.; Yoon, T. P.; J. Am. Chem. Soc. 2015, 137, 2452. 
139 (a) For review, see: Duret, G.; Quinlan, R.; Bisseret, P.; Blanchard, N. Chem. Sci. 2015, 6, 5366. (b) For seminal 
example, see: Tellis, J. C.; Primer, D. N.; Molander, G. A. Science 2014, 345, 433. 
140 (a) Jin, Y.; Fu, H. Asian J. Org. Chem. 2017, 6, 368. (b) Patra, T.; Maiti, D. Chem. Eur. J. 2017, 23, 7382. (c) Xuan, 
J.; Zhang, Z.-G.; Xiao, W.-J. Angew. Chem. Int. Ed. 2015, 54, 15632. 
141 Corce, V.; Chamoreau, L.-M.; Derat, E.; Goddard, J.-P.; Ollivier, C.; Fensterbank, L. Angew. Chem. Int. Ed. 2015, 
54, 11414. 
142 Gutierrez-Bonet, A.; Tellis, J. C.; Matsui, J. K.; Vara, B. A.; Molander, G. A. ACS Catal. 2016, 6, 8004. 
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Trifluoroborates and carboxylates salts are highly attractive precursors in term of atom 

economy of the leaving group (BF3, CO2, and their countercations), compared to silicates and 

DHPs, even though the release of stoichiometric amount of BF3 could be a drawback in some 

transformations, due to its strong Lewis acid character. Concerning the availability, alkyl silicon 

reagents are rarely commercially available, while some RBF3K can be bought, due to their use in 

other transition metal catalyzed coupling. As broadly available from biomass, carboxylic acids and 

aldehydes (sources for DHP) are often considered when a large library of compounds need to be 

prepared. Catechol silicates possess the lowest redox potential making them interesting for the 

flexibility to use a large panel of photocatalysts, and a broader functional group tolerance. 

Carboxylates and DHPs have a slightly higher oxidation potential. Finally trifluoroborates possess 

a slightly higher oxidentation potential compared to the previous classes, ranging from 0.9 to 1.2 

V (vs SCE) depending the substituent in -position.  

 

Carboxylic acids are extremely interesting substrates due to their availability and low cost. 

It is a very useful functional group in this case: 1) it is a traceless activating group by 

decarboxylation;143 2) it also allows the reaction to be site selective. Furthermore, their oxidation 

potential can be easily reached with common photoredox catalysts, thus making them suitable and 

highly attractive starting materials. Therefore, the present thesis is focused on decarboxylative 

pathways for the alkynylation and cyanation of carboxylic acids. First, photoredox-catalyzed 

decarboxylative transformations will be summarized, and then the visible light driven alkynylation 

and cyanation will be presented. 

  

                                                             
143  Schwarz, J.; König, B. Green Chem. 2018, 20, 323. 
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2.3.2 Photoredox catalyzed decarboxylative transformations 
 

Inspired by the seminal work on light mediated radical decarboxylations of Barton and 

coworkers144 and Hasebe and Tsuchiya,145 Okada and Oda described the first photosensitizer 

mediated reductive decarboxylation in 1988 using 1,6-bis(dimethylamino)pyrene (BDMAP, 2.73) 

as stoichiometric photosensitizer, and N-(acyloxy)phtalimides as alkyl radicals precursor (Scheme 

29, eq 1) in presence of tBuSH.146 Using DABCO as the reductant and CCl4 as a chlorine source, 

a light mediated decarboxylative chlorination was achieved (eq 2).147 Following their pioneering 

works, Okada and Oda described the successful trapping of photo-catalytically generated alkyls 

radicals in the first photoredox decarboxylative Giese reaction (eq 3), 148  and the reductive 

decarboxylation. 149  BNAH (1-benzyl-1,4-dihydronicotinamide, 2.74) was used both as the 

reductant and H source (eq 4). In this case, Ru(bpy)3
2+ (2.54) was introduced as photocatalyst and 

yields of up to 70% for the coupled products were obtained. 
 

 

Scheme 29: Pioneering light mediated decarboxylative transformations by Oda and Okada 

                                                             
144 Barton, D. H. R.; Dowlatshahi, H. A.; Motherwell, W. B.; Villemin, D. J. Chem. Soc., Chem. Commun. 1980, 0, 
1980. 
145 Hasebe, M.; Tsuchiya, T. Tetrahedron Lett. 1987, 28, 6207. 
146 Okada, K.; Okamoto, K.; Morita, N.; Okubo, K.; Oda, M. J. Am. Chem. Soc. 1988, 110, 8736. 
147 Okada, K.; Okamoto, K.; Oda, M. J. Chem. Soc., Chem. Commun. 1989, 1636. 
148 Okada, K.; Okamoto, K.; Morita, N.; Okubo, K.; Oda, M. J. Am. Chem. Soc. 1991, 113, 9401. 
149 Okada, K.; Okubo, K.; Morita, N.; Oda, M. Tetrahedron Lett. 1992, 33, 7377. 
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The use of N-(acyloxy)phthalimides, the so-called Redox Active Esters (RAEs), is a 

limitation for the Giese reaction. Indeed, the activation step required peptidic coupling, and a 

stoichiometric amount of phthalimide is generated as a byproduct. A more atom-economical and 

redox neutral transformation would be achieved by the use of free carboxylic acids as radical 

precursors. Therefore, the photoredox catalyzed decarboxylative transformations after oxidative 

quenching by N-(acyloxy)phthalimides will not be covered,135 and only selected examples related 

to the present thesis will be described. Our focus will then be on photoredox mediated free acid 

decarboxylation for the generation of alkyl radicals. 

 

Based on their pioneering work on photoredox reductive decarboxylation of amino acids 

(Scheme 30, eq 1),150 Yoshimi and Hatanaka successfully implemented this strategy to the Giese 

reaction151 (eq 2, with examples of peptides and macrocyclization) and to cyanoarylation in 2009 

(eq 3). 152  These works are an important milestone in the direct photoredox mediated 

decarboxylative transformations. Here the mechanism is inverted and starts with the oxidation of 

the carboxylate, which after CO2 extrusion affords the alkyl radical. It is noteworthy that their 

system is metal free, due to the combination of Phen (2.75) and DCB (2.67); however, the 

photosensitizers were introduced in stoichiometric amounts (even though they could be 

quantitatively recovered at the end of the reaction). In 2013, Yoshimi and Morita showed that the 

loading of the photosensitizers Phen and DCN could be decreased to 2.5 mol% in the 

decarboxylative alkylation of acrylonitrile.153 DCN was found to me more efficient that DCB. 

However, a powerful mercury lamp and Pyrex filter were still required; therefore, a catalytic 

method using a more convenient, cost effective, and safer light source would be very attractive. 

                                                             
150 Yoshimi, Y.; Itou, T.; Hatanaka, M. Chem. Commun. 2007, 5244. 
151 Yoshimi, Y.; Masuda, M.; Mizunashi, T.; Nishikawa, K.; Maeda, K.; Koshida, N.; Itou, T.; Morita, T.; Hatanaka, 
M. Org. Lett. 2009, 11, 4652. 
152 Itou, T.; Yoshimi, Y.; Morita, T.; Tokunaga, Y.; Hatanaka, M. Tetrahedron 2009, 65, 263. 
153 Yoshimi, Y.; Washida, S.; Okita, Y.; Nishikawa, K.; Maeda, K.; Hayashi, S.; Morita, T. Tet. Lett. 2013, 54, 4324. 
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Scheme 30: First photoredox catalyzed decarboxylative transformation of free carboxylic acids 

 

Since 2013, photoredox catalyzed decarboxylative transformations have received growing 

interest coinciding with the discovery of visible light activation of photocatalysts. UV or mercury 

lamps have now been replaced by compact fluorescent lamps (CFL) or light emitting diodes (LED). 

Notably, a breakthrough was made with the elegant decarboxylative amidation of -keto acids 

using Ru(Phen)3
2+ (2.76) reported by Lan and Lei (Scheme 31, eq 1).154 Meanwhile, Tan and Wang 

reported a Giese reaction with -amino radicals formed by the oxidation of arylglycines derivatives 

(eq 2).155 This strategy is an alternative to the oxidation of carboxylates, since the mechanism in 

this case starts with the oxidation of the electron rich nitrogen of the aniline. Interestingly, the 

organic dye fluorescin was the best photocatalyst and a half-gram scale sun light reaction was 

successfully reported. Almost simultaneously, Miyake and Nishibayashi used iridium 

photocatalyst 2.77 for the Giese reaction of benzylic radicals, generated by the decarboxylation of 

p-aminoarylacetic acids (eq 3). 156  Early in 2014, Sammis and Paquin reported an elegant 

photocatalytic decarboxylative fluorination of -oxy acids using Ru(bpy)3
2+, as an important 

improvement of their UV-light mediated decarboxylative fluorination reported previously (eq 4).157  

With the introduction of SelectFluor (2.78) as an efficient reagent for radical transfer of fluorine 

under photoredox conditions, this transformation was an important milestone in visible light driven 

                                                             
154 Liu, J.; Liu, Q.; Yi, H.; Qin, C.; Bai, R.; Qi, X.; Lan, Y.; Lei, A. Angew. Chem. Int. Ed. 2014, 53, 502. 
155 Chen, L.; Chao, C. S.; Pan, Y.; Dong, S.; Teo, Y. C.; Wang, J.; Tan, C.-H. Org. Biomol. Chem. 2013, 11, 5922. 
156 Miyake, Y.; Nakajima, K.; Nishibayashi, Y. Chem. Commun. 2013, 49, 7854. 
157 (a) Rueda-Becerril, M.; Mahe; O.; Drouin, M.;  Majewski, M. B.; West, J. G.; Wolf, M. O.;  Sammis, G. M.; Paquin, 
J.-F. J. Am. Chem. Soc. 2014, 136, 2637. (b) For the UV light reaction, see: Leung, J. C. T.; Chatalova Sazepin, C.; 
West, J. G.; Rueda-Becerril, M.; Paquin, J.-F.; Sammis, G. M. Angew. Chem. Int. Ed. 2012, 51, 10804. 
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fluorinations. However, the use of a 500W lamp and the narrow scope (only -oxy acids) were two 

limitations of this transformation.  

 

Scheme 31: First visible light photoredox catalyzed decarboxylative transformation of free carboxylic acids 

 

Later in 2014, studies by MacMillan and coworkers allowed the seminal transformations 

of Yoshimi and Hatanaka to be redeveloped based on visible light mediated decarboxylation of 

amino acids and, in a general way, of carboxylic acids. First, in March 2014, they reported the 

decarboxylation of proline under photoredox conditions followed by arylation using cyanoaryls 

(Scheme 32, eq 1).158 Then in July 2014, they reported two other photoredox decarboxylative 

functionalizations: the vinylation using vinyl sulfones as radical acceptors (eq 2)159 and the Giese 

reaction of amino acids (eq 3).160  

 

                                                             
158 Zuo, Z.; MacMillan, D. W. C.  J. Am. Chem. Soc. 2014, 136, 5257. 
159 Noble, A.;  MacMillan, D. W. C. J. Am. Chem. Soc. 2014, 136, 11602. 
160 (a) Chu, L.; Ohta, C.; Zuo, Z.; MacMillan, D. W. C. J. Am. Chem. Soc. 2014, 136, 10886. (b) For a metal free 
variant, see: Ramirez, N. P.; Gonzalez-Gomez, J. C. Eur. J. Org. Chem. 2017, 2154. 
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Scheme 32: Photoredox catalyzed decarboxylative transformations reported by MacMillan in 2014 

 

In all the cases, the reactions afforded a racemic mixture, due to the radical intermediate 

obtained after decarboxylation. The scopes are broad and Boc and Cbz protecting group are both 

tolerated. However, only the alkylation has been extended to aliphatic carboxylic acids. A 

comparison of the optimized conditions in the different decarboxylative transformations reveals 

that the use of an iridium photocatalyst, especially 2.58 and 2.59, seems crucial for completing the 

photoredox catalytic cycle. Another interesting point is the cesium effect. In these three different 

reactions, cesium salts like CsOAc or CsF are often superior to other bases. A common drawback 

of all these transformations is the use of an excess of carboxylic acids. It is worth noting that 

sometimes a more precise wavelength obtained by using blue LEDs gives better results than 

Compact Fluorescent Lamp (CFL). 

At the beginning of my PhD studies, in late 2014, and inspired by these seminal reports, we 

envisioned an unprecedented photoredox catalyzed decarboxylative alkynylation and cyanation of 

carboxylic acids as an entry into this field (See section 3). The successful implementation of this 

strategy by our group and Xiao in 2015 (alkynylation) and late 2016 (cyanation) was an important 
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contribution to the field. Since then, a significant number of reports on visible light driven 

decarboxylative functionalizations have been published, highlighting the impressive versatility of 

the approach. However, it is important to stay critical, and being able to observe how much progress 

the visible light driven transformations would bring. This interesting vision of photoredox catalysis 

has been notably highlighted by Reiser and König.161 A summary of the main achievements will 

be presented below. 

In 2014, Wallentin and coworkers described the photoredox catalyzed reductive 

decarboxylation of -amino acids, -oxy acids and phenylacetic acids (Scheme 33, eq 2).162 Soon 

after, Nicewicz described a more general transformation involving also aliphatic carboxylic acids 

(eq 2).163 These two methods used strongly oxidizing mesityl acridinium perchlorate catalysts and 

disulfide as an electron sink and HAT catalyst. Importantly, Nicewicz showed that the solvent had 

a dramatic effect, and demonstrated that using TFE enabled the scope of the reaction to be 

broadened. In 2015, using Iridium photocatalyst, Macmillan extended the decarboxylative 

fluorination of carboxylic acids developed earlier by Sammis and Paquin (eq 3).164 Simultaneously, 

Qian and Ye described a metal free version of this new fluorination method using mesityl 

acridinium perchlorate (eq 3).165 Subsequently, Glorius and coworkers developed a bromination 

using bromomalonate derivatives as the bromine source (eq 3).166 This transformation was not 

limited to bromine: using NIS and NCS, both iodination and chlorination were achieved. Candish 

and Glorius also reported the di- and trifluoromethylthiolation of free carboxylic acids using an 

electrophilic phthalimide-SCF3 reagent (eq 4).167 Using oxygen as a green oxidant, Xiao and 

coworkers described the decarboxylative hydroxylation of benzylic carboxylic acids (eq 5).168 

However, only benzylic and tertiary positions were successfully converted to the corresponding 

alcohols. The Aggarwal group reported then the addition of alkyl radicals to electron rich vinyl 

organoborons, which allowed access to valuable -amino boronic acids,169 while Li and Tian 

                                                             
161 (a) Schwarz, J.; König, B. Green Chem. 2018, 20, 323. (b) Marzo, L.; Pagire, S. K.; Reiser, O.; König, B. Angew. 
Chem. Int. Ed. 2018, 57, 10034. 
162 Cassani, C.; Bergonzini, G.; Wallentin, C.-J. Org. Lett. 2014, 16, 4228. 
163 Griffin, J. D.; Zeller, M. A.; Nicewicz, D. A. J. Am. Chem. Soc. 2015, 137, 11340. 
164 Ventre, S.; Petronjievic, F. R.; Macmillan, D. W. C. J. Am. Chem. Soc. 2015, 137, 5654.  
165 Wu, X.; Meng, C.; Yuan, X.; Jia, X.; Qian, X.; Ye, J. Chem. Commun. 2015, 51, 11864. 
166 Candish, L.; Standley, E. A.; Gómez-Suárez, A.; Mukherjee, S.; Glorius, F. Chem. Eur. J. 2016, 22, 9971. 
167 Candish, L.; Pitzer, L.; Gómez-Suárez, A.; Glorius F. Chem. Eur. J. 2016, 22, 4753. 
168 Song, H.-T.; Ding, W.; Zhou, Q.-Q.; Liu, J.; Lu, L.-Q.; Xiao, W.-J. J. Org. Chem. 2016, 81, 7250. 
169 Noble, A.; Mega, R. S.; Pflästerer, D.; Myers, E. L.; Aggarwal, V. K. Angew. Chem. Int. Ed. 2018, 57, 2155. 
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reported access to -amino phosphonic acids using vinylphosphonates (eq 6). 170  Finally, 

photoredox catalyzed decarboxylative allylation was reported by Wu and Zhu using allylsulfones 

(eq 7); however, it was limited to aryl glycine derivatives.171 A decarboxylative heteroarylation 

reaction was reported under photoredox conditions by Fu using N-(acyloxy)phtalimides; 172 

however, starting from free carboxylic acids, a redox neutral approach is not possible (eq 8). 

Therefore, the addition of a stoichiometric amount of oxidant is required. In that regard, Glorius 

and coworkers used [Ir(dF(CF3)ppy)2dtbbpy]PF6 (2.59) and ammonium persulfate, while Yang and 

Zhang described the photocatalyst free visible light decarboxylative heteroarylation of various 

sources of carboxylic acids (aliphatic acids, oxalic acids, -ketoacids) using PIFA as the external 

oxidant (eq 8).173 

 

 

Scheme 33: Photoredox catalyzed decarboxylative transformation of free carboxylic acids since 2014 

                                                             
170 Guo, T.; Zhang, L.; Fang, Y.; Jin, X.; Li, Y.; Li, R.; Li, X.; Cen, W.; Liu, X.; Tian, Z. Adv. Synth. Catal. 2018, 360, 
1352. 
171 Duan, Y.; Zhang, M.; Ruzi, R.; Wua, Z.; Zhu, C. Org. Chem. Front. 2017, 4, 525. 
172 (a) Cheng, W.-M.; Shang, R.; Fu, M.-C.; Fu, Y. Chem. Eur. J. 2017, 23, 2537. (b) For a recent one-pot version, 
see: Sherwood, T. C.; Li, N.; Yazdani, A. N.; Dhar, T. G. M. J. Org. Chem. 2018, 83, 3000. 
173 (a) Garza-Sanchez, R. A.; Tlahuext-Aca, A.; Tavakoli, G.; Glorius, F. ACS Catal. 2017, 7, 4057. (b) Zhang, X.-
Y.; Weng, W.-Z.; Liang, H.; Yang, H.; Zhang, B. Org. Lett. 2018, 20, 4686. 
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Among the most recent examples of photoredox decarboxylative transformations of 

carboxylic acids are the application of the arylation and Giese reactions towards more challenging 

substrates. In this respect, bio-oriented applications are of high importance, notably with the 

growing demand of peptide labelling, modifications involving non-native motifs or 

macrocylization.174 Taking advantage of the facile oxidation of C-terminal carboxylic acids of 

peptides, and the possibility to achieve metal free transformations under ambient conditions, 

decarboxylative photoredox catalysis has been explored in the context of peptide functionalization 

and aqueous media.  

While Yoshimi reported the Giese reaction applied to tripeptides, along with a single 

example of an arylation using DCB as both an electron shuttle and arene source,175 Opatz reported 

one example of decarboxylative peptide heteroarylation using cyanopyridine (Scheme 34, A, eq 1-

2).176 Yoshimi and Wallentin described few examples of reductive decarboxylation of peptides, in 

which a very exciting result is the deuteration using D2O (A, eq 3).177 

More recently, in 2017, Macmillan and coworkers reported the macrocyclization of 

polypeptides with formation of macrocycles containing up to 15 amino acids,178 and in 2018 a 

metal free efficient bioconjugation of polypeptides using riboflavin tetrabutyrate as a water-soluble 

organophotocatalyst (B, eq 1-2).179 In such scaffolds, the difference in redox potentials between 

the terminal carboxylic acids groups (aminoacids) and the ones present on the side chains is 

sufficient to allow chemoselective C-terminal decarboxylation by the mean of a suitable 

photocatalyst. The new bioconjugation method was successfully applied to complex molecules, 

such as ZHER affibody, a 58 amino acids peptide, and the chain A of human insulin. Finally, a 

Pfizer research team led by Dr Flanagan reported the synthesis of DNA-encoded libraries using 

this method (eq 3).180 Research development for the functionalization of side chains are also 

                                                             
174  (a) Malins, L. R. Pept. Sci. 2018, 110, e24049. (b) Bottecchia, C.; Noel, T. Chem. Eur. J. 2018, 24. DOI 
10.1002/chem.201803074. 
175 (a) Maeda, K.; Saito, H.; Osaka, K.; Nishikawa, K.; Sugie, M.; Morita, T.; Takahashi, I.; Yoshimi, Y. Tetrahedron 
2015, 71, 1117. (b) see also: Osaka, K.; Sugie, M.; Yamawaki, M.; Morita, T.; Yoshimi, Y. J. Photochem. Photobiol. 
A Chem. 2016, 317, 50. 
176 Lipp, B.; Nauth, A. M.; Opatz, T. J. Org. Chem. 2016, 81, 6875. 
177 (a) Yoshimi, Y. J. Photochem. Photobiol. A Chem. 2017, 342, 116. 
178 McCarver, S. J.; Qiao, J. X.; Carpenter, J.; Borzilleri, R. M.; Poss, M. A.; Eastgate, M. D.; Miller, M. M.; 
MacMillan, D. W. C. Angew. Chem. Int. Ed. 2017, 56, 728. 
179 Bloom, S.; Liu, C.; Kolmel, D. K.; Qiao, J. X.; Zhang, Y.; Poss, M. A.; Ewing, W. R.; MacMillan, D. W. C. Nat. 
Chem. 2018, 10, 205. 
180 Kölmel, D. K.; Loach, R. P.; Knauber, T.; Flanagan, M. E. ChemMedChem 2018, 13, 2159. 
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currently emerging, such as the alkylation of serine and threonine acetic acid moieties in peptides 

by the Yoshimi group.181 So far, decarboxylative reduction and arylation were reported and the 

Giese reaction allowed the introduction of carbohydrate or amino acids on the side chain. Yoshimi 

introduced peptides (either C-terminal or side chains depending on the protection) into polymers 

by harnessing the photoredox decarboxylative Giese reaction.182 

 

Scheme 34: Application of photoredox decarboxylative transformations towards chemical biology applications 

 

The presence of a purely radical mechanism in some of the aforementioned transformations 

is a limitation for achieving very broad and easily applied methods. For example, arylation is 

limited to electron-poor arenes (heteroarenes, and cyanoarenes). Vinylation presumably proceeds 

via a -addition / -elimination mechanism, which leads to partial isomerization.183 Csp3-Csp3 

bond formation is also mainly limited to the Giese reaction. To circumvent these issues, photoredox 

assisted transition metal catalyzed cross couplings have been introduced. This concept will be 

presented in the next section, and despite the importance of other alkyl radical sources in this field, 

we will focus only on the metallaphotoredox catalyzed decarboxylative transformations involving 

free carboxylic acids. 

                                                             
181 Yamamoto, T.; Iwasaki, T.; Morita, T.; Yoshimi, Y. J. Org. Chem. 2018, 83, 3702. 
182 Yamawaki, M.; Ukai, A.; Kamiya, Y.; Sugihara, S.; Sakai, M.; Yoshimi, Y. ACS Macro Lett. 2017, 6, 381. 
183 For a recent one-pot version, see: Sherwood, T. C.; Li, N.; Yazdani, A. N.; Dhar, T. G. M. J. Org. Chem. 2018, 
83, 3000. 
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2.3.3 Metallaphotoredox catalyzed decarboxylative transformations 
 

Recently, a new area of research has attracted a lot of interest: the formation of radicals via 

photoredox catalysis that can subsequently add onto a metal center. Macmillan and Molander 

independently developed this metallaphotoredox concept in 2014 for the arylation of alkyl radicals 

generated respectively from carboxylic acids 184  (Scheme 35, eq 1) and potassium 

organotrifluoroborate salts.139 So far, nickel and copper are the most successful transition metal 

catalysts. 185  Herein, we will focus only on the metallaphotoredox catalyzed decarboxylative 

transformations of free carboxylic acids. Despite interesting applications of RAEs in the field of 

metallaphotoredox catalysis,186 the processes involving the decarboxylation of RAEs are beyond 

the scope of the current thesis, and only their use towards alkynylation or cyanation will be 

presented. 

The Macmillan group successfully extended the metallaphotoredox decarboxylation of 

carboxylic acids to forge other C-C bonds. Using vinyl bromides and vinyl triflates, it is now 

possible to have full control of the geometry of the C=C double bond, thus accessing either Z or E 

isomers (eq 2).187 The highly challenging Csp3-Csp3 coupling with alkyl bromides were then 

reported (eq 3).188 Developing asymmetric reactions in radical chemistry is very challenging, and 

limited examples are reported.189 However, the use of transition metals in radical coupling is an 

open door for asymmetric development by introduction of chiral ligands. Macmillan and Fu took 

advantage of this property by tuning the N,N ligand required for their previously reported 

decarboxylative Csp3-Csp2 coupling. Using non-C2 symmetrical 2.79 and broadly available -

amino acids, high enantioselectivity for the synthesis of benzylic amines were obtained (eq 4).190 

It is an important improvement for these compounds, which usually lose their enantiopurity under 

decarboxylative conditions. Alkynes were finally used by Macmillan in their nickelaphotoredox 

                                                             
184 Zuo, Z.; Ahneman, D. T.; Chu, L.; Terrett, J. A.; Doyle, A. G.; MacMillan, D. W. C. Science 2014, 345, 437.  
185 (a) Levin, M. D.; Kim, S.; Toste, F. D. ACS Cent. Sci. 2016, 2, 293. (b) Twilton, J.; Le, C. C.; Zhang, P.; Shaw, M. 
H.; Evans, R. W.; MacMillan, D. W. C. Nature Rev. Chem, 2017, 1. 
186 For few recent examples, see: (a) Mao, R.; Frey, A.; Balon, J.; Hu, X. Nature Catalysis 2018, 1, 120. (b) Mao, R.; 
Balon, J.; Hu, X.  Angew. Chem. Int. Ed. 2018, 57, 9501. (c) Suzuki, N.; Hofstra, J. L.; Poremba, K. E.; Reisman S. E. 
Org. Lett. 2017, 19, 2150. 
187 Noble, A.; McCarver, S. J.; MacMillan, D. W. C. J. Am. Chem. Soc. 2015, 137, 624. 
188 Johnston, C. P.; Smith, R. T.; Allmendinger, S.; MacMillan, D. W. C. Nature 2016, 536, 322. 
189 Meggers, E. Chem. Commun. 2015, 51, 3290. 
190 Zuo, Z.; Cong, H.; Li, W.; Choi, J.; Fu, G. C; MacMillan, D. W. C. J. Am. Chem. Soc. 2016, 138, 1832. 
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catalysis (eq 5).191 If terminal alkynes were used, the branch alkenes were obtained, whereas if 

internal alkynes were used, the cis-nickel insertion leads to the trisubstituted product with high 

regioselectitivity. 

 

Scheme 35: Nickelaphotoredox catalyzed decarboxylative transformation of free carboxylic acids since 2014 

 

In 2015, Tunge and coworkers reported a decarboxylative allylation of amino acids along 

with several examples on peptides using metallaphotoredox catalysis (Equation 4).  The 

combination of palladium tetrakis and Ir(dF(CF3)ppy)2dtbbpyPF6 photocatalyst 2.59 allowed the 

decarboxylative allylation of in-situ generated allyl esters.192  

 

Equation 4: Decarboxylative allylation using dual Pd-photoredox catalysis 

                                                             
191 Till, N. A.; Smith, R. T.; MacMillan, D. W. C. J. Am. Chem. Soc. 2018, 140, 5701. 
192 Lang, S. B.; O’Nele, K. M.; Douglas, J. T.; Tunge, J. A. Chem. Eur. J. 2015, 21, 18589. 
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Very recently, Macmillan and coworkers demonstrated that nickelaphotoredox catalysis is 

not limited to C-C bond formation. They reported elegant syntheses of aryl ethers193 and aryl 

esters194 by unlocking two different organometallic based mechanisms from Ni(II) intermediates. 

Photoredox catalysis was shown to involve the oxidation of Ni(II) species to Ni(III) in the aryl 

ether synthesis, whereas energy transfer was responsible for the excitation of Ni(II) species, thus 

allowing esterification after C‒O bond formation. So far, these are the only examples of C‒O bond 

formation using dual Ni and photoredox catalysis. The Buchwald-Hartwig coupling for C-N bond 

formation was revisited, and proved convenient with no need for a specific ligand.195 

Copper is now emerging in this metallaphotoredox catalysis field as a powerful, less toxic 

and more sustainable alternative to Ni catalysts. Interestingly, the combination of a copper catalyst, 

photocatalyst 2.83 and Togni I reagent 2.52 enabled the decarboxylative trifluoromethylation of 

carboxylic acids (Scheme 36, eq 1).196 Barton’s base 2.82, a highly electron rich batophenantroline 

ligand (2.81) and the strongly oxidizing Ir[dF(CF3)ppy]2(4,4′-dCF3bpy)PF6 (2.83) were required. 

Interestingly, the best copper source was CuCN, however no cyanation product was detected. This 

copper – photoredox dual catalytic system was further employed for the elegant Csp3-N bond 

formation with various heterocycles (eq 2). 197  The best photocatalyst was the commercially 

available Ir[dF(CF3)ppy]2(dtbbpy)PF6 (2.59). The decarboxylation step was assisted with the 

hypervalent iodine reagent (MesI(CyCO2)2), generating MesI(RCO2L) in situ, which upon 

reduction, cleavage of the hypervalent bond and CO2 extrusion gave the corresponding alkyl 

radical. The reaction was successfully applied to the modification of pharmaceuticals. 

 

                                                             
193 Terrett, J. A.; Cuthbertson, J. D.; Shurtleff, V. W.; MacMillan, D. W. C. Nature 2015, 524, 330. 
194 Welin, E. R.; Le, C. C.; Arias-Rotondo, D. M.; McCusker, J. K.; MacMillan, D. W. C. Science 2017, 355, 380. 
195 Corcoran, E. B.; Pirnot, M. T.; Lin, S.; Dreher, S. D.; DiRocco, D. A.; Davies, I. W.; Buchwald, S. L.; MacMillan, 
D. W. C. Science 2016, 353, 279. 
196 Kautzky, J. A.; Wang, T.; Evans, R. W.; MacMillan, D. W. C. J. Am. Chem. Soc. 2018, 140, 6522. 
197 Liang, Y.; Zhang, X.; MacMillan, D. W. C. Nature 2018, 559, 83. 
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Scheme 36: Copper photoredox catalyzed decarboxylative transformation of free carboxylic acids 

 

A decarboxylative alkynylation and cyanation of peptides would be of high interest. As 

clearly stated, in 2015, these two methods were not reported. However, a growing number of 

examples harnessing photoredox catalysis for the synthesis of alkynes and nitriles have since been 

reported starting with simple starting materials. Therefore, the state of the art of photoredox 

mediated alkynylation and cyanation reactions will be described in the following section. The 

methods involving hypervalent iodine reagents will be summarized separately (See section 2.4.3.). 

 

2.3.4. Photoredox catalyzed synthesis of aliphatic alkynes 
 

An interesting early example of alkynylation under photoredox conditions is the copper free 

Sonogashira reaction described by Osawa and Akita.198 They observed that the oxidative addition 

is more facile and cross coupling products between aryl bromides and terminal alkynes are obtained 

in good yields in a shorter time when the reaction is assisted by Ru(bpy)3(PF6)2 (2.54). Without 

providing any evidence, the authors proposed a reductive quenching of the excited state of the 

photocatalyst by triethylamine, followed by the reduction of Pd(II) to Pd(I) by Ru(bpy)3
+. 

Since early reports on photoredox catalyzed alkynylations in 2012, this field has been very 

active. The presentation here will be divided by the class of reagents used: first, terminal alkynes 

in presence of a copper catalyst; then 1-bromoalkynes and 1-iodoalkynes, and finally 

alkynylsulfones.  

In 2012, Stephenson, Rueping and Fu reported independently the alkynylation of 

tetrahydroquinolines using Ru(bpy)3(PF6)2 (2.54) (Stephenson and Rueping) or Rose Bengal (2.63) 

(Fu) as a photocatalyst in combination with a copper(I) catalyst (Scheme 37, eq 1).199 While 

Stephenson and Fu described various C-C bond formations, with only few examples of 

alkynylations, Rueping and coworkers did a broad investigation of the scope of the reaction, thus 

transferring various aryl and alkyl alkynes. Interestingly, Fu and Rueping used oxygen as a green 

oxidant, whereas Stephenson used BrCCl3. Later, Zeitler and coworkers demonstrated that no 

                                                             
198 Osawa, M.; Nagai, H.; Akita, M. Dalton Trans. 2007, 0, 827. 
199 (a) Freeman, D. B.; Furst, L.; Condie, A. G.; Stephenson, C. R. J. Org. Lett. 2012, 14, 94. (b) Rueping, M.; Koenigs, 
R. M.; Poscharny, K.; Fabry, D. C.; Leonori, D.; Vila, C. Chem. Eur. J. 2012, 18, 5170. (c) Fu, W.; Guo, W.; Zou, G.; 
Xu, C. J. Fluorine Chem. 2012, 140, 88. 
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photocatalyst was required in the visible light driven alkynylation using BrCCl3.200 In 2015, Li and 

coworkers improved this reaction by developing a highly enantioselective variant using the P-N 

chiral ligand QUINAP, Ir(ppy)2dtbbpyPF6 (2.58) as photocatalyst and benzoyl peroxide or oxygen 

as oxidant.201 In all the previous cases, the authors proposed the formation of an iminium ion after 

reductive quenching of the excited state of the photocatalyst by the electron rich tertiary amine, 

followed by nucleophilic addition of the in-situ generated copper acetylide species. At this time, 

the authors did not discuss an alternative mechanism, involving radical trapping by the copper 

acetylide followed by reductive elimination. This organometallic pathway may be prevented by the 

use of superstoichiometric amount of oxidants, which facilitated oxidation of the alkyl radical to 

iminium. In 2012, the Sagadevan group was interested in the development of a palladium free 

Sonogashira coupling (eq 2). Interestingly, they found that copper (I) acetylides absorb light at max 

= 460 nm. Therefore, under blue LED irradiation and in the presence of oxygen, they were able to 

promote the coupling of terminal alkynes with aryl bromides and aryl iodides in excellent yields.202 

They further extended this photoredox catalytic system to the synthesis of symmetrical203 and 

unsymmetrical diynes (eq 3).204 In 2017, Fu and coworkers described the use of -amino RAEs for 

the synthesis of propargylic amines under very similar reaction conditions to those described by 

Rueping (eq 4).205 However, in this case, the reaction proceeded under argon, and the authors 

proposed a SET to further oxidize the -amino radical generated after decarboxylation. After the 

introduction of the metallaphotoredox concept in 2014, a possible radical trapping by the copper 

acetylide followed by reductive elimination was not discussed, even though the ratio between 

Ru(bpy)3(PF6)2 (2.54) and CuI is 1:10. Very recently, Lalic and coworkers made a highly important 

achievement by developing the alkyl-Sonogashira coupling (eq 5).206 Tripyridine ligands, mixed 

solvent and blue LEDs were the key parameters to achieve high conversion to the alkylalkynes 

products and to avoid unproductive alkyne dimerization. Interestingly, a radical alkylation of 

copper acetylides was proposed, albeit with only few mechanistic details. 

                                                             
200 Franz, J. F.; Kraus, W. B.; Zeitler, K. Chem. Commun. 2015, 51, 8280. 
201 Perepichka, I.; Kundu, S.; Hearne, Z.; Li, C.-J. Org. Biomol. Chem. 2015, 13, 447. 
202 Sagadevan, A.; Hwang, K. C. Adv. Synth. Catal. 2012, 354, 3421. 
203 Sagadevan, A.; Charpe, V. P.; Hwang, K. C. Catal. Sci. Technol. 2016, 6, 7688. 
204 Sagadevan, A.; Lyub, P.-C.; Hwang, K. C. Green Chem. 2016, 18, 4526. 
205 Zhang, H.; Zhang, P.; Jiang, M.; Yang, H.; Fu, H. Org. Lett. 2017, 19, 1016. 
206 Hazra, A.; Lee, M. T.; Chiu, J. F.; Lalic, G. Angew. Chem. Int. Ed. 2018, 57, 5492. 
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Over the years, copper catalysis has found widespread application in photoredox 

catalysis.207 All the aforementioned works involved copper catalysis as an efficient means of 

activation of terminal alkynes. The alkynylation step remains unclear, and may be strongly 

dependent of the substituents of the radical (benzylic or -heteroatomic positions). In-depth 

mechanistic studies on these intriguing reactions would be highly useful for further reaction design. 

  

Scheme 37: Photocatalytic alkynylation using terminal alkynes and copper catalysts 

 

Terminal alkynes were also demonstrated to be engaged in dual gold photoredox catalysis 

by the Glorius group (Scheme 38, eq 1).208 Taking advantage of easily accessible aryl radicals 

formed from aryl diazonium salts after oxidative quenching with a suitable catalyst, they 

documented an interesting variant of the Sonogashira coupling. In this case, aryl radicals are 

assumed to be trapped by a low valent gold(I) species to give gold(II), which is easily oxidized to 

gold (III) by the photoredox catalyst. The electrophilic gold (III) species then activates nucleophilic 

alkynes, thus making aryl acetylide gold(III) complexes which easily undergo C-C bond formation 

via reductive elimination. The same reaction is also possible with TMS protected alkynes, as 

documented by the Toste group (eq 2).209 

                                                             
207 (a) Reiser, O. Acc. Chem. Res. 2016, 49, 1990. (b) Paria, S.; Reiser, O. ChemCatChem 2014, 6, 2477. 
208 Tlahuext-Aca, A.; Hopkinson, M. N.; Sahoo, B.; Glorius, F. Chem. Sci. 2016, 7, 89. 
209 Kim, S.; Rojas-Martin, J.; Toste, F. D. Chem. Sci. 2016, 7, 85. 
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Scheme 38: Sonogashira type coupling using gold-photoredox synergistic catalysis 

 

In 2015, Hashmi and coworkers reported gold photocatalyst [Au2( -dppm)2](OTf)2 2.84, 

which is activated under near visible light (Equation 5). 210 They introduced 1-iodoalkynes for the 

sunlight photoredox catalyzed alkynylation of -amino C-H bonds. A radical mechanism is 

proposed, starting from the photoexcitation of gold catalyst 2.84 at 300 nm. It is noteworthy that 

Ru(bpy)3Cl2 (2.54) and fac-Ir(ppy)3 (2.57) are also suitable photocatalysts. According to the 

authors, the excited state of the gold species (-1.5 to -1.7 V) is able to reduce the 1-iodoalkyne (-

1.29 V vs Fc in MeCN), and then to be reduced to the ground state catalyst by the tertiary amine. 

Radical coupling between the long-lived -amino radical (700 ns)211 and the short-lived alkynyl 

radical (2 ns)212 was suggested. The selectivity of the cross radical recombination was explained 

by the sufficient difference of lifetime, called the persistent effect.213 

 

Equation 5: Photoredox catalyzed alkynylation using 1-iodoalkynes 

 

The widely applied alkynylsulfone reagents for radical alkynylation were not used before 

2015 under photoredox conditions. Since then, and quite surprisingly due to a necessary final 

                                                             
210 Xie, J.; Shi, S.; Zhang, T.; Mehrkens, N.; Rudolph, M.; Hashmi, A. S. K. Angew. Chem. Int. Ed. 2015, 54, 6046. 
211 Scaiano, J. C. J. Phys. Chem. 1981, 85, 2851. 
212 Gu, X.; Guo, Y.; Zhang, F.; Mebel, A. M.; Kaiser, R. I. Chem. Phys. Lett. 2007, 436, 7. 
213 (a) Studer, A. Chem. Eur. J. 2001, 7, 1159. (b) Fischer, H. Chem. Rev. 2001, 101, 3581. 
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reduction of the released sulfonyl radical, they have been particularly successful in oxidative 

quenching transformations.  

Aside from their deboronative alkynylation published in 2014, which will be presented in 

the next section, Chen and coworkers developed a new alkynylation process using visible light 

irradiation and alkynyl sulfones starting from N-(acyloxy)phthalimides in 2015 (Scheme 39, eq 

1).214 The scope is broad, and many different types of carboxylic acids have been functionalized in 

good yield in only 30 min, due to the reductive pathway, which is generally shorter than oxidative 

pathways. Low yields were obtained with EBX reagents with this method. However, this system 

suffers from both necessary activation of the starting materials and reagents. N-hydroxy 

phthalimide esters146,147,148,149, 215  need to be synthesized, and alkynylsulfones require prior 

functionalization steps, with medium yields. The use of tertiary amines (2.0 equiv) and Hantzsch 

ester (1.5 equiv) as quenchers is also a limitation of this method (both quenchers are required, 

otherwise the yield drops). However, this catalytic system proved to be robust, as very similar 

conditions were used by Fu in 2016 for the synthesis of chiral unnatural aminoacids.216 In this case, 

a library of alkynylated side chains amino acids was synthesized by taking advantage of the 

decarboxylation of N-hydroxy phthalimide esters derived from the side chain of glutamic acid and 

aspartic acid. A metal free version of this transformation was later reported by König using Eosin 

Y under green LEDs irradiation.217 The fragmentation of N-phthalimidoyl oxalates, first introduced 

by Overmann,218 was used by Fu and coworkers in the alkynylation reaction for the synthesis of 

rigid quaternary centers (eq 2).219 Alkynylsulfones were superior reagents, and the set of conditions 

developed for the decarboxylation of N-(acyloxy)phthalimides was also efficient for the 

deoxygenation of N-phthalimidoyl oxalates. Paul and Guin documented a photocatalytic system in 

2017 for the C-H bond alkynylation under HAT catalysis by diarylketone derivatives (eq 3).220 

This transformation is a convenient and sustainable improvement of the reaction developed by 

                                                             
214 Yang, J.; Zhang, J.; Qi, L.; Chen, Y. Chem. Commun., 2015, 51, 5275. 
215 Schnermann, M. J.; Overman, L. E. Angew. Chem. Int. Ed. 2012, 51, 9576. 
216 Jiang, M.; Jin, Y.; Yang, H.; Fu, H. Sci. Rep. 2016, 6, 26161. 
217 Schwarz, J.; König, B. ChemPhotoChem 2017, 1, 237. 
218 Lackner, G. L.;  Quasdorf, K. W.; Overman, L. E. J. Am. Chem. Soc. 2013, 135, 15342. 
219 Gao, C.; Li, J.; Yu, J.; Yanga, H.; Fu, H. Chem. Commun. 2016, 52, 7292. 
220 Paul, S.; Guin, J. Green Chem. 2017, 19, 2530. 
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Inoue.98-99 In 2018, the Gryko lab developed the metal free deaminative alkynylation using similar 

reaction conditions to König (eq 4).221  

Scheme 39: Photoredox catalyzed alkynylation using alkynylsulfones 

 

A final approach for radical alkynylation using visible light is the alkynyl migration 

developed independently by Studer and Zhu, starting from tertiary propargylic alcohols (Scheme 

40). Using photoredox catalyst fac-Ir(ppy)3 (2.57) and Umemoto’s reagent (2.85), Zhu and 

coworkers reported the trifluoromethylalkynylation of alkenes (eq 1); 222  while Studer and 

coworkers described the perfluoroalkyl alkynylation of alkenes using perfluoroalkyliodides and 

DABCO to initiate a radical chain (eq 2).223 

 

Scheme 40: Visible light mediated alkynyl migration 

                                                             
221 Ociepa, M.; Turkowska, Gryko, D. ACS Catal. 2018, 8, 11362. 
222 Xu, Y.; Wu, Z.; Jiang, J.; Ke, Z.; Zhu, C. Angew. Chem. Int. Ed. 2017, 56, 4545. 
223 Tang, X.; Studer, A. Chem. Sci. 2017, 8, 6888. 
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Hypervalent iodines reagents are the last important categories of reagents used in 

photoredox catalyzed alkynylation of alkyl radicals. The methods involving hypervalent iodine 

reagents will be summarized in section 2.4.3.. 

 

2.3.5. Photoredox catalyzed synthesis of aliphatic nitriles  
 

Visible light induced photoredox catalysed cyanation was not well documented prior to the 

start of my PhD. It was actually an emerging topic, in which heterogeneous catalysis played a key 

role.224 However, Rueping and coworkers described the first photoredox cyanation as an oxidative 

Strecker reaction (Scheme 41, eq 1).225 The reaction is based on the iminium formation in α position 

to tertiary dialkylanilines. Nucleophilic KCN can then add to the iminium, affording the amino 

nitriles in good yields. The combination of KCN and acetic acid was crucial; however, the role of 

acetic acid as co-catalyst was not clearly described. The same transformation appeared also in the 

Stephenson publication on photoredox catalysed nucleophilic iminium trapping, albeit no scope 

was investigated.198a Yadav and coworkers, while using aza-Baylis-Hilmann starting materials, 

developed the vinylogous oxidative Strecker reaction (eq 2).226 In this case, TMSCN was used as 

a cyanide source. 

 

 

Scheme 41: Photoredox catalyzed oxidative Strecker and vinylogous Strecker reactions before 2015 

 

                                                             
224 (a) Pan, Y.; Wang, S.; Kee, C. W.; Dubuisson, E.;  Yang, Y.; Loha, K. P.; Tan, C. H. Green Chem. 2011, 13, 3341. 
(b) Kumar, P.; Varma, S.; Jain, S. L. J. Mater. Chem. A, 2014, 2, 4514. (c) Suzuki, K.; Tang, F.; Kikukawa, Y.; 
Yamaguchi, K.; Mizuno, N. Angew. Chem. Int. Ed. 2014, 53, 5356. 
225 Rueping, M.; Zhu, S.; Koenigs, R. M. Chem. Commun. 2011, 47, 12709. 
226 Srivastava, V. P.; Yadav, A. K.; Yadav, L. D. S. Tetrahedron Lett. 2014, 55, 1788. 
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A one-pot photoredox catalysed cyanation using an electrophilic source of cyanide as 

radical acceptor is unprecedented and would therefore be a breakthrough in this field. In fact, our 

contribution was of high importance in the development of future photoredox cyanation reactions. 

Since 2014, many advances in the field have been achieved. Most of them are based on the 

oxidative Strecker reactions for the synthesis of highly important -amino nitriles, with227 or 

without photocatalysts.228 Flow chemistry had an enormous impact due to the safer handling of the 

toxic sources of cyanides.229 Applications towards the synthesis of natural products highlighted the 

efficiency and synthetic utility of such transformations.230 Finally, in 2018, a team from Pfizer led 

by Dr Emmert reinvestigated the reaction described by Rueping.231 Using 4 mol% of iridium 

catalyst, they were able to synthesize -amino nitriles from tertiary and secondary amines. Only 

electron rich amines are suitable, as Boc-proline exhibited no conversion. The role of acetic acid 

was finally elucidated: formation of the hemiaminal or a tight ionic pair between iminium and 

acetate is responsible for stabilization of the iminium intermediate. Nucleophilic displacement of 

the acetate by the cyanide then leads to the stable -amino nitrile.  

Hamashima made an improvement to the Strecker reaction in 2018, while developing the 

redox-neutral cyanation of tetrahydroquinolines (Scheme 42, eq 1).232 The simple use of fac-

Ir(ppy)3 with a stoichiometric ratio of Ts-CN afforded high yields of nitriles. However, other 

dialkylarylamines were tested and gave low yields. The use of sulfonyl reagents for photoredox-

catalyzed cyanation was indeed very successful. In 2016, using their privileged potassium 

alkyltrifluoroborates salts, Molander and coworkers reported a metal free cyanation catalyzed by 

Mesityl acridinium perchlorate (eq 2).233 Importantly, this method was not limited to -amino 

nitriles, and the more general aliphatic nitriles were obtained in synthetically useful yields. In 2018, 

Oisaki and Kanai described a synergic photoredox catalyzed HAT process for the selective C -H 

cyanation of carbamate protected amines and sulfides (eq 3).234 They used a strongly oxidizing Ir 

                                                             
227 Orejarena Pacheco, J. C.; Lipp, A.; Nauth, A. M.; Acke, F.; Dietz, J.-P.; Opatz, T. Chem. Eur. J. 2016, 22, 5409. 
228 Nauth, A. M.; Orejarena Pacheco, J. C.; Pusch, S.; Opatz, T. Eur. J. Org. Chem. 2017, 6966. 
229 (a) Rueping, M.; Vila, C.; Bootwicha, T. ACS Catal. 2013, 3, 1676. (b) Abdulkareem Yunus, I; Basheer, C.; Al-
Muallem, H. A. J. Environ. Eng. 2016, 4, 2802. (http://dx.doi.org/10.1016/j.jece.2016.05.025) (c) Nauth, A. M.; Lipp, 
A.; Lipp, B.; Opatz, T. Eur. J. Org. Chem. 2017, 2099. 
230 Beatty, J. W.; Stephenson, C. R. J.; J. Am. Chem. Soc. 2014, 136, 10270. 
231 Yilmaz, O.; Oderinde, M. S.; Emmert, M. H. J. Org. Chem. 2018, 83, 11089. 
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234 Wakaki,T.; Sakai, K.; Enomoto, T.; Kondo, M.; Masaoka, S.; Oisaki, K.; Kanai, M. Chem. Eur. J. 2018, 24, 8051. 
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catalyst in presence of a phosphoric acid (1,1’-binaphthyl-2,2’-diyl hydrogen phosphate). Landais 

and coworkers used various alkylnitrilesulfones reagents for the atom economic sulfonylation 

cyanation of alkenes (eq 4).235 The metal free transformation using Eosin Y was shown to proceed 

with a first cyanation step of Eosin Y. EY-CN was easily reduced by the excited triplet state of 

Eosin Y, thus allowing nucleophilic cyanide release. The products obtained are useful for the 

efficient synthesis of sulfone containing drugs. 

 

Scheme 42: Photoredox catalyzed cyanation using cyanosulfones 

 

Lin and Liu, inspired by their previous asymmetric cyanation, have reported a recent 

example that greatly enhanced the quality of the photoredox-catalyzed cyanation (Equation 6).236 

It is a highly enantioselective decarboxylative cyanation of redox active esters, using only 0.5 

mol% of fac-Ir(ppy)3 (2.57), 1 mol% of CuBr,1.2 mol% of chiral BOX ligand 2.51c and TMSCN. 

The reaction proved to be scalable with very low catalyst loading (up to 34 g with 0.1 mol% of Ir 

catalyst and 0.26 mol% of copper bromide). It is also possible to perform this transformation as a 

one-pot procedure, making the synthetic use of RAEs more attractive. The authors also claimed 

that the benzylic radical is captured by the copper catalyst, with subsequent reductive elimination.  

                                                             
235 Pirenne, V.; Kurtay, G.; Voci, S.; Bouffier, L.; Sojic, N.; Robert, F.; Bassani, D. M.; Landais, Y. Org. Lett. 2018, 
20, 4521. 
236 Wang, D.; Zhu, N.; Chen, P.; Lin, Z.; Liu, G. J. Am. Chem. Soc. 2017, 139, 15632. 
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Equation 6: Photoredox catalyzed enantioselective decarboxylative cyanation 

 

Photoredox-catalyzed alkynylation and cyanation are fast-expanding but rather emerging 

fields, with various drawbacks for the reported methods. For alkynylation, a more redox economic 

strategy will be highly desirable. Concerning cyanation, it is of high importance to avoid toxic 

reagents (mainly TMSCN, KCN), and to give more adaptability for the synthesis of valuable 

compounds. Indeed, current methods are mostly limited to specifically reactive position, such as 

benzylic ones. To address the selectivity issue, we envisioned the use of photoredox catalyzed 

radical decarboxylation of free carboxylic acids as an attractive strategy to site selectively generate 

reactive alkyl radicals.[137] Finally, we envisioned that an appropriate hypervalent iodine reagent 

would be well suited for eco- and user- friendly radical transformations. The next section will 

describe this class of reagents, and the previous and recent applications in radical and photoredox-

catalyzed processes. 
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2.4. Hypervalent iodine compounds 

2.4.1. General introduction of hypervalent iodine reagents 
 

Hypervalent iodine compounds were discovered in the late XIXth century, and were broadly 

used in synthetic chemistry especially as mild oxidizing agents, such as IBX and Dess-Martin 

Periodinane. Other classes of reagents have been reported: the diaryliodonium salts, and 

arylethynyliodonium salts. Since then, the use of hypervalent iodine compounds was not limited to 

oxidation reactions, they were engaged also in atom/group transfer reactions. Within the last decade 

and with the emergence of more stable cyclic reagents, arylation, halogenation, alkynylation, 

azidation, cyanation, trifluoromethylation reactions were successfully developed. Nowadays, 

hypervalent iodine chemistry has entered mainstream organic synthesis and these cyclic reagents 

are considered as very useful tool for organic chemists.237  

 

2.4.1.2. Structure of hypervalent iodine compounds 
 

Iodine naturally exists at different oxidation states. Due to its relatively strong 

electronegativity, the most common oxidation states of iodine are –I and 0 in case of I2 (Figure 11). 

Iodine makes low energy covalent bond with elements from the first row of Mendeleev’s periodic 

table, especially with carbon  to form common monovalent organoiodides, such as iodoalkanes, 

iodoalkenes, or aryliodides compounds (Dissociation energy of C-I is about 51 kcal/mol). 

However, iodine is the largest and least electronegative halogen, and due to its remarkable 

polarizability, it is not so surprising that iodine can also exist in compounds in which it has a 

positive oxidation state, +3 or +5 in most of the cases. 

 

Figure 11: Oxidation states of iodine 

                                                             
237 (a) Varvoglis, A. Hypervalent Iodine in Organic Synthesis, 1-223, Academic Press, London, 1997. (b) Wirth, T.; 
Ochiai, M.; Varvgolis, A.; Zhdankin, V. V.; Koser, G. F.; Tohma, H.; Kita, Y. Top. Curr. Chem. Hypervalent Iodine 
Chemistry -/- Modern Developments in Organic Synthesis, 1-248, 224. Springer-Verlag, Berlin, 2002. (c) Uyanik, M.; 
Ishihara, K. Chem. Commun. 2009, 2086. (d) Zhdankin, V. V. Arkivoc 2009, I, 1. (e) Yoshimura, A.; Zhdankin, V. V. 
Chem. Rev 2016, 116, 3328. For review on chiral reagents, see: (f) Parra, A.; Reboredo, S. Chem. Eur. J. 2013, 19, 
17244. (g) Ghosh, S.; Pradhan, S.; Chatterjee, I. Beilstein J. Org. Chem. 2018, 14, 1244. 
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Willgerodt, a German chemist, performed a major breakthrough in this field in 1886.238 He 

found that bubbling chlorine gas in an iodobenzene (2.86) solution diluted in chloroform afforded 

an unusual compound, which was isolated as the first hypervalent iodine compound (Equation 7), 

called (dichloroiodo)benzene (2.87), with a formula of PhICl2.239 He also synthesized the first 

organic diaryliodonium salt Ar2IHSO4 as well as (diacetoxyiodo)benzene, PhI(OAc)2 (2.88), which 

is a famous oxidant, broadly used nowadays. About three decades later, in 1914, nearly five 

hundred hypervalent compounds were reported by Willgerodt. 
 

 

Equation 7: First hypervalent compounds isolated by Willgerodt 

 

Musher first introduced the concept of hypervalent bonds in 1969,240 which was then used 

by Martin to described hypervalent halogen derivatives.241 Applying this model to iodine shows 

that only non-hybridized 5p orbitals are involved (Figure 12). Then, there is a remarkable 

difference between the axial position and the equatorial one. The least electronegative ligand is in 

the equatorial position, and bound by a classic covalent bond to the singly occupied equatorial 5p 

orbital. Interestingly a linear motif is formed by a 3-center-4-electron bond between the most 

electronegative ligands and the iodine atom, whose axial doubly occupied 5p electron orbitals are 

involved. Because in the resulting structure, the normal valency of iodine is exceeded, this 

particular bond is described as a hypervalent bond.242 Furthermore, this 3c-4e bond is weaker and 

longer than a covalent bond. This can be rationalized by the orbital diagram. According to X-Ray 

analysis, a T-shaped geometry is indeed generally observed (Figure 12), due to a distorted trigonal 

bipyramid geometry at the iodine atom.  

                                                             
238 Willgerodt, C. C. J. Prakt. Chem. 1886, 33, 154. 
239 Stang, P. J.; Zhdankin, V. V. Chem. Rev. 1996, 96, 3. 
240 Musher, J. I. Angew. Chem. Int. Ed. Engl. 1969, 8, 65. 
241 Martin, J. C. Science 1983, 221, 509. 
242 Definition of hypervalent bonds is still under debates, see: (a) Noury, S.; Silvi, B. Inorg. Chem. 2002, 41, 2164. (b) 
Durrant, M. C. Chem. Sci. 2015, 6, 6614. 
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Figure 12: Unique structure and orbitals in λ3-iodanes 

 

Iodine (III) compounds can be described using Martin-Arduengo N-X-L designation, in 

which N represents the number of valence electrons surrounding the central atom X, and L 

represents the number of ligands. Two different structures can be distinguished: 8-I-2 or 10-I-3. 

The 8-I-2 structure, with two carbon ligands (R2I+L-), corresponds to the so-called iodonium salts, 

while the 10-I-3 structure related to RIL2 corresponds to the organic iodosyl compounds. 

Hypervalent iodine reagents with only carbon ligands (R3I) are less stable, due to the lower 

electronegativity of carbon ligands in apical position.243 Therefore, this class of λ3-iodanes has been 

less studied compared to the iodonium salts and the iodosyl compounds. Inorganic λ3-iodanes, 

when there are no carbon ligands, could exhibit exceptional reactivity, but they are more difficult 

to synthesize. Heterocyclic iodine (III) compounds are particularly stable to air and moisture and 

easy to handle. The most known heterocyclic iodine (III) compounds are the benziodoxole 

derivatives, in which iodine is bound to an oxygen (hydroxy) forming a 5-membered ring fused 

with an aromatic ring. If the oxygen belongs to a carboxylate, the reagent is named benziodoxolone. 

Strong stabilization is explained by a good overlap of the lone pairs of iodine with the π-system of 

the aromatic ring, due to the rigidity of this bicyclic core. This effect is not found in iodonium salts. 

Different substituents can be introduced in α position of the oxygen (Figure 13) and / or on the 

aromatic ring in order to modulate their properties. Importantly, the high-energy isomer (with 

hypervalent bond) can be synthesized selectively, as it is kinetically stable due to the exceedingly 

high energy barrier for the reductive elimination to proceed (unless for reagent bearing a SCF3 

substituent).244 

                                                             
243 (a) Stang, P. J.; Zhdankin, V. V. Chem. Rev. 2008, 108, 5299. (b) Silva, L. F.; Olofsson, B. Nat. Prod. Rep., 2011, 
28, 1722. (c) Zhdankin, V.V. Hypervalent Iodine Chemistry: preparation, structure and synthetic applications of 
polyvalent iodine compounds, Wiley, Chichester 2014. 
244 Sun, T.-Y.; Wang, X.; Geng, H.; Xie, Y.; Wu, Y.-D.; Zhang, X.; Schaefer III, H. F. Chem. Commun. 2016, 52, 
5371. 
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Figure 13: Classical examples of heterocyclic rings seen in benziodoxol(on)es reagents 

 

In order to access alternative properties, new reagents stabilized by a nitrogen atom instead 

of oxygen have been synthesized (Figure 14). For example, benziodazolones have been reported 

by Zhdankin and others,245 and recently applied by our group.246 In particular, the substituent on 

the nitrogen atom will intrinsically increase the molecular weight of the reagent, thus leading to a 

more stable reagent with enhanced safety profile for potentially explosive compounds. It has been 

successfully applied to Zhdankin reagent, ABX (AzidoBenziodoXolone) to make the new 

generation ABZ (AzidoBenziodaZolone).247 The use of amino acids on the nitrogen substituent led 

to remarkable applications, such as the formation of macrocycles containing hypervalent iodine 

reagents and the introduction of a chiral center close to the iodine center.248 In 2018, Zhdankin and 

Yusubov described a new class of benzimidazole based iodonium salts reagents, which upon base 

treatment can cyclize to the neutral reagents.249 Soon after, Nachtsheim and coworkers reported 

additional examples of N-heterocycle-stabilized iodanes.250 

 

 

Figure 14: Nitrogen containing heterocycles for stabilization of hypervalent iodine reagents 

 

                                                             
245 (a) Wolf, W.; Steinberg, L. J. Chem. Soc., Chem. Commun. 1965, 449. (b) Naae, D. G.; Gougoutas, J. Z. J. Org. 
Chem. 1975, 40, 2129. (c) Balthazor, T. M.; Godar, D. E.; Stults, B. R. J. Org. Chem. 1979, 44, 1447. (d) Zhdankin, 
V. V.; Arbit, R. M.; McSherry, M.; Mismash, B.; Young, V. G. J. Am. Chem. Soc. 1997, 119, 7408. 
246 Hari, D. P.; Schouwey, L.; Le Du, E.; Waser, J. unpublished results 
247 Alazet, S.;* Preindl, J.;* Simonet-Davin, R.; Nicolai, S.; Nanchen, A.; Meyer, T.; Waser, J. J. Org. Chem. 2018, 
83, 12334. 
248 (a) Zhdankin, V. V.; Koposov, A. E.; Smart, J. T.; Tykwinski, R. R.; McDonald, R.; Morales-Izquierdo, A. J. Am. 
Chem. Soc. 2001, 123, 4095. (b) Zhdankin, V. V.; Koposov, A. Y.; Su, L.; Boyarskikh, V. V.; Netzel, B. C.; Young, 
V. G. Org. Lett. 2003, 5, 1583. 
249 Vlasenko, Y. A.; Postnikov, P. S.; Trusova, M. E.; Shafir, A.; Zhdankin, V. V.; Yoshimura, A.; Yusubov, M. S. J. 
Org. Chem. 2018, 83, 12056. 
250 Boelke, A.; Lork, E.; Nachtsheim, B. J. Chem. Eur. J. 2018, 24,18653. 
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λ5-iodanes, such as Dess-Martin periodinane (2.89) and IBX (2.90) are another class of 

hypervalent iodine compounds (Figure 15). They have similar structure to λ3-iodanes, but with two 

additional ligands instead of the lone pairs of iodine. Those reagents exhibit oxidizing properties 

and are mostly used for the mild oxidation of alcohols to carbonyls or oxidative dearomatisation. 

Those reagents are not used as group transfer precursors, and therefore the present discussion will 

only focus on hypervalent iodine (III).  

 

Figure 15: Classical examples of λ5-iodane reagents 
 

2.4.1.3. Reactivity 
 

Due to their structure, described in the previous section, hypervalent iodine reagents exhibit 

a strong electrophilicity, which renders them highly useful for many applications. Some reagents 

among the λ3-iodanes are quite sensitive and unstable. However, heterocyclic iodine (III) 

compounds present great stability to air and moisture and are easy-to-handle. These reagents are 

particularly suited for group transfer in an umpolung fashion (Figure 16).251 In fact, due to their 

electrophilicity, these reagents, bearing substituents that are typically used as nucleophiles, can 

now be functionalized by nucleophiles. C-O, C-N, C-X and C-C bond formation is easily achieved 

using the library of reagents listed below. 

 

Figure 16: Hypervalent iodine compounds already used in group transfer reactions 

                                                             
251 Brand, J. P.; Fernández González, D.; Nicolai, S.; Waser, J. Chem. Commun. 2011, 47, 102. 
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The discovery of new reagents is currently a very active research topic (Figure 17). For 

example, Togni and coworkers extended their trifluoromethylating reagents to perfluoroalkylating 

reagents 2.97.252 The Olofsson group achieved the synthesis of Vinyl BX 2.98.253 Our group 

reported the serendipitous discovery of electrophilic indole and pyrrole iodine (III) reagents 

(PyrroleBX and IndoleBX, 2.99-2.102), 254  while Yoshikai described a cyclization strategy to 

access hetero(aryl) based reagents 2.103.255 Suero and coworkers finally introduced a new class of 

benziodoxolone reagents 2.104 to transfer diazo compounds.256 Most of these reagents existed as 

acyclic iodonium salts; however, they were often potentially explosive and too reactive for practical 

use in organic synthesis. The cyclic versions outperformed the iodonium salts and allowed a 

smooth transfer for various synthetic applications. 

 

Figure 17: Recently introduced group transfer hypervalent iodine reagents 

 

It is now well established that cyclic hypervalent iodine reagents are suitable for 

electrophilic group transfer such as alkynylation, cyanation, azidation or trifluoromethylation. The 

cyclic core of the reagents showed most of the time higher reactivity and stability than all the other 

electrophilic reagents. In this thesis, we will be focused mostly on alkynylation and cyanation 

reagents. 

                                                             
252 Matousek, V.; Vaclavik, J.; Hajek, P. Charpentier, J.; Blastik, Z. E.; Pietrasiak, E.; Budinska, A.; Togni, A.; Beier, 
P. Chem. Eur. J. 2016, 22, 417. 
253 Stridfeldt, E.; Seemann, A.; Bouma, M. J.; Dey, C.; Ertan, A.; Olofsson, B. Chem. Eur. J. 2016, 22, 16066. 
254 (a) Caramenti, P.; Nicolai, S.; Waser, J. Chem. Eur. J. 2017, 23, 14702. (b) Caramenti, P.; Waser, J. Helv. Chim. 
Acta 2017, e1700221. (c) Caramenti, C.;* Nandi, R. K.;* Waser, J. Chem. Eur. J. 2018, 24, 10049. (d) Grenet, E.; Das, 
A.; Caramenti, P.;Waser, J. Beilstein J. Org. Chem. 2018, 14, 1208. 
255 Wu, J.; Xu, K.; Hirao, H.; Yoshikai, N. Chem. Asian J. 2017, 12, 3123. 
256 Wang, Z.; Herraiz, A. G.; del Hoyo, A. M.; Suero, M. G. Nature, 2018, 554, 86. 
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2.4.1.4. Electrophilic alkynylation reagents 
 

According to classical reactivity, alkynes are introduced by nucleophilic attack of acetylides 

on electrophilic centers (ketones, primary alkyl bromides, etc), in which the acetylides are typically 

obtained by deprotonation or metalation of the acidic hydrogen in the terminal position (see section 

2.1.1.2.). After umpolung of the reactivity, the alkynyl moieity is turned into an electrophilic 

acetylide, and thereby can be trapped by a nucleophile. For that purpose, different types of 

electrophilic reagents already existed (Figure 18). Halogenoalkynes are the simplest electrophilic 

alkynylating reagents and were the first category of reagents used for that purpose.257 However, 

they usually exhibit low reactivity. Subsequently, in situ Umpolung has been described by using 

oxidation of terminal alkynes by lead (IV) as the stoichiometric oxidant.258 More recently, metal 

catalyzed transformations involving O2 allowed similar reactivity with more environmentally 

friendly conditions.259 Alkynylsulfones also display a reversal in reactivity, but this class of reagent 

has actually been more studied in radical chemistry (see section 2.2.1).260 In this thesis, we will be 

more focused on hypervalent iodine reagents, and especially ethynylbenziodoxolones (EBX).  

 

Figure 18: Different classes of electrophilic alkynylating reagents 

 

For example, applying the electrophilic alkynylation strategy to carbonyl compounds led to 

the development of the α-alkynylation of activated carbonyls (Figure 19). It is in fact the first 

alkynylation using arylethynyliodonium salts, reported by Beringer in 1965.261 In 1986, Ochiai 

                                                             
257 For reviews, see: (a) Messaoudi, S.; Brion, J.-D.; Alami, M. Eur. J. Org. Chem. 2010, 6495. (b) Dudnik, A. S.; 
Gevorgyan, V. Angew. Chem. Int. Ed. 2010, 49, 2096. 
258 Moloney, M. G.; Pinhey, J. T.; Roche, E. G. J. Chem. Soc. Perkin Trans. 1989, 1, 333. 
259 (a) For a seminal work, see: Wei, Y.; Zhao, H.; Kan, J.; Su, W.; Hong, M. J. Am. Chem. Soc. 2010, 132, 2522. (b) 
For a review, see: Evano, G.; Jouvin, K.; Theunissen, C.; Guissart, C.; Laouiti, A.; Tresse, C.; Heimburger, J.; 
Bouhoute, Y.; Veillard, R.; Lecomte, M.; Nitelet, A.; Schweizer, S.; Blanchard, N.; Alayrac, C.; Gaumont, A.-C. Chem. 
Commun. 2014, 50, 10008. (c) For recent work, see: Guissart, C.; Luhmer, M.; Evano, G. Tetrahedron, 2018, 74, 6727.  
260 For the use of alkynylsulfones with hard nucleophiles, see: Marzo, L.; Parra, A.; Frías, M.; Alemán, J.; García 
Ruano, J. L. Eur. J. Org. Chem. 2013, 4405. 
261 Beringer, F. M.; Galto, S. A. J. Org. Chem. 1965, 30, 1930. 
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proposed a mechanism involving the formation of carbene intermediates, still using 

arylethynyliodonium salts. 262  Stang made a short scope extension, but the synthetic utility 

remained low.263 Interestingly, in the late 90’s, Zhdankin and coworkers reported the synthesis of 

other λ3-iodanes (IUPAC classification) with a cyclic core, however they were more focused on 

the remarkable structure of those reagents than their reactivity; therefore their applications in 

organic chemistry were quite limited. EBX reagents, first made by Ochiai, and TIPS-EBX first 

made by Zhdankin, have been well-studied within our group and they are broadly used nowadays. 

 

Figure 19: Classical and Umpolung reactivity of alkynes 

 

Starting with the synthesis, silyl and aromatic substituted EBX reagents were prepared as 

following: first, oxidative cyclization of 2-iodobenzoic acid (2.105) using NaIO4 in acidic media 

under reflux leads to hydroxybenziodoxolone 2.106 (Scheme 43). Then, substitution using TMS 

protected alkynes in presence of trimethylsilyltriflate afforded the different EBX reagents 2.95 in 

good yields (Scheme 12). Alkyne precursors can be made either by silyl protection (using TIPS-

                                                             
262 (a) Ochiai, M.; Kunishima, M.; Nagao, Y.; Fuji, K.; Shiro, M.; Fujita, E. J. Am. Chem. Soc. 1986, 108, 8281. (b) 
Ochiai, M.; Ito, T.; Takaoka, Y.; Masaki, Y.; Kunishima, M.; Tani, S.; Nagao, Y. J. Chem. Soc., Chem. Commun. 
1990, 0, 118. (c) Ochiai, M.; Kunishima, M.; Tani, S.; Nagao, Y. J. Am. Chem. Soc. 1991, 113, 3135. 
263 Bachi, M. D.; Bar-Ner, N.; Stang, P. J.; Williamson, B. L. J. Org. Chem. 1993, 58, 7923. 
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Cl, or TBDPS-Cl) under basic conditions, or by a Sonogashira-type reaction for aryl substituted 

alkynes. 
 

 

Scheme 43: Zhdankin classical procedure for the synthesis of silyl- and aryl-EBX reagents 

 

Despite generally high yields and being aware that an easier synthesis of EBX reagents 

would make them more accessible and therefore more attractive for synthetic chemists, our group 

and others became interested in solving this synthetic problem. To address this issue, Olofsson and 

coworkers developed a fast, one pot procedure (Scheme 44).264 However, the use of expensive or 

not commercially available ethynylboron precursors limited this application to the synthesis of high 

value reagents. Fine-tuning of Olofsson’s procedure allowed the use of commercially available 

terminal alkynes for the overnight one-pot synthesis of EBX reagents. This reaction is scalable up 

to 50 grams.265 These new conditions are, however, substrate dependent, and while working very 

well for TIPS-EBX, lower yields are obtained for electron rich substituents on the alkynes. For the 

alkyl substituted EBX reagents, the synthesis was slightly different. The use of organoboron 

nucleophiles according to Olofsson’s procedure allows the synthesis of alkyl-EBX in excellent 

yield. Using a TMS-protected alkyne as the precursor is also possible, albeit lower yields are 

generally obtained. 

                                                             
264 Bouma, M. J.; Olofsson, B. Chem. Eur. J. 2012, 18, 14242. 
265 Hari, D. P.; Caramenti, C.; Schouwey, L.; Chang, M.; Waser, J. submitted. 
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Scheme 44: Recent modified procedures for one-pot synthesis of EBX reagents 
 

The development of these reagents led our group to investigate various types of 

alkynylations (Scheme 45).266 In this context, our group harnessed the potential of EBX as alkyne 

transfer reagents, and Dr Davinia Fernández González developed a more general α-alkynylation of 

activated carbonyls, with preliminary results on asymmetric transformation.267 Later, Maruoka 

reported a highly enantioselective transformation using the so-called Maruoka’s catalyst and the 

bis-CF3 reagent. 268  Then, alkynylation of (hetero)arenes, especially using gold and platinum 

catalysis was successful for pyrroles, indoles, 269  thiophenes, 270  anilines, 271  furans 272  and 

benzofurans.273 EBX reagents were also used in olefin functionalizations274 and domino reactions 

allowing fast access to molecular complexity.275 The alkynylation of heteroatoms has been also 

                                                             
266 (a) Li, Y.; Hari, D. P.; Vita, M. V.; Waser, J. Angew. Chem. Int. Ed. 2016, 55, 4436. (b) Waser, J. Synlett 2016, 27, 
2761. (c) Hari, D. P.;* Caramenti, P.;* Waser, J. Acc. Chem. Res. 2018, 51, 3212. 
267 (a) Fernández González, D.; Brand, J. P.; Waser, J. Chem. Eur. J. 2010, 16, 9457. (b) Fernández González, D.; 
Brand, J. P.; Mondière, R.; Waser, J. Adv. Synth. Catal. 2013, 355, 1631. (c) PhD thesis, Dr. Davinia Fernandez 
Gonzalez. 
268 Wu, X.; Shirakawa, S.; Maruoka, K. Org. Biomol. Chem. 2014, 12, 5388. 
269 (a) Brand, J. P.; Charpentier, J.; Waser, J. Angew. Chem. Int. Ed. 2009, 48, 9346. (b) For C3 of indoles, C2 of 
pyrroles and thiophenes: Brand, J. P.; Chevalley, C.; Scopelliti, R.; Waser, J. Chem. Eur. J. 2012, 18, 5655. (c) For C2 
of indoles: Tolnai, G. L.; Ganss, S.; Brand, J. P.; Waser, J. Org. Lett. 2013, 15, 112. 
270 Brand, J. P.; Waser, J. Angew. Chem. Int. Ed. 2010, 49, 7304. 
271 Brand, J. P.; Waser, J. Org. Lett. 2012, 14, 744. 
272 Li, Y.; Brand, J. P.; Waser, J. Angew. Chem. Int. Ed. 2013, 52, 6743. 
273 Li, Y.; Waser, J. Beilstein J. Org. Chem. 2013, 9, 1763. 
274 (a) Nicolai, S.; Erard, S.; Fernandez-Gonzalez, D.; Waser, J. Org. Lett. 2010, 12, 384. (b) Stefano Nicolai, Cyril 
Piemontesi and Jerome Waser Angew. Chem. Int. Ed. 2011, 50, 4680. 
275 (a) Brand, J. P.; Chevalley, C.; Waser, J. Beilstein J. Org. Chem. 2011, 7, 565. (b) For C5 and C6 of indoles: Li, 
Y.; Waser, J. Angew. Chem. Int. Ed. 2015, 54, 5438. 
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widely investigated, with the alkynylation of thiols276, sulfoxides277 sulfones,278H-phosphi(na)tes 

and secondary phosphine oxides.279 Atom-economic transformations with the transfer of the entire 

reagent into organic frameworks are of high importance. In this regard, the use of diazo compounds 

for efficient oxyalkynylation was reported in both racemic and enantioselective versions. 280 

Several reactions were successfully applied to peptides, such as the alkynylation of tryptophan 

residues.281 Gratifyingly, fruitful collaborations of our group with the Adibekian group282 and 

recently the work of Romain Tessier with Fierz group283 allowed the elaboration of chemical 

biology applications of the very efficient thioalkynylation reaction. EBX reagents have also found 

many applications in radical reactions, and a summary will be presented in section 2.4.2. 

Nowadays, EBX reagents are intensively used by our group and others in organic chemistry and 

have found widespread applications.284 

                                                             
276 (a) For thioalkynes: Frei, R.; Wodrich, M. D.; Hari, D. P.; Borin, P-A.; Chauvier, C.; Waser J. J. Am. Chem. Soc. 
2014, 136, 16563. (b) Frei, R.; Waser, J. J. Am. Chem. Soc. 2013, 135, 9620. (c) Wodrich, M. D.; Caramenti, P.; Waser, 
J. Org. Lett. 2016, 18, 60. 
277 Amos, S. G. E.; Nicolai, S.; Gagnebin, A.; Le Vaillant, F.; Waser, J. submitted. 
278 Chen, C. C.; Waser, J. Org. Lett. 2015, 17, 736. 
279 Chen, C. C.; Waser, J. Chem. Commun. 2014, 50, 12923. 
280 (a) Hari, D. P.; Waser, J. J. Am. Chem. Soc. 2017, 139, 8420. (b) Hari, D. P.; Waser, J. J. Am. Chem. Soc. 2016, 
138, 2190. (c) For the extension of this interesting reactivity with VBX reagents, see: Pisella, G.; Gagnebin, A.; Waser, 
J. manuscript in preparation. 
281 Tolnai, G. L.; Brand, J. P.; Waser, J. Beilstein J. Org. Chem. 2016, 12, 745. 
282 Abegg, D.; Frei, R.; Cerato, L.; Hari, D. P.; Wang, C.; Waser, J.; Adibekian, A. Angew. Chem. Int. Ed. 2015, 54, 
10852. 
283 (a) PhD thesis of Romain Tessier. (b) Tessier, R.; Ceballos, J.; Guidotti, N.; Simonet-Davin, R.; Fierz, B.; Waser, 
J. submitted 
284 (a) Hari, D. P.; Nicolai, S.; Waser, J. PATAI’S Chemistry of Functional Groups 2018 in Hypervalent Halogen 
Compounds: Alkynylations and Vinylations, John Wiley & Sons, Ltd. (b) Fernández González, D.; Nicolai, S.; Waser, 
J. Electronic Encyclopedia of Reagents for Organic Synthesis in  Silyl Ethynyl Benziodoxolone Reagents, John Wiley 
& Sons, 2012. (c) For a recent update, see: Nicolai, S.; Le Vaillant, F.; Waser, J. Electronic Encyclopedia of Reagents 
for Organic Synthesis in  Silyl Ethynyl Benziodoxolone Reagents, John Wiley & Sons, 2019, in press 
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Scheme 45: Our group contribution of transformations with EBX 

 

In summary, EBX has attracted much attention recently, and found broad applications, 

ranging from material sciences to chemical biology. Similarly, studies into electrophilic cyanation 

have been initiated, and a short overview of this challenging topic will be presented in the next 

section. 
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2.4.1.5. Electrophilic cyanation reagents 
 

The cyano group is usually introduced using a toxic cyanide source, such as HCN, NaCN 

or KCN, and TMSCN, all acting as a nucleophile. The development of electrophilic cyanation 

reagents allowed the umpolung of cyanide, which can react in the presence of a nucleophile (Figure 

20). Classical electrophilic reagents are the halogenocyanides. However, those reagents are highly 

toxic, especially cyanogen chloride, which is gaseous, and cyanogen bromide which is an easily 

hydrolysable solid in presence of moisture. They are difficult to handle and very reactive, leading 

to side reactions. Despite these drawbacks, they have been used in useful transformations. Chen 

has described in situ formation of Cl-CN, in 2014, by mixing TMS-CN and household bleach 

(aqueous NaClO).285 It has been successfully used in the electrophilic cyanation of secondary 

amines. Br-CN is commonly used for O-cyanation of phenols. Moreover, sulfonyl cyanides are 

less sensitive reagents and they are mostly used in radical cyanation (see section 2.2.2.). Umpolung 

of cyanide using nitrogen based reagents 2.107-2.109 is possible, but the scope of possible 

transformations is limited. The emergence of N-Cyano-N-phenyl-p-toluenesulfonamide (NCTS, 

2.110) has greatly broaden the scope of electrophilic cyanation.286 Despite being very useful for 

Csp2 cyanation, its applications for Csp3 cyanation remain elusive.287 Therefore, the development 

of new electrophilic cyanation reagents is currently an active area of research in organic chemistry. 

 

Figure 20: Umpolung reactivity of cyanides and classes of electrophilic cyanating reagents 

                                                             
285 Zhu, C.; Xia, J.-B.; Chen, C. Org. Lett. 2014, 16, 247. 
286 (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. 
287 (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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Remarkably, cyanide iodonium salts 288  and cyanobenziodoxolones (CBX (2.96a) and 

CDBX (2.111)) derivatives have been successfully synthesized and find useful applications as 

electrophilic cyanating reagents (Figure 21). Cyanoiodonium salts can be prepared and isolated, or 

also prepared in situ, notably if the highly reactive PhI(CN)2 is necessary. 

 

Figure 21: Umpolung of cyanide using hypervalent iodine reagents 

 

By mixing PIFA or substituted PIFA with trimethylsilyl cyanide in presence of BF3.Et2O, 

Kita described in 2007 a direct cyanation of heteroaromatic compounds, like pyrroles and 

indoles. 289  Atom economy is poor in this transformation, as 3 equivalents of TMS-CN, 2 

equivalents of PIFA and 4 equivalents of Lewis acid (BF3.Et2O) are required. However, the 

reaction provided 83% yield of 2-cyanated product in the case of tosyl-protected pyrrole under 

optimized conditions. A control experiment using directly PhI(CN)2 allows the cyanation of the 

same substrate in 53% yield in 20 hours. In 2015, Zhu, Xiong and coworkers described the 

cyanation of tertiary amines using similar conditions (premixing PIFA and TMS-CN to generate 

in situ a cyanoiodonium salt).290 Although a similar hypervalent iodine reagent may be involved 

according to the authors, the reported mechanism is slightly different: it could be a non-radical 

pathway (no radical TEMPO adduct found). Instead, an oxidation of the amine to the corresponding 

iminium, rendered possible by the oxidizing properties of hypervalent iodine reagents, followed by 

nucleophilic addition of cyanide would release the α-amino nitrile products. Despite synthetic 

utility, these in-situ transformations suffer from low atom economy and low-possibility for control 

and design. To address these potential hurdles, the use of well-defined bench stable reagents is 

attractive. 

                                                             
288 Zhandkin, V. V.; Scheuller, M. C.; Stang, P. J. Tetrahedron Lett. 1993, 34, 6853. 
289 Dohi, T.; Morimoto, K.; Takenaga, N.; Goto, A.; Maruyama, A.; Kiyono, Y.; Tohma, H.; Kita, Y. J. Org. Chem. 
2007, 72, 109. 
290 Shen, H.; Zhang, X.; Liu, Q.; Pan, J.; Hu, W.; Xiong, Y.; Zhu, X. Tetrahedron Lett. 2015, 56, 5628. 
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The synthesis of iodonium salts is as followed: for example, oxidation of iodoarene 2.112 

using hydrogen peroxide and trifluoroacetic anhydride followed by cyanide insertion afforded 

cyanide iodonium salt 2.113 in 98% yield (Scheme 46, eq 1). This reagent, having the most electron 

deficient aryl ligand, was the best in the iron diacetate (II) catalyzed cyanation of arenes described 

by Wang and coworkers in 2014.291 It is surprising to see that only few reactions use CBX (2.96a) 

or its derivatives as electrophilic cyanating agents. Kita and Zhandkin have first described the 

synthesis of these reagents.292 It is a two-step procedure, with first an oxidation of benzoic acid 

(2.105) using NaIO4 and then a cyanation step using TMS-CN as the cyanide source (eq 2). In our 

group, reproducibility issues led us to add an intermediate step, the O-acylation, to introduce a 

better leaving group, allowing then the efficient substitution using TMS-CN. The last step can be 

rendered faster (from three days to minutes) by using a catalytic amount of trimethylsilyl triflate. 

CDBX (2.111) is synthesized in three steps from tertiary alcohol 2.114 (eq 3). First, oxidation to 

the chlorine hypervalent iodine reagent 2.115 can be obtained either with tBuOCl or 

trichlorocyanuric acid in 86 or 89% yield respectively. Ligand exchange between chlorine and 

acetate is mediated by silver acetate, in the dark, giving 2.116 in 89% yield. Finally, cyanation 

using TMS-CN affords CDBX in excellent overall yield (eq 3). 

                                                             
291 Shu, Z.; Ji, W.; Wang, X.; Zhou, Y.; Zhang, Y.; Wang, J. Angew. Chem. Int. Ed. 2014, 53, 2186. 
292 Simonsea, A. J.; Woodward, J. K.; Mismash, B.; Bolz, J. T.; Krasutsky, A. P.; Kuehl, C. J.; Zhdankin, V. V. 
Tetrahedron Lett. 1995, 36, 7975. 



     Chapter 2: Background and Significance 

86 

 

Scheme 46: Synthesis of cyanoaryliodonium salt 2.113, CBX 2.96a and CDBX 2.111 

 

Zhdankin and coworkers used CBX first for a radical reaction, which will be discussed later 

in this introduction (See section 2.4.2.2). As a benchmark transformation for electrophilic group 

transfer, the cyanation of cyclic β-keto esters was investigated. It has been first described by Chen 

and coworkers, early in 2015, without the need of base (Scheme 47, 1). 293 Interestingly, only CBX 

gave the expected cyano product 2.118, whereas CDBX gave selectively the hydroxy compound 

2.119. A few months later, Zheng and coworkers developed an asymmetric version of this reaction 

using cinchonine-based chiral phase-transfer catalysis in presence of DMAP at -78 °C (eq 2). To 

enhance solubility and increase steric hindrance, tBu substituted CBX reagent 2.96b has been 

successfully employed.294 However, the synthesis of this reagent starting from 4-tert-butyltoluene 

required five steps. Good yield and excellent enantioselectivity were obtained. Finally, within our 

                                                             
293 Wang, Y.-F.; Qiu, J.; Kong, D.; Gao, Y.; Lu, F.; Karmaker, P. G.; Chen, F.-X. Org. Biomol. Chem. 2015, 13, 365. 
294 Chen, M.; Huang, Z.-T.; Zheng, Q.-Y. Org. Biomol. Chem. 2015, 13, 8812. 
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group, and based on previous works on alkynylation 295  and azidation296  of β-keto esters, an 

enantioselective synthesis of chiral homoallylic nitriles using a cyanation - decarboxylative 

allylation strategy has been described by Dr Victoria Vita and Paola Caramenti (eq 3).297 Good to 

excellent yields were obtained for the racemic cyanation step using CBX in DMF. Then Trost’s 

Decarboxylative Asymetric Allylic Alkylation (DAAA) gave all-carbon quaternary centers in 

excellent yield and enantioselectivity. In 2015, the generation of thiocyanates starting from thiols 

in basic conditions has been reported by our group, using CBX as electrophilic nitrile source.298 

 

Scheme 47: Different cyanation reactions of β-keto esters using CBX derivatives 

 

Nucleophilic and electrophilic alkynylations and cyanations provide access to a vast array of 

reactivity patterns. Often complementary, they also have some limitations, such as functional group 

tolerance, side reactions or narrow scope. To access uncharted chemical space, a final approach 

based on SOMOphilic species has been investigated. Previous reports on radical and photoredox 

alkynylation and cyanation with hypervalent iodine reagent will be now summarized. 

 

                                                             
295 Vita, M. V.; Mieville, P.; Waser, J. Org. Lett. 2014, 16, 5768. 
296 See PhD Thesis of Dr M. V. Vita. 
297 Vita, M. V.; Caramenti, P.; Waser, J. Org. Lett. 2015, 17, 5832. 
298 Frei, R.; Courant, T.; Wodrich, M. D.; Waser, J. Chem. Eur. J. 2015, 21, 2662. 
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2.4.2 Addition of alkyl radicals to EBX and CBX 
 

Hypervalent iodine reagents have found tremendous applications in radical chemistry.299 In 

fact, two very distinct reactivities are observed for I(III) compounds: they can act either as radical 

precursors, or as a radical acceptor (Figure 22). This is also true for benziodoxolone reagents. 

Typical radical precursors include substituents such as carboxylates (2.91), peroxides, 

trifluoromethyl group (Togni reagent (2.52)), perfluoroalkyl group, and azide (Zhdankin reagent, 

ABX (2.92)). Reductive conditions (metals and organic reductants) or thermal homolytic cleavage 

are generally used for radical generation. Interestingly, ABX has also been used as a radical 

acceptor. More general radical acceptor behavior is observed in the case of EBX (2.95) and CBX 

(2.96a), and their use as partner for radical transformations will now be presented. 

 

Figure 22: Hypervalent iodine compounds used in radical group-transfer reactions 

 

2.4.2.1. Addition of alkyl radicals to EBX reagents 
 

In section 2.2.1, we have seen that radical alkynylation has emerged as a powerful 

alternative to two-electron chemistry. This strategy was, however, limited to a few known 

alkynylating reagents, thus lacking in flexibility when the known reagents were unsuccessful. The 

introduction of EBX reagents as radical acceptor partners contributed to the generalization of 

                                                             
299 Wang, X.; Studer, A. Acc. Chem. Res. 2017, 50, 1712. 
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somophilic alkynylation. First, a state of the art of radical alkynylations using EBX before 2015 

will be presented, then the most recent work will be shown.  

Most of the previous radical alkynylations were based on the addition/elimination process 

that occurs with alkynylsulfones in presence of radicals. However, even though these alkynylations 

provided good yields, the scopes were limited due to low functional group tolerance, and harsh 

conditions required (See section 2.2.1.) To address these issues, Li and coworkers reported in 2012 

the first radical C-alkynylation with EBX reagents, thus taking advantage of the high reactivity and 

excellent chemoselectivity that characterize this class of reagents.300 Their silver nitrate-catalyzed 

decarboxylative alkynylation of aliphatic carboxylic acids under aqueous conditions tolerates a 

broad scope of aliphatic carboxylic acids (Scheme 48). Stoichiometric amounts of potassium 

persulfate were necessary to regenerate the active silver catalyst. Interestingly, the authors noticed 

a difference of reactivity between Ph-EBX (2.95b) and TIPS-EBX (2.95a), the latter required 

harsher reaction conditions such as increasing the temperature up to 50 °C, increasing the silver 

catalyst loading (30 mol % of AgNO3) and the number of external oxidants equivalents (3.0 equiv 

of K2S2O8). Many challenging alkynylations, such as alkynylation of adamantyl radical or transfer 

of TIPS-ethynyl, were described in good to excellent yields. 

 

Scheme 48: Silver catalyzed decarboxylative Csp3-alkynylation developed by Li 

 

The proposed mechanism involved the addition of alkyl radical I on the α-position of the 

EBX reagent 2.95, which generated intermediate II with radical on the β position (Scheme 49). β 

-elimination through homolytic cleavage of the weak hypervalent I-Cα bond allows the 

                                                             
300 Liu, X.; Wang, Z.; Cheng, X.; Li, C. J. Am. Chem. Soc. 2012, 134, 14330. 
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regeneration of the alkynyl moiety III along with the formation of benziodoxolonyl radical IV. 

The latter will finally undergo H abstraction or a reduction/protonation sequence to afford 2-

iodobenzoic acid. This suggestion of alkyl radical addition to EBX reagents followed by β-

elimination to generate the functionalized alkynes has not yet been proven. 

 

Scheme 49: Hypothetical mechanism for the radical C-sp3 alkynylation with EBX reagents 

 

The major discovery performed by Li waited few years before finding new applications. In 

2014, Yu and coworkers reported a metal free C-alkynylation by activating C-H bonds in α-position 

of nitrogen or oxygen atoms with tert-butylhydroperoxide (TBHP) (Scheme 50, eq 1).301 A radical 

mechanism should be operative, according to radical trapping experiment using TEMPO as radical 

scavenger. This C-H activation is remarkable but suffers from some drawbacks, notably high 

temperature required (60 to 120 °C), high concentration of substrate (sometimes neat) and use of 

an excess of peroxides (3.0 equiv of TBHP). In 2016, Xu and Feng reported an extension of the 

chemistry developed by Yu (eq 2).302 Using DTBP, secondary and tertiary position of alkanes are 

alkynylated in good yields. 

                                                             
301 Zhang, R.-Y.; Xi, L.-Y.; Zhang, L.; Liang, S.; Chen, S.-Y.; Yu, X.-Q. RSC Adv. 2014, 4, 54349. 
302 Cheng, Z.-F.; Feng, Y.-S.; Rong, C.; Xu, T.; Wang, P.-F.; Xu, J.; Daia, J.-J.; Xu, H.-J. Green Chem. 2016, 18, 4185. 
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Scheme 50. Alkynylations of unactivated C-H bonds using peroxides as radical initiators 

 

Since 2015, and the publication of our work, an increasing number of reports on radical 

alkynylations showcased the unique properties of EBX. First, several groups investigated 

independently the use of peroxides for the alkynylation of aldehydes via acyl radical.303 Vinyl-, 

ethynyl-, (hetero)aryl- and alkylaldehydes were successfully converted to the valuable ynone 

products, using TBHP or DTBP at elevated temperature. 

In order to access the same ynone products, Duan and coworkers took advantage of the 

facile decarboxylation of -keto acids using Li conditions (Scheme 51).304 Soon after, Xu and Feng 

reported the same metal free decarboxylative alkynylation.305 Aryl-, alkyl- and silyl groups on the 

alkyne moiety were tolerated. Duan and coworkers also explored oxamic acids for the synthesis of 

ynamides.  

                                                             
303 (a) Liu, X.; Yu, L.; Luo, M.; Zhu, J.; Wei, W. Chem. Eur. J. 2015, 21, 8745. (b) Zhang, R.-Y.; Xi, L.-Y.; Zhang, 
L.; Chen, S.-Y.; Yu, X.-Q. Tetrahedron, 2015, 71, 6176. (c) Ouyang, X.-H.; Song, R.-J.; Wang, C.-Y.; Yanga, Y.; Li, 
J.-H. Chem. Commun. 2015, 51, 14497. 
304 Wang, H.; Guo, L.-N.; Wang, S.; Duan, X.-H. Org. Lett. 2015, 17, 3054. 
305 Wang, P.-F.; Feng, Y.-S.; Cheng, Z.-F.; Wu, Q.-M.; Wang, G.-Y.; Liu, L.-L.; Dai, J.-J.; Xu, J.; Xu, H.-J. J. Org. 
Chem. 2015, 80, 9314. 
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Scheme 51. Radical alkynylations using EBX for the synthesis of ynones and ynamides 

 

The radical decarboxylation strategy developed by Li was also efficiently applied to the 

decarboxylative alkynylation of aryldifluoroacetic acids (Scheme 52). Remarkably, the 

difluorobenzylic radical is sufficiently nucleophilic to be alkynylated by EBX reagents. Hashmi 

described the silver catalyzed transformation,306 whereas Wu and Wu demonstrated that silver 

catalyst was in fact not necessary,307  thus allowing metal free radical alkynylations. Independently, 

Billard and Shen rapidly investigated an extension of the persulfate decarboxylation towards the 

alkynylation of ArSCF2 radicals.308 

 

Scheme 52: Decarboxylative alkynylation of difluorocarboxylic acids 

 

                                                             
306 Chen, F.; Hashmi, A. S. K. Org. Lett. 2016, 18, 2880. 
307 Li, X.; Li, S.; Sun, S.; Yang, F.; Zhu, W.; Zhu, Y.; Wu, Y.; Wu, Y. Adv. Synth. Catal. 2016, 358, 1699. 
308 (a) Ismalaj, E.; Glenadel, Q.; Billard, T. Eur. J. Org. Chem. 2017, 14, 1911. (b) Shen, F.; Zhang, P.; Lu, L.; Shen, 
Q. Org. Lett. 2017, 19, 1032. 
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Heteroatom centered radicals cyclization or ring fragmentation is a powerful strategy to 

build new C-C bonds. It has recently been applied to EBX reagents. In 2015, Duan and coworkers 

used the ability of persulfate radicals to undergo facile HAT process with alcohol (Scheme 53). 

Therefore, fine-tuning of the conditions developed by Li allowed the O-centered radical-driven 

fragmentation (intermediate I) of cyclopropanol and cyclobutanols derivatives to make - or - 

alkynyl ketones via distal alkyl ketone radical II.309 Aryl ring is necessary at the ipso position of 

the hydroxyl group. In 2016, this method was extended to -alkenyl and -ethynyl cyclobutanols 

by Chen and Yu, thus leading to the corresponding -ethynyl cyclopentanones. In this case, the 

radical cascade from II continue with the cyclization to make III, which is finally alkynylated. 310 

 

Scheme 53: Decarboxylative alkynylations of difluorocarboxylic acids 

 

Castle and coworkers have developed the microwave-assisted fragmentation of oximes 

ethers in 2018 (Scheme 54). 311  Only two examples were reported using hypervalent iodine 

reagents, delivering -ethynyl 2.128 and -azido nitriles 2.129 in 54% yield and 18% respectively.  

                                                             
309 Wang, S.; Guo, L.-N.; Wang, H.; Duan, X.-H. Org. Lett. 2015, 17, 4798. 
310 Zhang, R.-Y.; Xi, L.-Y.; Shi, L.; Zhang, X.-Z.; Chen, S.-Y.; Yu, X.-Q. Org. Lett. 2016, 18, 4024. 
311 Jackman, M. M.; Im, S.; Bohman, S. R.; Lo, C. C. L.; Garrity, A. L.; Castle, L. S. Chem. Eur. J. 2018, 24, 594. 
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Scheme 54: Microwaves assisted fragmentation alkynylation and azidation of oxime ethers 

Finally, important developments towards the difunctionalization of alkenes were achieved, 

and copper catalysis played a key role. Using Weinreb amides and 1 mol% of Cu(OTf)2, Wang and 

Shen reported the amino alkynylation of alkenes via copper mediated cyclization (Scheme 55).312 

The mechanism is still unraveled and the authors suggested a possible radical mechanism, based 

on the homolytic cleavage of alkyl-Cu(II) species at elevated temperatures. The retention of the 
13C-enriched position during the alkynylation step is consistent with a radical mechanism. 

Remarkably, various alkynylated nitrogen containing heterocycles were obtained in good yields, 

such as lactams, oxazolidinones and imidazolidinones. In 2018, the same conditions were used to 

promote the radical cyclization alkynylation of unsaturated ketoximes. 313  Depending of the 

position of the unsaturation ( -  or - ), a switch of reactivity was observed and always the 5-

membered ring formation was obtained (C-O bond or C-N bond formation respectively).  

 

Scheme 55: Copper catalyzed radical cyclization-alkynylation of alkenes 

                                                             
312 Shen, K; Wang, Q. Chem. Sci. 2017, 8, 8265. 
313 Han, W.-J.; Wang, Y.-R.; Zhang, J.-W.; Chen, F.; Zhou, B.; Han, B. Org. Lett. 2018, 20, 2960.  
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In summary, radical addition on EBX reagents has already been described and documented. 

Many works are based on peroxides and persulfates, which highlights the robustness and broad 

applicability of the conditions reported by Li. Radical C-alkynylation is possible with TIPS-EBX, 

but it requires harsher conditions than transformations involving Ph-EBX. Nevertheless, the use of 

these methods remains limited by neat conditions, high temperatures, the use of strong 

stoichiometric oxidants and often large excess of reagents. In order to develop a decarboxylative 

alkynylation method under milder conditions, which could potentially lead to chemical biology 

applications, we envisioned the use of photoredox catalysis, which will be presented in a 

subsequent section. Indeed, this approach has been highly successful for the decarboxylative 

functionalization of carboxylic acids recently. 

 

2.4.2.2. Radical cyanation and elusive knowledge about CBX reagent 
 

CBX reagents have not been extensively studied, and their use in organic chemistry remains 

elusive. The first report of this new class of reagents was published in 1998 by Zhandkin and 

coworkers.314 In this publication, they described the synthesis of the reagent, and only one direct 

application: the thermal cyanation of tertiary dialkylarylamines (Equation 8). Only 4 examples 

were reported, with excellent yields though.  

 

Equation 8: Thermal cyanation of dialkylarylamines using CBX (2.96a) developed by Zhandkin and coworkers 

 

No mechanism was proposed, and no probe for a radical mechanism has been reported. It 

is therefore unsure if a radical pathway is involved or not in this transformation. The following 

mechanism could be possible (Scheme 56): starting from thermal decomposition of CBX 2.96a 

generating radical species I and II, H-abstraction of a hydrogen in α position of the amine by either 

I or II would form an alkyl radical III. The formed nucleophilic radical III might add on 2.96a on 

                                                             
314 Simonsea, A. J.; Woodward, J. K.; Mismash, B.; Bolz, J. T.; Krasutsky, A. P.; Kuehl, C. J; Zhdankin, V. V. 
Tetrahedron Lett. 1995, 36, 44, 7975. 
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the carbon center of the nitrile. This reactive intermediate IV would then undergo β elimination 

that would release the expected nitrile and benziodoxolonyl radical I, which can carry the 

propagation chain.  

 

Scheme 56: Possible mechanism of the thermal cyanation of dialkylarylamines using CBX reagents 

 

The use of CBX in radical transformation being limited to this example, it is not so 

surprising that no photoredox catalyzed cyanation using CBX was described before our work. 

However, since our contribution to the field, a new interest arose for using CBX reagents as CN 

source for radical cyanation. These few very recent works will be detailed in the conclusion of the 

part 1. However, previous and recent works on photoredox catalyzed alkynylation will be presented 

in the next section. 

 

2.4.3 Photoredox catalyzed alkynylations using hypervalent iodine reagents  
 

As seen in the previous section, photoredox is a modern and efficient tool to access radicals 

without the use of harmful reagents. Here, the precedents of photoredox-catalyzed transformations 

using hypervalent iodine reagents for the synthesis of alkynes are listed. 

To the best of our knowledge, when we started our project, alkynylation under photoredox 

conditions have been described in only two papers, developed by the Chen group. One was the 
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decarboxylation of N-hydroxyphtalimide esters using alkynylsulfones (see section 2.3.4.) and the 

other one was the pioneering work presenting the first use of EBX in photoredox catalysis. In 2014, 

using Ru(bpy)3(PF6)2 (2.54), Chen described a radical formation involving potassium 

organotrifluoroborate salt as radical precursor (Scheme 57).315 The use of an excess of precious 

trifluoroborates (3.0 equiv) for some specific alkynylations, for example with alkyl or TIPS 

substituents was a drawback.  

 

 

Scheme 57: Chen’s photoredox catalyzed deboronative alkynylation 

 

Catalytic amount of oxidant 2.130 (BIOH, 0.1 equiv) is required to initiate the reaction, and 

then the reaction keeps running due to the regeneration of a benziodoxolonyl radical I as a 

secondary product of EBX reagent 2.95 (Scheme 58). This radical is in a resonance structure form 

with a carboxyl radical. Oxidative quenching of the excited state of Ru(II)* by iodanyl radical I to 

give 2-iodobenzoate 2.135 and strongly oxidizing Ru(III) is proposed by the authors using Stern-

Volmer studies. Ru(III) is able to oxidize potassium organotrifluoroborate salts to generate alkyl 

radicals, which upon a proposed -addition – -elimination pathway allow to forge the new Csp3-

Csp bond. Labelling experiments with 13C reagent confirmed the regioselectivity of the radical 

addition. 

                                                             
315 Huang, H.; Zhang, G.; Gong, L.; Zhang, S.; Chen, Y. J. Am. Chem. Soc. 2014, 136, 2280. 
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Scheme 58: Proposed mechanism for the deboronative alkynylation using photoredox catalysis and EBXs 

 

Then, at the time of our publication in 2015, important reports on the decarboxylative 

alkynylation of α-keto acids using hypervalent iodine reagents were released (Scheme 59). While 

Chen’s alkynylation was based on dual catalysis with EBX reagents and photoredox (eq 1),316 

Wang and coworkers proposed a method using bromo alkynes and catalytic amount of hypervalent 

iodine reagents (30 mol% of 2.130 was the best additive) upon metal free sunlight irradiation (eq 

2).317 The authors proposed an in situ generation of EBX reagents. However, a control experiment 

with another oxidant than a cyclic hypervalent iodine reagent would have been interesting to 

confirm or rule out the in situ generation of EBX reagents. Unfortunately, these methods remain 

limited to this particular class of compounds and need external oxidants. 

                                                             
316 Huang, H.; Zhang, G.; Chen, Y. Angew. Chem. Int. Ed. 2015, 54, 7872. 
317 Tan, H.; Li, H.; Ji, W.; Wang, L. Angew. Chem. Int. Ed. 2015, 54,8374. 
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Scheme 59: Light driven decarboxylation alkynylation of ketoacids using hypervalent iodine reagents 

 

In 2016, Chen and coworkers reported an O-centered radical -scission for the remote 

alkynylation of tertiary cyclopropanols and cyclobutanols using a dual photoredox / hypervalent 

iodine reagent catalysis strategy.318  Soon after, they applied it to access acyl radical for the 

synthesis of ynones using 2.136 (Scheme 60, eq 1).319 No base is required in such transformations; 

however, additional steps for the synthesis of starting materials is necessary. In 2018, this strategy 

was further extended to the generation of phosphorous-centered radicals, leading to the synthesis 

of phosphonoalkynes using 2.137 (eq 2).320 
 

 

Scheme 60: Photoredox catalyzed alkynylation of acyl and phosphoryl radical via -scission of O radical 

                                                             
318 Jia, K.; Zhang, F.; Huang, H.; Chen, Y. J. Am. Chem. Soc. 2016, 138, 1514. 
319 Jia, K.; Pan, Y.; Chen, Y. Angew. Chem. Int. Ed. 2017, 56, 2478. 
320 Jia, K.; Li, J.; Chen, Y. Chem. Eur. J. 2018, 24, 3174. 
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In 2017, the synthesis of ynones was further improved by Glorius starting directly from 

aldehydes and formamides (Equation 9).321 A photoredox catalyzed HAT process followed by 

alkynylation using EBX reagents was proposed, harnessing the potential of iodobenzoyl radical as 

HAT catalyst. 

 

Equation 9: HAT approach for ynone synthesis via photoredox alkynylation of aldehydes 

 

Finally, Zhang and Luo unlocked asymmetric alkynylation under photoredox catalysis 

using hypervalent iodine reagents (Scheme 61).322 Their strategy involved the in situ formation of 

carboxylate hypervalent iodine reagents 2.139 using ynoic acids 2.138 and 

hydroxybenziodoxolone 2.106. According to Stern-Volmer experiments, this reagent can quench 

the excited state of 2.54. Simultaneously, condensation of -keto ester substrate with chiral amine 

catalyst 2.140 delivered an enamine intermediate, which upon oxidation and deprotonation can 

form a -iminyl radical. Radical alkynylation assisted by H-bonding delivered the enantioenriched 

alkynes. 

 

Scheme 61: Photoredox organo dual catalysis for enantioselective -alkynylation of carbonyls by Zhang and Luo 

                                                             
321 Mukherjee, S.; Garza-Sanchez, R. A.; Tlahuext-Aca, A.; Glorius, F. Angew. Chem. Int. Ed. 2017, 56, 14723. 
322 Wang, D.; Zhang, L.; Luo, S. Org. Lett. 2017, 19, 4924. 
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At the time I started my PhD program in the LCSO, there was no photoredox catalyzed 

decarboxylative alkynylation and cyanation of free carboxylic acids. Compared to Togni, Zhdankin 

or EBX reagents, the knowledge available on CBX was elusive. Therefore, its use in photoredox 

cyanations would be a major breakthrough in the field, for fundamental research as well as 

providing mild reaction conditions. Visible light driven catalysis was still an emerging field, and 

in particular the choice of catalysts was mainly limited to several Ru and Ir based complexes. In 

addition, examples of photoredox catalysis using organic dyes were rare, using mostly acridinium 

or xanthenes dyes. Moreover, a clear understanding of the mechanism in the radical alkynylation 

and cyanation was lacking. These important gaps prompted us to start a research program on the 

merger of photoredox catalysis and hypervalent iodine reagents. 
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3. Goal of the thesis 
 

As we have seen, alkynes and nitriles are crucial in organic synthesis and their synthesis 

have attracted large interest. Considering the limited precedence in literature not only for the 

photoredox-catalyzed cyanation, but also for the photoredox decarboxylative alkynylation of free 

carboxylic acids, the first goal of my thesis was the discovery and development of a mild and 

convenient alkynylation and cyanation avoiding prefunctionalization of broadly available 

carboxylic acids. Ideally, group transfers would occur under mild conditions using bench stable 

reagents. In that regard, a SOMOphilic strategy using EBX and CBX reagents as radical acceptors 

should be highly suitable. The goal was to develop the reaction on amino acids, due the high 

nucleophilicity of the corresponding -amino radicals and due to the wide use of amino acids in 

pharmaceuticals, then to extend it to other carboxylic acids (Scheme 62). For synthetic applications, 

alkynylation using a silyl protecting group is of great interest, due to the easy deprotection, which 

affords versatile terminal alkynes and allows further functionalizations. To the best of our 

knowledge, CBX reagents have never been used for such transformation. We believe that CBX 

reagents will be highly suitable due to its similar structure and reactivity than EBX reagents, thus 

avoiding the use or generation of toxic cyanides, especially if the reaction is conducted under 

anhydrous conditions. These transformations will be useful achievements leading to further 

discoveries and reaction design, especially if we can bring some insights into the mechanism and 

the key intermediates. 

 

Scheme 62: Merging photoredox catalysis and hypervalent iodine reagents for the decarboxylative alkynylation and 

cyanation of carboxylic acids. 
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Therefore, in addition to the development of new synthetic methods, investigating the 

mechanism is an important goal. Several important mechanistic questions are still awaiting for 

insights, as listed in figure 23. First, how does the alkynylation and cyanation step between alkyl 

radicals and EBX and CBX reagents occur (A)? Does it involved the generally accepted -addition 

/ -elimination processs? Then, what happen to the resulting iodanyl radical after homolytic 

cleavage and alkyne transfer? Could it be involved to close the photocatalytic cycle upon reduction 

(B)? Finally, as electron deficient species, may these reagents be quenchers of the excited state of 

the photocatalyst (C)? In-depth investigations of these crucial questions will set the basis for further 

reaction designs.   

 

Figure 23: Key unresolved mechanistic steps when merging hypervalent iodine reagents and photoredox catalysis 

 

Then, the second goal of my PhD was to develop the extension of to the previous reactivity 

to other synthetically useful disconnections (Scheme 63). My main interest was to harness the 

decarboxylation as a central mechanistic step allowing the use of hypervalent iodine reagents in 

combination with photoredox catalysis. For example, photoredox mediated radical C-C, C-O and 

C-N bonds fragmentation to interconvert important functional groups such as alcohols, amines and 

ketones to an alkyne or nitrile will greatly enhance the synthetic power of EBX and CBX. 
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Therefore, the investigation of visible light driven Csp3-Csp bond formation from 

cycloalkylketones, tertiary alcohols and primary amines will be undertaken. 

Finally, the oxidation of carboxylates being a trigger for our future transformations, and 

with the increase demand of high oxidation potential substrates, the design and development of 

new photocatalyst will be considered. Efforts will be made for metal free transformations and 

therefore the synthesis and use of organic dyes. 

 

 

Scheme 63: Harnessing photoredox catalyzed decarboxylation for fragmentation of cyclic oxime ethers, oxalates, 
and iminoacids towards new synthetic disconnections 
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4. Decarboxylative alkynylation and cyanation of free carboxylic acids using 
photoredox and hypervalent iodine reagents 

4.1 Decarboxylative alkynylation 

4.1.1. Optimization 
4.1.1.1. First approach and preliminary results 

 

This chapter presents our efforts towards developing the decarboxylative alkynylation of 

carboxylic acids using visible light photoredox catalysis and hypervalent iodine reagents. Given 

the facile generation of radicals in the case of α-amino acids and the great potential of 

propargylamines for applications in drug discovery, we focused on this class of substrates for 

developing our new coupling. This photoredox catalyzed decarboxylative functionalization of 

amino acids could also be a promising way to tag peptides and proteins selectively at the C terminal 

position. As an α-amino acid, proline is a common natural molecule and therefore an abundant and 

readily available starting material. The functionalization of such a simple heterocycle by an 

acetylene group would afford some interesting intermediates for drug synthesis. The cyclic core of 

proline makes this substrate special: having two alkyl substituents on the nitrogen makes the 

nitrogen more electron rich. Therefore, the α-aminoradical generated from proline is more 

nucleophilic and highly suitable for subsequent trapping by EBX reagents to eventually afford the 

corresponding propargylamine. Using proline as starting material should allow us to observe any 

potential reactivity. 

In order to commence with a more focused set of possible reaction conditions, a careful 

analysis of the decarboxylative arylation; alkylation and vinylation developed by MacMillan and 

coworkers was undertaken, which were then successfully applied to proline. Ideally, we hoped to 

use the carboxylic acid as the limiting reagent (which would be important in case of precious 

substrates) and a stoichiometric amount (or small excess) of EBX, instead of using an excess of 

acid (Scheme 64). Cesium carbonate and chlorinated solvents were successful in all these 

decarboxylative transformations, even though they were not the optimal base and solvent in each 

case. According to these seminal works, both Boc and Cbz proline can be used for photoredox 

decarboxylative transformations. We chose the Cbz protected proline 4.1a for practical reasons, as 

the product 4.2a formed would be UV active, and so it should be very convenient for monitoring 

the reaction and purification over preparative TLC. According to the literature, using blue light 
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(about 450-480 nm) at room temperature, 2 mol% of commercial photocatalyst 

Ir(dF(CF3)ppy2)dtbbpyPF6 (2.59), and cesium carbonate as the base, we expected that a possible 

photoredox decarboxylative process would deliver the corresponding alkynylated proline. 

 

 

Scheme 64: Our initial key players for the photoredox catalyzed decarboxylative alkynylation 

 

A working model is presented below based on previous work on radical addition to EBX 

reagents and well-documented studies in photoredox catalysed decarboxylative reactions (Scheme 

65). As Cbz-Pro-OCs and Boc-Pro-OCs are expected to have similar reactivity and the reduction 

potential of Boc-Pro-OCs is known, we used the Boc protecting group in the scheme of the working 

model. First, visible light irradiation of the reaction mixture would allow the activation of the 

iridium photocatalyst. Meanwhile, deprotonation of the Boc-protected proline 4.1b by a base would 

afford the corresponding salt, which has a reduction potential of +0.95 V (Boc-Pro-OCs).158 With 

photocatalysts having a stronger reduction potential in their excited state I, a SET would be 

thermodynamically favoured and would lead to both reduction of the iridium complex and 

oxidation of the carboxylate. The alkyl carboxyl radical can undergo fast decarboxylation, thus 

generating the α-amino radical III. This nucleophilic radical would then undergo addition onto 

EBX reagent 2.95. At this stage, the -addition / -elimination process described by Li and usually 

used in case of sulfone reagents can be envisioned. The resulting adduct IV could then generate 

the expected alkynylated product 4.2 through β-elimination of the iodine radical V. Finally, a crucial 

step of the mechanism to complete the catalytic cycle would be the reduction of radical V by the 

strongly reducing iridium II, which leads to the stable salt of iodobenzoate 2.135. Some discussions 

will be presented later with respect to this hypothesis and the fully elucidation of the mechanism. 



 Chapter 4: Decarboxylative Alkynylation and Cyanation of Carboxylic Acids 

110 

 
Scheme 65: Tentative mechanism for the decarboxylative alkynylation. The values for reduction potentials are given 

in volts for catalyst 2.59 and Boc-Pro-OH 1b as substrate 

 

As an initial screening, we started our first investigation with TIPS-EBX reagent (2.95a) 

(1.1 equiv) using 3.0 equivalents of cesium carbonate and 2 mol% of photocatalyst 

Ir(dF(CF3)ppy2)dtbbpyPF6 (2.59). To our delight, formation of the expected product 4.2a was 

observed, and 14% yield isolated yield was obtained after 17 h30 of irradiation (Scheme 66, eq 1). 

Increasing both the amount of cesium carbonate (4.0 equiv) and TIPS-EBX (2.95a) (1.5 equiv) 

gave 23% yield (eq 2). Finally, increasing the concentration up to 0.10 M and decreasing both the 

catalyst loading (1 mol %) and the amount of cesium carbonate (1.1 equiv) afforded the alkynylated 

product 4.2a in modest yield (28%) after 41 h (eq 3). The use of photocatalyst 2.59, having 

fluorinated ligands, seems to be critical for the conversion: similar trials with Ru(bpy)3Cl2,6H2O 

(2.54) did afford 4.2a. Those preliminary results were a good basis for further optimization. 
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Scheme 66: First attempts of photoredox catalyzed decarboxylative alkynylation using  

TIPS-EBX (2.95a) and Ir(dF(CF3)ppy2)dtbbpyPF6 (2.59) 

 

With promising reactivity found using these conditions (photocatalyst 2.59, cesium salts as 

base, and concentration), we then turned to a quick screening of EBX reagents in order to see the 

influence of different substitution on the reactivity. As we would like to have a reaction time no 

longer than one day, similar conditions to equation (2) in scheme 66 were used, replacing only 

TIPS-EBX (2.95a) by Ph-EBX (2.95b). The reaction was monitored by TLC and full 

decarboxylation of the proline was observed, providing quantitative yield after only 5 hours of light 

irradiation, at RT in DCM with cesium carbonate as base (Equation 10). 

 

Equation 10: First attempts of photoredox catalyzed decarboxylative alkynylation with Ph-EBX (2.95b) 

 

With these conditions, alkyl-EBX reagents were also tested (Scheme 67). The 

transformation with primary C14-EBX 2.95c gave a low yield (15% after 1 day), but some 

reactivity was observed. Interestingly, full conversion with a modest yield (37%) was obtained 

with t-Bu-EBX 2.95d. In summary, we were delighted to find some reactivity with silyl, aryl and 

alkyl hypervalent iodine reagents. Furthermore, photocatalyst 2.59 proved to be a competent 
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catalyst for the reaction, meaning the reduction of the BI radical is possible by the in situ generated 

strongly reducing Ir(II) species. This is a very interesting result as the reduction potential of the 

iodanyl radical is currently unknown. 

 

Scheme 67: First attempts of photoredox catalyzed decarboxylative alkynylation with Alkyl-EBX reagents 

 

 

4.1.1.2. Optimization of the reaction conditions with TIPS-EBX  
 

Silyl protected alkynes are synthetically very useful, due to the easily removable protecting 

group giving the most versatile terminal alkynes. In that regard, we focused our efforts on the 

optimization of TIPS protected ethynyl transfer. According to the preliminary results, this 

transformation seems to be more sensitive for the transfer of TIPS protected alkynes compared to 

aryl substituted alkynes. 

Based on the preliminary results, Cbz-protected proline 4.1a can be converted under 

irradiation with commercially available blue LEDs into the alkynylated product 4.2a in 28% yield 

using iridium catalyst 2.59, 1.1 equivalents of cesium carbonate, 1.5 equivalents of TIPS-EBX 

2.95a, in 0.10 M in DCE in 41 hours. The reaction was monitored by TLC. Leaving the reaction 

for longer than one day did not result in significant further consumption of the starting material; 

therefore, the reaction time was maintained at 22 hours for the rest of our optimization. Using 

cesium acetate as the base slightly increased the yield to 31% (Table 1, entry 1). Screening of the 

solvents did not help to improve the yield (entries 1-8). DCE, DCM and THF gave similar yield 
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(31 % for DCE and DCM and 33% for THF, entry 4); although less side-reactions were observed 

in chlorinated solvents. Increasing the number of equivalents from 1.1 equiv to two, three and 

finally four equivalents of cesium acetate showed a continuous improvement of the yield, reaching 

68% yield of 4.2a (Entries 9-11). However, the solubility of the reaction started to be an issue, and 

therefore, increasing more the number of equivalents of base was not tested. Screening of the base 

using these conditions showed that the reaction is very base sensitive. Counterions seemed to be 

crucial as moving from cesium to sodium or potassium acetate results into lower yields (Entries 12 

& 13). Using cesium carbonate under these conditions furnished only 35% yield (Entry 14). 

Finally, the use of cesium fluoride led only to decomposition of the reagent and the reaction mixture 

turned black within 5 min (not shown in table). We observed that carboxylate as the base gave 

better yield, and so we decided to screen more bases of this type. Using cesium pivalate did not 

yield any product (not shown), but it could be explain by the decarboxylation of the base itself, 

affording many side reactions. A better yield was achieved using cesium benzoate (74%, entry 16), 

whereas the use of a more soluble but slightly more nucleophilic base Cs(p-tBu)OBz led to 60% 

yield (Entry 15). At this time, screening of the photocatalyst (entries 17-23) showed that only both 

strongly oxidizing and strongly reducing catalysts 2.59 (E1/2
(PS*/PS-) = +1.21 V / E1/2

(PS/PS-) = -1.37 

V) and 4.3a (+1.14 V/-1.42 V) afforded the alkynylated product 4.2a in good yield, while picolinato 

catalyst 4.4b afforded only 20% (Entry 23). The less reducing photocatalysts 2.58 (+0.66 V / -1.51 

V) and 2.57 (+0.31 V / -2.19 V) did not facilitate any conversion, while Ru(bpz)3 (2.56) (+1.45 V 

/ -0.80 V) allows the decarboxylation to happen (full conversion of 4.1a) but no alkynylated product 

4.2a was isolated. Mesityl acridinium 2.65 (+1.8 V / -0.57 V) was not suitable for this 

transformation. Fine-tuning of the base stoichiometry and concentration of substrate showed that 

3.0 equivalents of cesium benzoate at 0.20 M in DCE gave 80% yield (Entry 26). The same 

conditions using a thinner test tube323 to enable more efficient stirring and irradiation improved the 

yield to 92% using catalyst 2.59 (Entry 27). Interestingly, the reaction does not seem to be overly 

sensitive to oxygen since 77% yield of product can be obtained when the reaction is performed 

without degassing DCE (Entry 28). 

 

 

                                                             
323 First, 7.5 cm high and 1.2 cm large test tubes were used. Then 6 cm high and 7 mm large test tubes were used. 
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Table 1: Optimization of the decarboxylative alkynylation under photoredox conditions 

 

Entry Catalyst Base Solvent Conversion[a] Yield[b] 

1 2.59 1.1 equiv CsOAc DCE / DCM[c] - 31% 

2 2.59 1.1 equiv CsOAc Toluene - 28% 

3 2.59 1.1 equiv CsOAc THF - 33% 

4 2.59 1.1 equiv CsOAc Water NR NR 

5 2.59 1.1 equiv CsOAc DMF - 20% 

6 2.59 1.1 equiv CsOAc DMA - 20% 

7 2.59 1.1 equiv CsOAc DMSO - 20% 

8 2.59 1.1 equiv CsOAc MeCN NR NR 

9 2.59 2.0 equiv CsOAc DCE 90 40% 

10 2.59 3.0 equiv CsOAc DCE 90 47% 

11 2.59 4.0 equiv CsOAc DCE >95% 68% 

12 2.59 4.0 equiv KOAc DCE <50% 9% 
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Table 1, second part: Optimization of the decarboxylative alkynylation under photoredox conditions 

13 2.59 4.0 equiv NaOAc DCE <50% 22% 

14 2.59 4.0 equiv Cs2CO3 DCE >95% 35% 

15 2.59 4.0 equiv CsO(4-tBuBz) DCE >95%  60% 

16 2.59 4.0 equiv CsOBz DCE >95% 74% 

17 2.58 4.0 equiv CsOBz DCE >95% 73% 

18 4.3a 4.0 equiv CsOBz DCE <10% <5% 

19 2.57 4.0 equiv CsOBz DCE <10% <5% 

20 2.54 4.0 equiv CsOBz DCE <10% <5% 

21 2.56 4.0 equiv CsOBz DCE <10% <5% 

22 2.65 4.0 equiv CsOBz DCE <10% <5% 

23 4.3b 4.0 equiv CsOBz DCE 40% 20% 

24[d] 2.59 4.0 equiv CsOBz DCE 75% 38% 

25[e] 2.59 4.0 equiv CsOBz DCE >95% 12% 

26[f] 2.59 3.0 equiv CsOBz DCE > 95% 80% 

27[f,g] 2.59 3.0 equiv CsOBz DCE > 95% 92% 

28[f,g,h] 2.59 3.0 equiv CsOBz DCE > 95% 77% 
[a]Reaction conditions: Using 0.1 mmol 4.1a (1 equiv), 0.15 mmol 2.95a (1.5 equiv), 1 %mol photocatalyst (0.01 equiv) in DCE (1 mL) for 22 h 
at RT. The conversion of 4.1a by NMR is given. [b]Isolated yield after preparative TLC. [c] DCE was preferred to avoid evaporation of the solvent 
during overnight reactions. [d]Using 1.1 equiv of EBX reagent. [e]Using 2.0 equiv of EBX reagent. [f] In 0.5 mL DCE. Bz=benzoyl. [f] Using thinner 
flask [h] without degassing DCE prior to use. 

 

Having selected (Ir[dF(CF3)ppy]2(dtbbpy))PF6 (2.59) as the main photocatalyst, a gram 

scale synthesis of this catalyst was undertaken, which is depicted in the following scheme 68. 

Following a reported procedure 324  and starting from iridium trichloride, an initial double 

complexation of the C-N fluoro ligand affords a dichloro-bridged dimer at 120 °C. This dimer can 

be further functionalized at 150 °C with 4,4’-di-tert-butyl-2,2’-bipyridine ligand, affording 

monomeric catalyst 2.59 and 4.3a in 78% and 87% yield respectively. 

 

 

                                                             
324 Singh, A.; Teegardin, K.; Kelly, M.; Prasad, K. S.; Krishnan, S.; Weaver, J. D. J. Organomet. Chem. 2015, 776, 51. 
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Scheme 68: The synthesis of photocatalyst 2.59 and 4.8 

 

 

 

4.1.1.3. Control experiments and influence of alkynylating reagents  
 

 

As control, an experiment in the dark and an experiment in the absence of catalyst were 

conducted. In both cases, no reactivity was observed (Table 2, Entries 1 and 2). We then decided 

to examine other alkynylation reagents under the optimized reaction conditions (Table 2). No 

product was formed with alkynyliodonium salt 4.9a (entry 3). Alkyne 4.2a could be still obtained 

in 82% yield using simple alkynyl iodide 4.9b (entry 4). Although the yield was lower than with 

EBX reagent 2.95a, this result is noteworthy and well in line with the alkynylation of C-H bonds 

under photoredox conditions using alkynyl iodides recently developed by Hashmi and co-

workers.209 No product was obtained when using alkynyl bromide 4.9c or alkynyl sulfone 4.9d as 

reagents (entries 5 and 6), however, the side product 4.10 could be generated through 

decarboxylation of proline and H abstraction from solvent. The use of benziodoxole reagent 4.9e 

gave 38% of 4.2a (entry 7), along with an unknown side product in a 1:1 ratio. The alkoxyl radical 

generated through the reaction may be responsible for the side reactions leading to a complex 

mixture of products. 
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Table 2: Control experiments for the decarboxylative alkynylation under photoredox conditions 

 

Entry Modification from Eq Results Yield of 42a 

1 Without light No reactivity (NR) NR 
2 Without photocatalyst NR NR 

3 
 / 4.9a 

Full conversion / 
decomposition 

< 5 % 

4 / 4.9b 
Full conversion / 

Good yield  
82 % of 4.2a 

5  / 4.9c 
Good conversion / 

seems to have only 4.10 
< 5 % 

6  4.9d 
Good conversion / 

seems to have only 4.10 
< 5 % 

7 

4.9e  

Full conversion 
1 : 1 ratio with unknown 

side product 
38 % 

 

 

4.1.2. Scope of the photoredox catalyzed decarboxylative alkynylation 
 

After optimization of the reaction on Cbz-protected proline, we then turned our attention to 

the investigation of the scope of the reaction. First, we explored the scope of carboxylic acids, and 

then different hypervalent iodine reagents were tested. 

 

4.1.2.1 Scope of carboxylic acids 
 

All the carboxylic acids 4.1 were commercially available and used directly without prior 

purification. As the optimization was performed on an amino acid, we started the scope with the 

examination of others amino acids (Scheme 69, A). On a synthetically useful scale (0.30 mmol), 

both Cbz-and Boc- protected proline derivatives 4.2a and 4.2e were obtained in 90% yield. 
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Increasing the ring size of the cyclic amine resulted in a decrease of yield; however, 66% of the 

alkynylated piperidine 4.2f was still obtained. The reaction is indeed site selective, as shown by the 

synthesis of tetrahydroquinoline 4.2g, which is only possible through the decarboxylative 

alkynylation. Direct C-H alkynylation would have probably furnished the alkynylated product on 

the more reactive benzylic position. Finally, primary amino acids could also be converted to the 

corresponding propargylic amines, for example, 70% yield of 4.2h was obtained using Cbz-

protected glycine.  

With good results on -amino acids, we then wondered if -oxo acids 4.11 are suitable for 

the reaction (B). Tetrahydro-2-furoic acid was fully converted to the corresponding alkynylated 

tetrahydrofuran 4.13a in quantitative yield. Similar reactivity was found when increasing the ring 

size of the cycle, allowing the synthesis of pyran 4.13b in 60% yield. Excellent yields were also 

obtained with linear primary substrates, furnishing 4.13c and 4.13d in 88% and 84% yield 

respectively. The reaction is not only possible on primary or secondary positions, but works also 

with more hindered tertiary radicals. We were pleased to functionalize the common lipid-lowering 

drug fenofibric acid into its corresponding alkynylated product 4.13e in 47% yield (C). 

Finally, we then turned to the alkynylation of aliphatic carboxylic acids 4.12 (Figure 14, 

D). In the absence of a heteroatom, the reaction is more challenging because the reduction potential 

is greater, and therefore, the decarboxylation more difficult. However, increasing the catalyst 

loading allowed us to isolate the expected products 4.14a and 4.14b in good yields (respectively 

64 and 48 %). Without any further optimization, adamantane carboxylic acid could be alkynylated 

in a synthetically useful yield (4.14c, 44%). 
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Scheme 69: Scope of carboxylic acids  
[a]NMR yield. [b]Using 1 mol% of catalyst 2.59. [c]Using 2 mol% of catalyst 2.59. 

 

Some others Cbz protected amino acids, like phenylalanine 4.1i, tyrosine 4.1j, valine 4.1k, 

leucine 4.1l and cysteine 4.1m were tested, with less success (Figure 24, A). Steric hindrance or 

potential quenching with electron rich aromatics could explain this low reactivity. The use of a 

carbamate protecting group appears to be important as no clean conversion to the product was 

observed in the case of pyrrolidinone, benzoyl and phtalimide protected amines 4.1o-p. Benzylic 

positions were difficult to alkynylate (4.12d-4.12h) (B). Several challenging substrates were also 

not successful in this transformation (C). With these substrates, some products could have been 

formed but the crude product of the reaction was a complex mixture and did not show any major 

product. It was the case for glucuronic acid 4.11g or levulinic acid 4.12i. A dipeptide, Cbz-Gly-

Pro-OH 4.1r, was tested but no alkynylated product was found. Finally, penicillin G 4.1s, 

camphanic acid 4.11h, or deoxycholic acid 4.12j, afforded the expected products (4.2s, 4.13h, 

4.14j) in low yields. 4.2s was obtained in less than 10% yield, with potential oxidation at the sulfur 
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atom. The corresponding Sulbactam should be tested to give further insight in the reactivity of such 

bioactive molecules. We were nevertheless pleased to obtain about 22% of 4.14j, which came from 

a primary aliphatic carboxylic acid bearing two hydroxy groups. With specific fine-tuning for 

sensitive substrates, or by using iodoalkynes or Ar-EBX reagents, which are less sensitive to the 

reaction conditions, it may be possible to allow a smooth decarboxylative alkynylation in good 

yields. 

 
Figure 24: Substrates not suitable for the decarboxylative alkynylation 

 



 Chapter 4: Decarboxylative Alkynylation and Cyanation of Carboxylic Acids 

121 

4.1.2.2. Scope of hypervalent iodine reagents 
 

The silyl and aromatic substituted EBX reagents 2.95 were prepared as following: first, 

oxidative cyclization of 2-iodobenzoic acid (2.105) using NaIO4 in acidic media under reflux leads 

to 2.106. Then, substitution using TMS protected alkynes 4.15 in the presence of 

trimethylsilyltriflate afforded the different EBX reagents 2.95 in good yields (Scheme 70). Alkyne 

precursors 4.15 can be made either by silyl protection (using TIPS-Cl, or TBDPS-Cl) under basic 

conditions, or by a Sonogashira-type reaction for aryl substituted alkynes.325 

 

Scheme 70: Synthesis of silyl and aryl substituted EBX reagents 

For the alkyl substituted EBX reagents, the synthesis was slightly different. The use of 

organoboron 4.16 using Olofsson’s procedure enabled the synthesis of t-Bu EBX 2.95d in 95 % 

yield (Scheme 71). The C14 reagent 2.95c was prepared using the same procedure, but with TMS-

protected alkyne 4.17 as precursor. 

 

Scheme 71: Synthesis of alkyl substituted EBX reagents 2.95c and 2.95d 

                                                             
325 I would like to thank Dr. Durga Hari for his help in preparing and characterizing reagents, labelled with * in the 
following scheme. 
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We then turned our attention to the scope of alkynes in the decarboxylative alkynylation 

reaction (Scheme 72, A). We kept using Cbz-protected proline 4.1a as substrate, with 90 % of TIPS 

alkyne 4.2a generated under optimized conditions as a reference. In a similar manner, TBDPS 

protected alkynes are transferred in good yield, affording the bulky alkyne 4.2t in 78% yield. EBX 

bearing aromatics were excellent reagents in the decarboxylative alkynylation of free acids, 

yielding products 4.2b and 4.2u-x in 62-97% yield. It is noteworthy that aryl bromides are 

compatible with the reaction conditions, since they are valuable intermediates due to their ability 

to be engaged in further cross coupling reactions. Finally, both primary and tertiary alkyl 

substituted EBX reagents led to the formation of alkynylated products 4.2c-d in good yield (68 and 

77% yield respectively). 

Some hypervalent iodine reagents were not suitable for this transformation.326 First, alkyl 

EBX reagents with a functional group at the terminal position gave mostly decomposition (B). It 

could be because of TMS deprotection (2.95j), photoredox dehalogenation (2.95k) intramolecular 

reactions through radical cyclisation (2.95l) or azide reduction (2.95m). No product was obtained 

with TMS or TES EBX (2.95n-o), and mostly decomposition occurred. We assumed that it is due 

to the lower stability of these two silyl groups under basic conditions.  

                                                             
326 Labelled reagents with * were prepared by Dr. Durga P. Hari. 
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Scheme 72: Scope of alkynes in the decarboxylative alkynylation. [a]Using 1 mol% of catalyst 2.59. 

 

4.1.3 Sunlight experiment, scale up and derivatizations 
4.1.3.1 Sunlight experiment 
 

Sun light is an inexpensive source of energy. As our reaction works well under irradiation 

at a wavelength around 400 nm, we were interested in the possibility to run the reaction using 

natural sunlight (Equation 11). During a sunny afternoon in Lausanne (46°51’ N, 6°57’ E), on May 

29, 2015 (from 12:00 to 17:00), the reaction mixture was exposed to sunlight at a temperature 

ranging from 20 to 25 °C (Picture 1). The light intensity of 600-850 W/m2 was recorded by a 

meteorological station and the spectrum is furnished below (Figure 25)327. After five hours, full 

                                                             
327 http://www.meteolausanne.com/soleil-et-uv.html 
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conversion of 4.1a was observed and 88% yield of isolated product 4.2a was obtained. This result 

highlights the potential to develop a more ecofriendly transformation of free acids to alkynes under 

mild conditions.  

 

Equation 11: Sun light irradiation for the photoredox catalyzed decarboxylative alkynylation 

 

Picture 1: Set up of the sunlight experiment 

 

Figure 25: Spectrum of sun irradiation on the 29th of May 2015 in Lausanne 
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4.1.3.2 Scale-up and derivatization of the alkynylated product 
 

In this work, we have been especially interested in the transfer of silyl-protected alkyne. 

Indeed, the corresponding alkynylated product is very versatile due to the easy deprotection to give 

the terminal acetylenes. A scale up of the reaction allowed us to obtain 89 % yield of alkynylated 

proline 4.2a on a one-mmol scale (Equation 12). Subsequently, a one-pot - two step sequence 

involving TBAF deprotection followed by Huisgen cycloaddition with benzyl azide afforded 

triazole 4.20 in 90% isolated yield (Equation 13).328 

 
Equation 12: 1 mmol scale decarboxylative alkynylation of Cbz-Pro-OH 

 
Equation 13: TBAF-deprotection and CuAAC reaction of the alkynylated product  

 

 

4.1.4. Conclusion of the decarboxylative alkynylation of free acids using 
photoredox catalysis and EBX reagents 

 

Excellent results on the photoredox catalyzed decarboxylative alkynylation using EBX 

reagents were obtained. 329  Further mechanistic studies are necessary to understand better the 

reactivity and limitations observed experimentally and unravel the mechanism of the alkynylation 

of alkyl radicals. Simultaneously to our own work, Xiao and coworkers published a similar 

transformation using photoredox catalysis and EBX reagent (Equation 14).330  

                                                             
328 I would like to thank Paola Caramenti for her contribution to this two steps synthesis. 
329 Le Vaillant, F.; Courant, T.; Waser, J. Angew. Chem. Int. Ed. 2015, 54, 11200. 
330 Zhou, Q.-Q.; Guo, W.; Ding, W.; Wu, X.; Chen, X.; Lu, L.-Q.; Xiao, W.-X. Angew. Chem. Int. Ed. 2015, 54, 11196. 
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Equation 14: Photoredox mediated decarboxylative alkynylation using EBX reagents developed by Xiao 

 

They were more focused on the arylalkynyl transfer, and therefore their conditions were the 

same I found during my first attempts using Ph-EBX (2.95b): Cesium carbonate as base and DCM 

as solvent. They also reported a decarboxylative carbonylative alkynylation under high pressure of 

CO (60 bars of CO). Using this reaction, they were able to synthesize ynone products 4.21a-c in 

good to excellent yields (Scheme 73). The reaction is not successful on α-amino and α-oxy acids. 

They reported only one example with TIPS-EBX, and found the same substituent effect: the yield 

is lower in the case of the silyl substituted substrate (56% of 2.85). 

 

Scheme 73: Photoredox decarboxylative carbonylative alkynylation using EBX reagents developed by Xiao 

 

In conclusion, the introduction of alkyne moieties by decarboxylation of free carboxylic 

acids at room temperature under visible light irradiation was achieved in good to excellent yields 

under mild conditions using only 0.5 mol% of iridium photocatalysts and EthynylBenziodoXolone 

(EBX) reagents. Interestingly, silyl-, aryl- and alkyl- substituted alkynes can be successfully 

transferred to a broad variety of carboxylic acids such as α-amino and α-oxo acids, as well as less 

reactive aliphatic carboxylic acids, all derived from the biomass (Scheme 74). Further 

functionalizations could be easily performed to turn these versatile alkynes into valuable products. 
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Others applications in medicinal and material chemistry could be envisioned due to the mild 

reaction conditions and functional group tolerance. 

 

Scheme 74: Room-temperature decarboxylative alkynylation of carboxylic acids using photoredox & EBX reagents 
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4.2. Decarboxylative Cyanation 
 

4.2.1. Optimization 
 

4.2.1.1. First approach and preliminary results 
 

EBX and CBX reagents possessing both an I-Csp bond and a potential radical acceptor 

character, we then envisioned a decarboxylative cyanation using photoredox catalysis and 

hypervalent iodine reagents. To be consistent with the first project, we decided to perform the 

optimization on Cbz-protected Proline (Equation 15). As photoredox catalyzed cyanation with 

hypervalent iodine reagents was unprecedented at the time of the optimization, several reagents are 

considered. 

 

 

Equation 15: Our initial combination for the photoredox catalyzed decarboxylative alkynylation 

 

Based on our previous work on the decarboxylative alkynylation we can propose a similar 

mechanism as a working model (Scheme 75). Firstly, the activation and decarboxylation step 

should be identical: The nucleophilic radical III would then undergo addition onto CBX 2.96a, on 

the carbon of the cyano group, which is the electrophilic center. The resulting highly energetic 

iminyl radical IV could then generate the expected cyanated product 4.22b through rapid β-

elimination of iodine radical V. Due to the very high energy of this intermediate, it could be also a 

concerted mechanism involving a 3 centers transition state. Finally, the last reduction step should 

be also identical to the last step in the alkynylation: in order to complete the catalytic cycle. 
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Scheme 75: Working model for the decarboxylative cyanation. 

 

We first subjected Z-Pro-OH (4.1a) to the optimized conditions found for the 

decarboxylative alkynylation, but using CBX (2.96a) and CDBX (2.111) (Scheme 76). 

Gratifyingly, after 19 hours of reaction some reactivity was observed in both case, allowing the 

synthesis of the corresponding nitrile in about 40 % and 30 % respectively. However, at this stage, 

a very pure compound was not isolated. Acyclic reagents 2.113 were not suitable for this 

transformation, with no product formation detected during this reaction. On the other hand, another 

side product is observed but remains unidentified. 

Finally, using old batches of CBX and CDBX (2.96a-2.111) did not afford the expected 

product. Instead of the nitrile, a new product was isolated, and identified as the corresponding α-

amino alcohol 4.23. Once again, better yield were obtained with CBX (2.96a) than with CDBX 

(111). The hydroxylation side reaction may come from oxygen, or moisture. As the reaction 

mixture was degassed, oxygen should not be the major source of oxygen atoms.331 Gratifyingly, 

using the same batches of reagents in presence of molecular sieves completely stopped the 

                                                             
331 It was found later by Xiao that O2 can promote the decarboxylative hydroxylation, however, not product were 
obtained in the case of amino-acids. 
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formation of the hemiaminal side product 4.23. This formal decarboxylative hydroxylation could 

be very interesting if it can be controlled, and especially if it can be achieved using another 

hypervalent iodine reagent instead of a cyano reagent. 

 

 

Scheme 76: Preliminary results of the photoredox catalyzed decarboxylative cyanation 

 

4.2.1.2. Optimization of the reaction conditions with CBX (2.96a) 
 

We first investigated the influence of the molecular sieves used to dry the reaction medium 

(Table 3). Interestingly, when no molecular sieves were added, the reaction was less clean and 

afforded a 1:1 mixture of products 4.22a and 4.23 (Entry 1). Then, with 50 mg of a blue 

heterogeneous deperoxidizing and drying molecular sieves, full conversion was observed in only 

2 h30 (Entry 2), using the condition depicted in the following scheme. An unseparable mixture of 

1:0.3 of 4.22a and 4.23 was formed in 27% yield. Changing to a white powder 4 Å molecular 

sieves, no hydroxy product was formed, and the expected nitrile 4.22a was isolated in 48% yield 

(Entry 3). Decreasing the amount of molecular sieves used resulted in increasing the yield (Entry 

4). The best yield (Entry 5, 57%) was obtained using only 10 mg of drying agent; yet not full 

conversion was observed in 2h30.  
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Table 3: Screening of molecular sieves in the photoredox mediated decarboxylative cyanation 

 

Entry MS (mg) Conversion[a] Yield[b] Observations 

1 none Not full Low yield 1:1 mixture of 4.22a 
and 4.23 

2 Blue, 50 mg Full 27 
Very messy NMR 
1:0.3 ratio of 4.22a 

and 4.23 

3 4 Å MS, 50 mg Not full 48% Only 4.22a 

4 4 Å MS, 30 mg Not full About 50% Only 4.22a 

5 4 Å MS, 10 mg Not full 57% 
Clearer solution, 
cleaner reaction 

Only 4.22a 
[a] conversion observed by NMR, [b] isolated yield 

 

Because the reaction was not totally completed using the powder molecular sieves, we let 

the reaction stirring for a longer reaction time under irradiation (4 h30), using 10 mg of molecular 

sieves. The yield increased to 78% after full conversion. Screening the cesium benzoate 

stoichiometry (Table 4) did not improve the yield of the reaction, as 1.5 equivalents seems to give 

already the best yield. Using stoichiometric amount of cesium benzoate led to full conversion, but 

only 57% yield, while the use of a catalytic amount (25 mol%) of base showed only 25% of both 

conversion and yield, even after 24 hours of irradiation. Interestingly, no conversion was observed 

when the reaction was run in absence of base. Thus, carboxylate formation is required for oxidation 

and decarboxylation to occur. 
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Table 4: Screening of CsOBz stoichiometry in the photoredox mediated decarboxylative cyanation 

 

Entry Equivalents of CsOBz Conversion[a] Yield[b] Observations 

1 1.5 equiv Full 78% Clean reaction 

3 1.0 equiv  Full 57% More side 
products 

4 0.25 equiv 25% 25% Not catalytic in 
base ? 

5 No base  No conversion - Only SM 
recovered 

[a] conversion observed by NMR, [b] isolated yield 
 

We then turned to a short survey on the equivalents of CBX (Table 5). Similar trends than 

for EBX were observed, as 1.1 equivalents probably seems to be not enough to fully functionalize 

the substrate, even though conversion was good (Entry 2). On the other hand, excess of reagents 

(2.5 equiv, entry 3), led most likely to decomposition, affording 4.22a in 54% yield after 4h30.  

 

Table 5: Screening of the stoichiometry of CBX (2.96a) in the photoredox mediated decarboxylative cyanation 

 

Entry Equivalents of CBX Conversion[a] Yield[b] (%) 

1 1.5 equiv Full 78 

2 1.1 equiv  90% 70 

3 2.5 equiv  Full 54 
[a] conversion observed by NMR, [b] isolated yield 

 

As the previous decarboxylative alkynylation was quite sensitive to the concentration of 

substrate, we then investigated this parameter, as well as a screening of solvent (Table 6). In a less 



 Chapter 4: Decarboxylative Alkynylation and Cyanation of Carboxylic Acids 

133 

concentrated medium (Entry 1), the reaction provided 46%, whereas a more concentrated solution 

(Entry 2) resulted in 48% yield. In between, 0.10 M and 0.20 M gave similar results, affording 

product 4.22a in 72% and 78% yield (Entries 3 & 4). With the best concentration found (0.20 M), 

we finally investigated the effect of the solvent. Very polar solvent like DMF and DMSO were 

excellent solvents in terms of solubility, however only degradation was observed and no traces of 

product was found (Entries 5 & 6). Acetonitrile and toluene allowed product formation in modest 

yield compared to chlorinated solvents (Entries, 7, 8 & 9) Finally, THF and 1,4-dioxane gave the 

best yields with 87% and 84% respectively (Entries 10 & 11). Not surprisingly, the use of THF and 

dioxane also resulted in a partial cyanation of the solvent, giving 2-THF carbonitrile 4.24 and 2-

dioxane carbonitrile 4.25. These ether solvents may be superior due to the side product formation 

that possibly play a role for control radical concentration, or it could be for a better equilibrium of 

the carboxylates leading to smooth decarboxylation of the substrates. 

Table 6: Screening of concentration and solvents in the photoredox mediated decarboxylative cyanation 

 

Entry Concentration Solvent Conversion[a] (%) Yield[b] (%) 

1 0.05 DCE 90 46 

2 0.33 DCE > 95 48 

3 0.10 DCE > 95 72 

4 0.20 DCE > 95 78 

5 0.20 DMF > 95 Decomp. 

6 0.20 DMSO > 95 Decomp. 

7 0.20 MeCN Low Not isolated 

8 0.20 Toluene Low Not isolated 

9 0.20 DCM > 95 75 

10 0.20 THF > 95 87 

11 0.10[c] Dioxane > 95 84 
  [a] conversion observed by NMR, [b] isolated yield [c] solubility issue at 0.2 M 
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With optimized conditions in hand, we reinvestigated the structure of the reagents. We 

started with the synthesis of other CBX reagents 2.96c-2.96e (Scheme 77), which were obtained in 

good yields using the classical procedure and a new batch of 1-Cyano-3,3-dimethyl-1,2-

benziodoxole, CDBX.  

 

Scheme 77: Synthesis of CBX derivatives 

 

The core of the five membered ring is of particular importance, as all the CBX derivatives 

2.96 delivered the expected nitrile product 4.22a while only traces were observed by NMR with 

CDBX (Scheme 78). Interestingly, a greater quantity of THF carbonitrile 4.25 (30% NMR yield) 

was observed using CDBX (2.111), due to an enhanced ability to undergo HAT process with 

solvents. Neither electron-withdrawing nor electron-donating substituents on the aryl ring 

enhanced the reactivity, and lower yield were obtained for reagents 2.96c-2.96e. With a para-nitro 

substitution, full conversion was not reached, assumingly due to solubility issue of the reagent. The 

acyclic reagent 2.113 did not deliver the nitrile product. Then, similarly to alkynylation, tosyl 

cyanide (2.45) was not suitable for this transformation and less than 10% of the product was 

isolated. Toxic cyanogen bromide and cyanogen iodide did not exhibit strong nitrile transfer 

activity, and cyanation of THF was observed instead, albeit in low quantity. With a nucleophilic 

source of cyanide, only complete decomposition of the substrate was observed. Overall, we 

concluded that CBX is superior to all the other sources of nitrile. It also highlighted that CBX, a 
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user-friendly crystalline solid with high melting point, is a suitable and emerging reagent for nitrile 

transfer under radical and photoredox conditions. 

 

Scheme 78: Test of cyanating reagents in the photoredox catalyzed decarboxylative cyanation 

 

No catalyst screening was performed because the photocatalytic cycle is expected to 

involve the same partners (carboxylate and benziodoxolonyl radical) as the one in the 

decarboxylative alkynylation. (Mechanisms will be discussed later in this thesis). However, two 

organic dyes were tested due to their high redox potentials, which could be suitable for a 

decarboxylative cyanation. Unfortunately, neither Fukuzumi dye (2.65) nor DCA (2.66) afforded 

the nitrile product. 

 

4.2.1.3. Control experiments 
 

Few controls experiments have been undertaken, in order to get more insights about this 

transformation. First, light is critical for the reaction, because no product was obtained without 
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light irradiation (Table 7, Entry 1). Only the cesium prolinate is obtained, and can be hydrolyzed 

to be recovered. Then, as already discussed, base is necessary for the reaction to proceed. Without 

carboxylate salts, the quenching of the excited state of the photocatalysts does not occur (Entry 2). 

In presence of 40 equivalents of water, the reactivity was completely shut down. It could be due to 

the hydrolysis of the CBX reagents. Surprisingly, the hemiaminal side product was almost not 

observed. With only one equivalent of water, a drop of reactivity is also observed, with only 25% 

of nitrile isolated 4.22a, and limited conversion. The hemiaminal is isolated in 10% yield 4.23.  

 

Table 7: Control experiments in the photoredox mediated decarboxylative cyanation 

Entry Change Conversion Yield Observation 

1 No light Full after 9 h (not the 
expected product though) - Cesium prolinate 

2 No base  No conversion - Only SM 
recovered 

3 40 equiv water Low <10% Shut down of the 
reactivity 

4 1 equiv water 60% 25%  
Reaction conditions: 4.1 (0.1 mmol, 1.0 equiv), 2.96a (0.15 mmol, 1.5 equiv), CsOBz (0.15 mmol, 1.5 equiv), 2.59 

(0.001 mmol, 1 mol%), THF (0.2 M), 4A Molecular sieves, N2, RT, Blue LEDs irradiation for 4 h30 unless otherwise 

noted. 

 

Sunlight and low catalyst loading experiments were then performed. To our delight, 90% 

yield of nitrile product 4.22a was obtained after four hours of sunlight irradiation. (Compared with 

89% for blue LEDs, Scheme 79, A). Gratifyingly, using only 0.1 mol% of photocatalyst, and a 10 

fold increase of scale (1 mmol scale), we are able to isolate 60% yield of the nitrile out of 80% 

conversion, after 48 hours of irradiation. With 600 turnovers, the catalyst is quite stable under the 

reaction conditions, and the lower yield can be explained by the increase of scale without further 

tuning the glassware used, which can lead to less efficient irradiation. 
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Scheme 79: Sun light, low catalyst loading and scale up experiments 
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4.2.2. Scope of the photoredox catalyzed decarboxylation cyanation 
 

“We then turned our attention to the scope of the reaction with amino acids (Scheme 80). 

When the reaction was scaled up from 0.10 mmol to 0.30 mmol, nitrile 4.22a was obtained in 89% 

yield. In this case, 9% of side product 2.9 was also observed.24 While in the previously developed 

alkynylation the reaction was sensitive to the substituent in α position of the amino acids, giving 

broadly varying yields, the decarboxylative cyanation is more general. In fact, both natural and 

unnatural α-amino acids can be functionalized in good yield in 5 to 18 hours under mild conditions. 

Different protecting groups, such as Cbz, Boc and Fmoc could be used, and cyanated proline 

derivatives 4.22a-c were obtained in excellent yield (86 – 92%). In the case of a less electron-

withdrawing benzyl protecting group, cyanation still occurred, but only in 43% yield (product 

4.22d). A free alcohol was tolerated to give 3-hydroxy proline derivatives 4.22e in 90% yield. Boc-

protected piperidine can be cyanated in 72% yield (product 4.22f). The reaction of Cbz-protected 

tetrahydroisoquinoline 3-carboxylic acid (4.1g) was site selective, yielding 65% of a single 

regioisomer 4.22g. From non-cyclic amino acids, primary, secondary and tertiary  -amino radicals 

can be generated and cyanated smoothly to furnish the corresponding nitriles 4.22h-j, although the 

yield is lower with tertiary radicals (51% for 4.22j). Valine, leucine and phenylalanine are suitable 

substrates (products 4.22k-m, 78-82%). For secondary radicals, the steric in  position did not 

have a strong influence on the outcome of the reaction. A benzyl ether was also tolerated in the 

transformation (product 4.22n, 80%). Protected glutamate, methionine and lysine can be converted 

into the corresponding nitriles 4.22o-q in good to excellent yields (59-83%). The fact that the 

decarboxylative cyanation worked on methionine is especially noteworthy, as electrophilic 

cyanation reagents such as cyanogen bromide are known to react with this amino acid.332 Two 

dipeptides (Z-Gly-Pro-OH (4.1r) and Z-D-Phe-Pro-OH (4.1s)) could also be cyanated (products 7r 

and 7s). Cyanide 7s was obtained as a mixture of diastereoisomers. These preliminary results are 

promising for the cyanation of more complex amino acids. We then turned to other classes of 

substrates and were pleased to see that oxy-acids 4.11 also underwent decarboxylative cyanation. 

Cyclic or acyclic compounds are both suitable for the reaction (products 4.26v-x). Lower yield was 

obtained with an acyclic phenol ether (product 4.26x.)”333 

                                                             
332 (a) Schroeder, W. A.; Shelton, J. B.; Shelton, J. R.; Arch. Biochem. Biophys. 1969, 130, 551; (b) Inglis, A. S.; 
Edman, P. Anal. Biochem. 1970, 37, 73. 
333 “” The text in between is directly taken from our publication. Le Vaillant, F.; Wodrich, M. D.; Waser, J. Chem. Sci. 
2017, 8, 1790. 
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Scheme 80: Scope of carboxylic acids for the photoredox catalyzed decarboxylative cyanation. Reaction 
conditions: carboxylic acid (4.1 or 4.11, 0.30 mmol, 1.0 equiv.), CBX reagent (2.96a, 0.45 mmol, 1.5 equiv.), 2.96 
(4.5 mol, 0.015 equiv), CsOBz (0.45 mmol, 1.5 equiv.), 4 Å Molecular Sieves (30 mg), THF (1.5 mL), 25 - 34 
°C, Blue LEDs irradiation for 5 to 18 h. Isolated yield after purification by column chromatography is given. 

 

On the other hand, the reaction was not successful for various substrates (Scheme 81). 

Notably for tryptophan or protected cysteine (Tr and Bn) derivatives, yield of the nitriles was low 

(around 10%); however, highly polar and stable solids were also isolated. With a mass of 

Mnitrile+CO2, being also Maminoacid+CN, HRMS revealed that no decarboxylation occurred. Instead, 

we hypothesized a possible O-cyanation of carboxylate. However, we assumed that the presence 
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of the free NH bond would lead to a subsequent cyclization to a potentially more stable five 

membered ring heterocycle. For Tyrosine and Glutamine derivatives, similar side product could be 

envisioned; however, the purification did not lead to the isolation of the heterocycle nor the 

expected nitrile 4.22. Phthalimide protected phenylalanine or unprotected carboxylic side chain 

were also not suitable for this transformation. It is unknown yet how the presence of some 

heteroatoms or aromatic rings are decreasing the reactivity in the photoredox cyanation, thus 

leading to a highly competitive side reaction. 

 

Scheme 81: Non-successful amino acids in the decarboxylative cyanation 

 

Some oxy acids 4.11 were also not suitable for this transformation (Scheme 82). Not so 

surprisingly, benzylic alcohol derivatives were easily oxidized. Benzofuran-2-carbonitrile (4.26d) 

was obtained in low yield from 4.11i, while a 4:1 NMR ratio was observed between benzoyl nitrile 

(4.26e) and benzaldehyde (4.27) when mandelic acid was subjected to the reaction conditions. 

Interestingly, another heterocycle 1,3-oxazolidine-2,4-dione 4.28 was obtained from a carbamate 

starting material. It is unclear yet if a first decarboxylative cyanation happened, followed by 

cyclization and hydrolysis of the unstable iminoheterocycle, or if a direct O cyanation of the 
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carboxylate and subsequent ring closing is possible. A control experiment without photoredox 

catalysis should be attempted. Fenofibric acid was not successfully converted to its corresponding 

nitrile, and a complex mixture was obtained. Thio-acid 4.29 was also tested, however, the 

corresponding -thionitrile was not found. This substrate is however prone to oxidation and a less 

electron rich thio acid may be suitable.  

 

Scheme 82: Non-successful oxy and thio acids for the decarboxylative cyanation 

 

Finally, in contrast to the alkynylation reaction, aliphatic acids 4.12 lacking the  

heteroatom gave only complex reaction mixture with generally low yield (20% maximum, 4.30a-

d) (Figure 26). A first competitive side reaction was the cyanation of THF to give 4.24. This result 

led us to reinvestigate DCE as solvent for this class of substrates. However, in this case, another 

side reaction was identified as the major pathway: anhydride formation resulting from the 

condensation of two carboxylic acids (4.31). And with the presence of cesium benzoate, various 

anhydride were observed, thus affording the complex mixture of 1) benzoic anhydride (4.31c), 2) 

the substrate anhydride 4.31a and 3) the corresponding unsymmetrical anhydride 4.31b. Again, O-

cyanation is probably responsible for the activation of the carboxylic acid, which upon nucleophilic 

attack with a suitable nucleophile can give the anhydride. In this context, the released 2-

iodobenzoate (2.135) was not sufficiently nucleophilic to participate in this competitive 



 Chapter 4: Decarboxylative Alkynylation and Cyanation of Carboxylic Acids 

142 

condensation. A short optimization showed that the base had a crucial effect, and CsOBz, NaOAc 

and Na2CO3 gave the best ratio (2.5 : 1) of nitrile vs anhydride, However the yield remained low. 

 

Figure 26: Side reactivity of aliphatic acids under the decarboxylative cyanation conditions 

 

“To further highlight the utility of our methodology, 1,4-benzodioxan-2-carbonitrile (4.26a) was 

synthesized at the gram scale in 44% yield from the corresponding acid 4.11k (Scheme 83, C). The 

drop in yield is probably due to the less efficient irradiation on larger scale .Nitrile 4.26a is the 

common key intermediate in the synthesis of various types of receptor antagonists (calcium, 

imidazoline, α2-adrenoreceptor), such as commercialized Idazoxan (4.32) or lead compound WB-

4101 (4.33) (Scheme 5).334 Another interesting application is the cyanation of carboxylic acid 4.1x, 

which can be obtained in one step from proline. Building block 4.22x can then be used to access 

the important antidiabetic drug Vildagliptin (2.33) in one-step only.335 However, acid 4.1x contains 

a highly reactive -chloro amide unit, which was unfortunately not compatible with our standard 

reaction conditions. We speculated that cesium benzoate was reacting with the substrate due to its 

high nucleophilicity.336 Indeed, when potassium benzoate was used as base, the desired product 

4.22x could be obtained in 42% yield.”337 

                                                             
334 (a) Schroeder, W. A.; Shelton, J. B.; Shelton, J. R. Arch. Biochem. Biophys. 1969, 130, 551. (b) Inglis, A. S.; 
Edman, P. Anal. Biochem. 1970, 37, 73. 
335 (a) Chapleo, C. B.; Myers, P. L.; Butler, R. C. M.; Doxey, J. C.; Roach, A. G.; Smith, C. F. C. J. Med. Chem. 
1983, 26, 823. (b) Giardina, D.; Angeli, P.; Brasili, L.; Gulini, U.; Melchiorre, C.; Strappaghetti, G. Eur. J. Med. 
Chem. 1984, 19, 411. 
336 Pellegatti, L.; Sedelmeier, J. Org. Process Res. Dev. 2015, 19, 551. 
337 “” The text in between is directly taken from our publication. 
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Scheme 83: Synthesis of building blocks for APIs. 

 

Overall, we described the first use of CBX in a photoredox process. The visible light driven 

decarboxylative cyanation is particularly efficient for amino acids and oxy acids, with two 

preliminary examples on dipeptides, and straightforward synthesis of building block for APIs 

(Scheme 84). However, low yields were obtained for carboxylic acids lacking N or O atom in -

position. Fast O-cyanation of the more nucleophilic carboxylates is assumed to lead to the 

formation of anhydride side product. For some amino-acids (Tryptophan, tyrosine and cysteine 

residues), the photoredox decarboxylation can be hampered by quenching from indole, phenol or 

electron rich cysteine moieties. On the other hand, the formation of a stable side product derived 

from these amino acids was observed, involving a similar O-cyanation of the carboxylate (same 

first step as anhydride formation). Further investigations on this particular side reaction will be 
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presented on the next section, before the mechanistic studies on the decarboxylative alkynylation 

and cyanation using photoredox catalysis and hypervalent iodine reagents. 

 

Scheme 84: Decarboxylative cyanation of carboxylic acids using photoredox and CBX 
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4.3 Synthesis of enantiopure hydantoins using CBX338 
 

4.3.1. Background and significance of chiral 5-substituted hydantoins 
 

During the scope investigations of the cyanation reaction, we isolated a new heterocyclic 

product in the case of tryptophane and S-benzyl protected cysteine 4.34a-c (Scheme 85). These 

products were formed from a background reaction when the photoredox catalysis was not 

sufficiently effective. Based on NMR data and mass, the new compound had incoporated a CN unit 

without loss of CO2. A free N-H is present in the molecule, with a shift between 8 and 9 ppm. The 

most logical structure would be the imino heterocycle A, obtained by a metal free direct 

condensation of the cyano group of CBX with the two nucleophilic sites of -amino-acids 4.1. 

Indeed, the reaction occurred without light and catalyst (room temperature with CBX and cesium 

benzoate only), for example, the synthesis of the derivative 4.34d starting from alanine was 

possible in 42% yield in absence of photoredox catalysis, whereas less than 10% can be observed 

otherwise. To unravel the structure, we tried to get crystal structures. However, among the 

heterocycles derived from tryptophane (4.34a, 35%), S-benzyl (4.34b, 45%) and S-trityl protected 

cysteine (4.34c, 40%, 70% purity) and alanine 4.34d, none of them gave crystals of good quality. 

The introduction of heavy atom such as halogens was attempted, and to our delight using (S)-Boc-

Tyr(2,6-Cl2-Bzl)-OH, 43% of the heterocycle 4.34e, was obtained and X-Ray analysis 

unambiguously revealed the 1,5 substituted hydantoin core (Figure 27). Only one enantiomer is 

observed, with complete retention of configuration from the -amino acid starting material. This 

serendipitous discovery of synthesis of hydantoins under very mild reaction conditions convinced 

us to develop the method and synthesize a library of these heterocycles.339  

                                                             
338 “” The text in between is directly taken from our manuscript. Le Vaillant, F; Declas, N.; Waser, J. Submitted 
339 This work was performed by Ms Nina Declas during her Master Thesis in our laboratory, under the supervision of 
Prof. J. Waser and myself. 
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Scheme 85: Serendipitous discovery of hydantoin formation as a background reaction 

 

Figure 27: X-Ray analysis of hydantoin product 4.34d 

 

First, a short introduction will be detailed to put this new synthesis in the actual context. 

“Hydantoins (2,4-imidazolidininediones) have a unique place in organic chemistry. The simplest 

hydantoin has been isolated in 1861 by Adolf von Bayer through reduction of allantoin (4.35) 

(Figure 28).340 Since then, tremendous efforts have been invested to synthesize and study this 

                                                             
340 Biltz, H.; Slotta, K. Über die Herstellung von Hydantoinen (English: ‘On the preparation of hydantoins’). J. Prakt. 
Chem. 1926, 113, 233. 



 Chapter 4: Decarboxylative Alkynylation and Cyanation of Carboxylic Acids 

147 

important family of five-membered heterocycles.341 Among them, chiral 5-substituted hydantoins 

are broadly used as chiral ligands 342  or auxiliaries, such as hydantoin 4.36 for enolate 

functionalization.343 Many of them are bioactive compounds, either natural such as 4.37 isolated 

from the Red Sea sponge Hemimycale arabica,344 or synthetic, such as the clinical candidates 

HR22C16 (4.38) (antimitotic)345 and the orally active and selective androgen receptor modulator 

BMS-564929 (4.39).346 Compounds 4.35-39 are all derivatives of natural amino acids. 

 

Figure 28: Important chiral 5-substituted hydantoins derived from -amino acids 

The synthesis of hydantoins is well-established (Scheme 86). Classical methods are the 

Bucherer-Bergs,347 the Biltz,348 the Read349 and the Urech350 syntheses. The two firsts are based on 

carbonyl or dicarbonyl condensation, affording racemic hydantoins; whereas the Read and Urech’s 

conditions involve a two-step enantioconservative condensation-cyclization of amino-acid 

derivatives in presence of isocyanates under harsh conditions (Scheme 1). These isocyanates are 

often not commercially available and their synthesis requires extra steps with often toxic reagents.  

                                                             
341 (a) Konnert, L.; Lamaty, F.; Martinez, J.; Colacino, E. Chem. Rev. 2017, 117, 13757. (b) Konnert, L.; Reneaud, B.; 
de Figueiredo, R. M.; Campagne, J.-M.; Lamaty, F.; Martinez, J.; Colacino, E. J. Org. Chem. 2014, 79, 10132. (c) 
Meusel, M.; Gütschow, M. Org. Prep. Proced. Int. 2004, 36, 391. (d) Lopez, C. A.; Trigo, G. G. Advances in 
Heterocyclic Chemistry. in Adv. Heterocycl. Chem., 38 (Ed.: R. K. Alan), Academic Press, 1985, 177-228. (d) Ware, 
E. Chem. Rev. 1950, 46, 403. 
342 Metallinos, C.; John, J.; Zaifman, J.; Emberson, K. Adv. Synth. Catal. 2012, 354, 602. 
343 (a) Yamaguchi, J. I.; Harada, M.; Narushima, T.; Saitoh, A.; Nozaki, K.; Suyama, T. Tetrahedron Lett. 2005, 46, 
6411. (b) Zhang, J.-S.; Lu, C.-F.; Chen, Z.-X.; Li, Y.; Yang, G.-C. Tetrahedron: Asymmetry 2012, 23, 72. (c) Lu, G.-
J.; Nie, J.-Q.; Chen, Z.-X.; Yang, G.-C.; Lu, C.-F. Tetrahedron: Asymmetry 2013, 24, 1331. 
344 Mudit, M.; Khanfar, M.; Muralidharan, A.; Thomas, S.; Shah, G. V.; Van Soest, R. W. M.; El Sayed, K. A. Bioorg. 
Med. Chem. 2009, 17, 1731. 
345 Hotha, S.; Yarrow, J. C.; Yang, J. G.; Garrett, S.; Renduchintala, K. V.; Mayer, T. U.; Kapoor, T. M. HR22C16 
Angew. Chem. Int. Ed. 2003, 42, 2379. 
346 Ostowski, J.; Kuhns, J. E.; Lupisella, J. A.; Manfredi, M. C.; Beehler, B. C.; Krystek, S. R.; Jr, Bi, Y.; Sun, C.; 
Seethala, R.; Golla, R.; Sleph, P. G.; Fura, A.; An, Y.; Kish, K. F.; Sack, J. S.; Mookhtiar, K. A.; Grover, G. J.; Hamann, 
L. G. Endocrinology 2007, 148, 4. 
347 Bucherer, H. T.; Lieb, V. A. J. Prakt. Chem. 1934, 141, 5. 
348 Biltz, H. Ber. Dtsch. Chem. Ges. 1908, 41, 1379. 
349 Read, W. T. J. Am. Chem. Soc. 1922, 44, 1746. 
350 Urech, F. Justus Liebigs Ann. Chem. 1873, 165, 99. 
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Scheme 86: Classical Read and Urech hydantoins synthesis 

 

Since then, efforts towards more environmental and user friendly approaches have been 

made, especially based on amino acid derivatives (Scheme 87).351 Using amino amides I, Cuny 

and co-workers were able to obtain enantiopure hydantoins in presence of triphosgene.352 Amino 

amides (Boc protected, II) were also used by Pan and co-workers using triflic anhydride,353 while 

Fang and co-workers described a method using amino acid ureas III under similar conditions of 

the Read/Urech cyclization step.354 However, these syntheses still required highly reactive reagents 

and pre-functionalization of the amino acids. Earlier this year, Gong and co-workers developed an 

elegant asymmetric synthesis of 5-substituted hydantoins using chiral Lewis base and copper 

cooperative catalysis.355 However, the synthesis of both starting materials and catalysts rendered 

this synthesis expensive and not practical.” 

 

Scheme 87: Reported synthesis of enantiopure hydantoins from chiral pool 

                                                             
351 It is unclear in the following publications if the hydantoins obtained are optically pure when using chiral aminoesters 
and amino amide respectively. (a) Bogolubsky, A. V.; Moroz, Y. S.; Savych, O.; Pipko, S.; Konovets, A.; Platonov, 
M.; Vasylchenko, O. V.; Hurmach, V. V.; Grygorenko, O. O. ACS. Comb. Sci. 2018, 20, 35. (b) Dumbris, S. M.; Diaz, 
D. J.; McElwee-White, L. J. Org. Chem. 2009, 74, 8862. 
352 Zhang, D.; Xing, X.; Cuny, G. D. J. Org. Chem. 2006, 71, 1750. 
353 Liu, H.; Yang, Z.; Pan, Z. Org. Lett. 2014, 16, 5902. 
354 Chen, Y.; Su, L.; Yang, X.; Pan, W.; Fang, H. Tetrahedron 2015, 71, 9234.  
355 Song, J.; Zhang, Z.-J.; Chen, S.-S.; Fan, T.; Gong, L.-Z. J. Am. Chem. Soc. 2018, 140, 3177. 
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Thereby, a one-step protocol using mild reaction conditions for the synthesis of chiral 

hydantoins 4.34 starting from amino acids 4.1 would be highly desirable. The development of this 

transformation will be presented in the following sections, starting first with the optimization of 

the reaction. 

 

4.3.2. Optimization of the enantioconservative synthesis of hydantoins 
 

Based on our control experiment in absence of light and photocatalyst using Boc-protected 

L-alanine 4.1A, which led to the formation of hydantoin 4.34d (Table 8, 42% in the dark with 1.25 

equiv CsObz), the influence of the nitrogen substitution was first examined. Cbz and Fmoc were 

suitable protecting groups, affording the hydantoins in 83% and 44% isolated yield (products 4.34f-

g), while Ac-Ala-OH (4.1B) did not give any conversion. Similarly, Bn-Ala-OH (4.1C) or 

unprotected alanine (4.1D) were also not compatible. Therefore, the electronics of the nitrogen have 

a strong influence, and a carbamate protecting group is crucial for the reactivity.  

Table 8: Screening of N-substitution of amino acids 

 

Entry Protecting group - R Yield of 4.34 (%) 
1 Boc 42 (4.34d) 
2 Cbz 83 (4.34f) 
3 Fmoc 44 (4.34g) 
4 Ac <5 (4.34h) 
5 Bn <5 (4.34i) 
6 H <5 (4.34j) 

 

“We continued our investigation with optimization of the synthesis of hydantoin 4.34f from 

L-Cbz-Ala (4.1e) (Table 9). Even though conversion, yield and retention of enantiomeric excess 

were excellent (95% conversion, 83% isolated yield, 95% ee after 4 h, entry 1), we had solubility 

issues leading to lack of reproducibility. Two chromatography columns were required to separate 

the desired hydantoin 4.34f from 2-iodobenzoic acid (2.105) and benzoic acid. Both CBX and 

CsOBz are poorly soluble in THF, thus making a white slurry. Therefore, different solvents were 
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tested to improve the solubility of the reaction mixture. Dioxane and ethyl acetate (entries 2 and 3) 

did not allow to enhance the solubility, while a slightly better solubility were observed with DCM 

and DMF (entries 4 and 5), albeit the yields obtained were lower than in THF. We then decided to 

screen the base. Neither sodium nor potassium benzoate were superior to cesium benzoate (50 and 

60% yield, entries 6 and 7). Surprisingly cesium carbonate and cesium acetate did not promote the 

formation of hydantoin 4.34f (entries 8 and 9). Organic bases such as pyridine and triethylamine 

gave moderate yields (60%, entries 10 and 11), while DMAP allowed a clean conversion, better 

reproducibility and excellent isolated yield (entry 12). When lowering concentration in THF to 

0.05 M and 0.1 M (entries 13 and 14), the yield was slightly lower than at 0.2 M. The yield dropped 

to 80% when increasing the concentration to 0.3 M (entry 15). 

Table 9: Optimization table for the synthesis of chiral hydantoins 

 

Entry Base Solvent Concentration (M) 
NMR Yield of 

XX (%) 

1 CsOBz THF 0.2 >95, 83b 

2 CsOBz Dioxane 0.2 60 

3 CsOBz EtOAc 0.2 20 

4 CsOBz DCM 0.2 45 

5 CsOBz DMF 0.2 55 

6 NaOBz THF 0.2 50 

7 KOBz THF 0.2 60 

8 Cs2CO3 THF 0.2 <10 

9 CsOAc THF 0.2 <10 

10 Pyridine THF 0.2 60 

11 Et3N THF 0.2 60 

12 DMAP THF 0.2 >95, 75b 

13 DMAP THF 0.05 90 

14 DMAP THF 0.1 90 

15 DMAP THF 0.3 80 

aReaction conditions: 6b (67 mg, 0.30 mmol, 1 equiv), CBX 5 (123 mg, 0.450 mmol, 1.5 equiv), base (0.375 mmol, 1.25 equiv.) in the corresponding 
solvent (1.5 mL) for 4 h at RT under N2. The NMR yield of 7b is given. bIsolated yield (%) after two columns chromatography. 
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Screening of CBX derivatives and other cyanation reagents under optimized conditions has 

also been performed (Scheme 88). The structure of the reagent is important, particularly the core 

of the five membered ring: 1-cyano-3,3-dimethyl-1,2-benziodoxole (CDBX, 2.111) did not 

promote formation of the hydantoin, instead starting material was recovered. Substituents on the 

aromatic ring also have an effect on the reactivity. A weak electron donating t-Bu group in meta 

position to the iodine (2.96b) led to lower yields, as well as a strong electron withdrawing nitro 

group in para position to the iodine (2.96d). Same NMR yield as for CBX (2.96a) was observed 

with compound 2.96c, bearing a fluorine group in para position, but a lower isolated yield was 

obtained. The reaction was not complete with 2.96f, maybe due to the insolubility of this reagent. 

Control experiments were performed with other cyanation reagents such as BrCN, ICN and 1-

Cyano-4-dimethylaminopyridinium tetrafluoroborate (CDAP, 2.109) instead of CBX (2.96a). 

Using BrCN and ICN, hydantoin formation could be observed, albeit in lower yield (35% NMR 

compared to quantitative yield wit CBX) while CDAP gave much lower yield (< 20%).”356 

 

 

Scheme 88: Reagents screening for the synthesis of hydantoin 4.34f 

 

 

                                                             
356 “” The text in between is directly taken from our manuscript. 
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4.3.3. Scope of the enantioconservative synthesis of hydantoins 
 

With the optimized conditions in hand, we then explored the scope of amino acids 4.1 

(Scheme 89). Running reactions overnight to ensure complete conversion at room temperature 

allowed smooth formation of hydantoins 4.34 from most of the natural amino acids. Cbz-protected 

L-alanine gave the corresponding hydantoin 4.34f in 85% yield with no erosion of the 

stereochemistry (97%ee). Boc and Fmoc protecting group afforded better results using DMAP as 

base, with 85% and 54% isolated yield respectively for 4.34d and 4.34g. Apolar side chains are 

well tolerated, and valine, leucine, iso-leucine and phenylalanine were converted to their 

hydantoins in good to excellent yields (55-85%, 4.34k-n). The protected tyrosine hydantoin 4.34e 

can now be successfully synthetized in 90% yield. Both R and S stereochemistry on tryptophan 

hydantoins 4.34a and 4.34o can be obtained in good yields. Amino acids bearing side chains with 

protected functional groups were smoothly converted into hydantoins in good yield (4.34b and 

4.34p-t). It is also possible to use unnatural amino acids, as for example hydantoin 4.34u with 

cyclopropyl side chain was obtained in 58% yield. Remarkably, bicyclic hydantoin 4.34v from 

proline was prepared in 62% yield. This result is interesting in the sense that its nitrogen is electron 

rich compared to all our other substrates that have electron withdrawing protecting group. Finally, 

hydantoin 4.34w, prepared in excellent yield from achiral glycine, is an important building block 

to access bioactive methylenehydantoins by condensation with benzaldehyde derivatives.357 

                                                             
357 (a) Sallam, A. A.; Mohyeldin, M. M.; Foudah, A. I.; Akl, M. R.; Nazzal, S.; Meyer, S. A.; Liu, Y. Y.; El Sayed, K. 
A. Org. Biomol. Chem. 2014, 12, 5295. (b) Azizmohammadi, M.; Khoobi, M.; Ramazani, A.; Emami, S.; Zarrin, A.; 
Firuzi, O.; Miri, R.; Shafiee, A. Eur. J. Med. Chem. 2013, 59, 15.  
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Scheme 89: Screening of N-substitution of amino acids  

aReaction conditions: 4.1 (0.15 mmol, 1.0 equiv.), CBX (2.96a) (61 mg, 0.23 mmol, 1.5 equiv.), DMAP (23 mg, 
0.19 mmol, 1.25 equiv.) in THF (0.75 mL) for 16 h at RT under N2. Isolated yield of 4.34 after purification by 
preparative TLC (Heptane/Et2O) is given. bee was measured by chiral HPLC. cDetected by NMR. 

 

Under the optimized conditions, acetate was finally suitable to promote the reaction in 30% 

NMR yield of 4.34h; however, isolation proved to be challenging due to co-spotting with 

iodobenzoic acid 2.105 (Scheme 90). Hydantoins derived from unprotected serine and tyrosine 

were both observed by NMR in 40% yield, but the corresponding hydantoins could not be 

completely purified (4.34x-y). Finally unnatural amino acid bearing a phenyl substituent gave a 

50% NMR yield (4.34z). Hydantoins derived from other amino acids with unprotected nitrogen 

containing side chain such as glutamine, histidine, arginine and lysine were detected by NMR and 

HRMS; however, the conversion was too low to attempt any purification (4.41-4.44). On the 

contrary, 2-pyrrolidone-5-carboxylic acid 4.48 showed no reactivity possibly due to the formation 
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of a slightly strained bicyclic product; while too bulky amino acids 4.49-4.51 (tBu or quaternary 

centers) did not afford any conversion under our optimized reaction conditions. 

 

Scheme 90: Challenging and unsuccessful substrates 

 

Gratifyingly, the reaction is scalable and 1.2 g of optically pure hydantoin 4.34f was 

synthesized (quantitative yield), thus highlighting the synthetic utility and efficiency of this method 

(Scheme 91, eq 1). At this scale, it was also easier to filter the precipitate that is generated 

throughout the reaction: 1.75 g (84% recovery) of dimethylpyridinium benzoate 4.52 was collected. 
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The deprotection of Cbz upon hydrogenolysis using 5 mol% of Pd(OH)2/C in methanol is 

quantitative, and a simple filtration give the unprotected chiral hydantoin 4.53 (eq 2).  

  

Scheme 91: Gram scale synthesis and hydrogenolysis of hydantoin 4.34f. 

a Reaction conditions: (1) 4.1E (1.0 g, 4.5 mmol, 1.0 equiv.), CBX (2.96a) (1.84 g, 6.72 mmol, 1.5 equiv.), DMAP 
(0.68 g, 5.6 mmol, 1.25 equiv.) for 16 h at RT. Isolated yield of 4.34f after filtration and column chromatography. (2) 
4.34f (30 mg, 0.12 mmol, 1.00 equiv.), Pd(OH)2/C (6.1 μmol, 5 mol %) in MeOH (6.0 mL) for 4 h at RT under H2. 
Isolated yield of 4.53 after filtration over HPLC filter. 

 

To further demonstrate the potential of our one step synthesis of hydantoins, we applied it 

on peptides (Scheme 92). Remarkably, Cbz-Ala-Ala-OH and Cbz-Gly-Phe-OH dipeptides 4.54a 

and 4.54b were converted to the corresponding peptidic hydantoins 4.55a-b in 80% and 64% 

respectively. The reactivity being lower, a longer reaction time was required (36 h) to achieve full 

conversion. Some epimerization occurred, leading to a decrease of enantiomeric excess (72% ee). 

We assumed that a prolongated reaction time is a possible explanation why epimerization started 

to occur. Further tuning of the conditions (shorter reaction time, only 1.0 equiv of DMAP) may 

avoid the epimerization. When trying to push the reaction conditions for 24 hours or even 48 hours 

at 50 °C, traces amount of peptidic nitrile 4.56 resulting from decarboxylative cyanation was 

observed. This results means that a carboxyl radical can be formed, either via a SET between CBX 

and amino carboxylate, or by degradation of CBX to iodanyl radical and cyano radical, which could 

potentially abstract the hydrogen atom of amino-acids. 
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Scheme 92: Synthesis of peptidic hydantoins using CBX (2.96a). 

aReaction conditions: 4.54 (0.15 mmol, 1.0 equiv.), CBX (2.96a) (61 mg, 0.23 mmol, 1.5 equiv.), DMAP (23 mg, 
0.19 mmol, 1.25 equiv.) in THF (0.75 mL) for 36 h at RT under N2. Isolated yield of 4.55 after purification by 
preparative TLC (Heptane/Et2O) is given. bee was measured by chiral HPLC. 

 

 

4.3.4. Conclusion of the synthesis of hydantoin using CBX (2.96a) 
 

To summarize, after careful observation and isolation of a side product during unproductive 

photoredox catalysis, we developed a general and practical synthesis of 1,5 substituted chiral 

hydantoins using CBX (2.96a). With complete retention of the stereoinformation for amino-acids, 

scalability, and easy deprotection, this efficient synthesis is potentially useful in synthetic 

chemistry. The method is applicable to dipeptides and it could find potential applications in 

medicinal chemistry. This work represents a new version of Urech synthesis of hydantoins starting 

from chiral amino acids, during which cyanobenziodoxolone is used for the first time in a multiple 

bonds forming transformation.  
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4.4 Mechanistic discussion 
 

4.4.1 Decarboxylative alkynylation and cyanation using photoredox catalysis and 
hypervalent iodine reagents358 
 

After complete investigation on the optimization, scope, and side reactions, we turned our 

attention to the mechanism behind the efficient photoredox catalyzed decarboxylative alkynylation 

and cyanation of carboxylic acids.  

 

First, a comparison between the two transformations shows that  the reaction conditions are 

almost identical: 

1) The iridium photocatalyst is the same and possesses a high reduction potential, making it 

strongly oxidizing. It could be assumed that the first step of oxidation of the carboxylate is 

occurring in both processes. Ir[dF(CF3)ppy]2(dtbbpy)PF6 (2.59) has also a relatively strong 

oxidation potential in its excited state, being E1/2(IrIV/IrIII*) = - 0.89 V vs SCE. Depending 

the potential of the reagents, a first SET with EBX or CBX could be possible, and both 

Stern-Volmer studies and CV records would be necessary to conclude on the quenching 

steps and photocatalytic cycle. 

2) Benziodoxolone reagents were superior by far over all the other alkynylating and cyanating 

reagents. This could indicate that the last step involving the reduction of iodanyl radical 

could be operative in both transformations. It could also be explained by a first step 

requiring SET to the reagents. 

3) CsOBz is the best base in both transformations. It may be due only to the mild character of 

such base, preventing some decomposition of silylated alkynes for examples. The mild 

acidity of the corresponding benzoic acids may also lead to an acid-base equilibrium 

between CsOBz and the substrate, resulting in controlled decarboxylation. This could avoid 

a too high concentration of radicals. 

 

                                                             
358 “” The text in between is directly taken from our publication. Le Vaillant, F.; Wodrich, M. D.; Waser, J. Chem. 
Sci. 2017, 8, 1790. 
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Nevertheless, a comparison between our two methods can be drawn, in which a critical 

observation is required to point out a possible mechanistic variation. 

1) First, the scopes of the reaction were different. While cyanation seems limited to amino 

and oxy acids, the alkynylation can be synthetically used with all classes of aliphatic 

acids. This observation could be due to a side reaction, as the potential anhydride 

formation is rendered possible by the formation of an excellent cyanate leaving group 

in the case of CBX, but also to a difference in reactivity with CBX between -

heteroatom radicals and non -heteroatom radicals. 

2) The formation of hemiaminal was observed in isolable quantities during the cyanation 

reaction in presence of moisture, requiring molecular sieves, while it was scarcely 

observed in the case of alkynylation (only when the reaction is performed in presence 

of significant amount of water). 

 

According to the aforementioned remarks, the tentative catalytic cycle described in our 

working model appears feasible (Scheme 93). We also think that different mechanism involving a 

higher carbocation character intermediate is probably operative in the cyanation reaction. The 

reaction of alkyl radicals with EBX and CBX may be different, and therefore we decided to study 

the reaction mechanism, with both experiments and theory to support this speculation. 

“A speculative mechanism including different possible pathways is presented in Scheme 

93. An important feature of this photoredox mediated Csp3-Csp coupling is the ability for 

carboxylic acids 4.1 to undergo CO2 extrusion (Scheme 6, A). It is now well established that 

Ir[dF(CF3)ppy]2(dtbbpy)PF6 (2.59) can generate the excited state *Ir[dF(CF3)ppy]2(dtbbpy)PF6 

(2.59*) under visible light irradiation.359 This catalytic specie is strongly oxidizing (E1/2 (Ir*III/IrII)= 

+1.21 V vs SCE) and can lead to a thermodynamically favored single electron transfer (SET) with 

the in situ generated cesium carboxylate I (+0.95 V for Boc-Pro-OCs vs SCE),158 generating the 

strongly reducing Ir(II) complex 2.59red and the carboxy radical which undergoes immediate 

decarboxylation to give nucleophilic radical II. Intermediate II can then react with the hypervalent 

iodine reagents to give iodine centered radical III. To close the catalytic cycle, we assume that 

radical III can be reduced by the strongly reducing Ir(II) 2.59red (E1/2 (IrIII/IrII)= -1.37 V vs SCE), 

thus regenerating the ground state photocatalyst Ir[dF(CF3)ppy]2(dtbbpy)PF6 (2.59).” 
 

                                                             
359 See section 2.3. in the introduction. 
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Scheme 93: Speculative photocatalytic cycle operative for the alkynylation and cyanation 

 

An alternative photocatalytic cycle could be the following: SET from EBX or CBX to the 

excited state of PC will deliver a radical anion hypervalent iodine specie along with strongly 

oxidizing Ir(IV). The latter catalytic specie can close the catalytic cycle by oxidizing the 

carboxylate to finally release the corresponding -amino radical upon CO2 extrusion. However, 

concerning the screening of photocatalysts during the alkynylation, some catalysts having a similar 

or stronger reduction potential E1/2(M-/M) but a potential E1/2(M*/M-) lower than +0.95 V do not 

exhibit any reactivity. This is the case for fac-Ir(ppy)3 and Ru(bpy)3Cl2,6H2O. They also usually 

have a stronger reducing ability than Ir[dF(CF3)ppy]2(dtbbpy)PF6. On the contrary, no product is 

observed with catalyst having a potential E1/2(M*/M-) greater than +0.95 V and a potential E1/2(M-

/M) lower than -1.37 V, however no remaining acid substrate can be detected by NMR. These 

results would be in line with a decarboxylation occurring in the first step of the mechanism.  

To unambiguously determine the quenching step and exclude one hypothesis, Stern-Volmer 

quenching experiments were undertaken. The quenching of the excited state of 



 Chapter 4: Decarboxylative Alkynylation and Cyanation of Carboxylic Acids 

160 

Ir[dF(CF3)ppy]2(dtbbpy)PF6 (2.59) was only observed with cesium prolinate. Neither CBX (2.96a) 

nor TIPS-EBX (2.95a)360 is a quencher. Interestingly and as previously discussed, the absence of 

base resulted in no conversion. This result is also in line with a decarboxylation occurring in the 

first step of the mechanism, and the importance of the formation of the carboxylate as redox partner 

for the excited state of the photocatalyst. 
 

 
Graph 1: Stern-Volmer quenching experiments for CBX and Z-Pro-OCs 

 

To support the catalytic cycle starting from reductive quenching by cesium prolinates, we 

started to investigate the existence of alkyl radical II with several experiments. First, both alkynes 

and nitriles products are racemic compounds, supporting a possible racemization due to radical or 

carbocation intermediates. Radical clock experiments were then attempted (Scheme 94). Using 

cyclopropyl acetic acid (4.57), 21% of the ring-opening alkyne product 4.58 was isolated.361 Due 

to low cyanation yield with aliphatic acids, the radical clock experiment was further tested with 

cyclopropyl amino acid 4.59. Again, in presence of EBX 2.95i, a decarboxylation - ring opening – 

alkynylation – hydrolysis cascade delivered the open form aldehyde 4.60 in 20% yield. Using CBX 

                                                             
360 The Stern Volmer experiment between TIPS-EBX and DCA was performed by Cheng and coworkers. As DCA has 
a higher reduction potential than Ir[dF(CF3)ppy]2(dtbbpy)PF6, we assumed that no quenching is operative between 
TIPS EBX and Ir[dF(CF3)ppy]2(dtbbpy)PF6. See Yang, C.; Yang, J.-D.; Li, Y.-H.; Li, X.; Cheng, J.-P. J. Org. Chem. 
2016, 81, 12357. 
361 A similar radical clock with the same outcome was also reported by Xiao and coworkers. See: ref 330. 
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(2.96a), neither the ring opening product 4.61, nor the nitrile 4.62 from direct cyanation was 

isolated.  

 
Scheme 94: Radical clocks in photoredox catalysed decarboxylative alkynylation and cyanation 

 

However, according to the crude NMR, the presence of various peak in the aliphatic region 

may indicate that ring opening occurred (Figures 29 & 30). Also, another side product was 

obtained; however it has been unidentified until our recent work on hydantoin. Indeed, in the crude 

mixture of the reaction without photoredox catalysis (green NMR spectra, with DMAP instead of 

CsOBz as base), the main product with peaks at 4.18 and 0.60 ppm is the hydantoin 4.34u. It is 

also noteworthy that, beyond the presence of THF-CN (4.24), the baseline has multiple peaks which 

could be related to the radical clock products. 
 

 
Figure 29: Specific NMR shift of hydantoin 4.34u 
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Figure 30. Reaction between cyclopropyl amino acid 4.59 and CBX (2.96a). (top spectra, hydantoins synthesis; bottom 

spectra, radical clock under photoredox conditions) 
 

Finally, to determine whether the reaction mechanism involves a radical pathway, we 

performed a radical trapping experiment to detect the -amino radical in the cyanation of Cbz-Pro-

OH 4.1a, using TEMPO as radical scavenger (Equation 16). Using 30 mol% of photocatalyst and 

4.0 equivalents of TEMPO, no product formation was observed by NMR and mass. Furthermore, 

TEMPO adduct 4.63 has been formed, and it was found by mass analysis of the crude mixture. 

According to this experimental result, a radical intermediate is strongly supported for alkynylation. 

On the other hand, the probability for radical in the cyanation is high. Indeed, TEMPO can also act 

as a SET reagent, and therefore the adduct may not be generated via photoredox. 

 
Equation 16: Trapping experiment in photoredox catalysed decarboxylative cyanation 
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The first step of the catalytic cycle is now assessed. It is important now to figure out what 

could be the partner of Ir(II) for closing the catalytic cycle and regenerate the ground state 

photocatalyst. Similar to Li and Chen, we envisioned the formation of iodanyl radical III after 

alkynylation or cyanation. “The catalytic cycle would be closed by reduction of the formed radical 

III by iridium complex 2.59red.362  It is very challenging to gain further information about this 

catalytic step, due to the high reactivity of intermediate III. Nevertheless, recent computations 

performed by Chen and co-workers supported the fact that radical III is best described as a 

resonance structure including an iodine and an oxygen centered radical.363 The resulting enhanced 

stability may have several effects: First, it will make formation of the radical easier, and therefore 

accelerate the cyanation or alkynylation step. Second, it should make reduction more difficult, 

rationalizing the need for a photoredox catalyst with a relatively strong reduction potential. To 

support this hypothesis, we computed the reduction potential of radical III, as this value could not 

be obtained so far experimentally, and obtained 0.25 V.364  The reduction potential of complex 

2.59red being known as -1.37 V vs SCE, the speculated catalytic step appears at least 

thermodynamically feasible. Third, decarboxylation to give an aryl radical becomes more difficult, 

preventing potential side reactions resulting from these highly reactive species.” 

Alternatively, reduction of CBX (2.96a) by the iridium catalyst 2.59ed to give radical III 

and cyanide could also be considered. To complete the catalytic cycle, radical III could recombine 

with the -amino radical II. The formed unstable hemiaminal could then give the iminium, which 

would react with the cyanide anion. Although this catalytic cycle cannot be excluded at this stage, 

it appears less probable, as the formation of the hemi-acetal derived from 2-iodobenzoic acid was 

not observed during the reaction, and radical II can react very fast with CBX (2.96a), present in 

stoichiometric amount. 

“With a crude picture of the general mechanism in hand, we then turned to the investigation 

of the key alkynylation/cyanation step (Scheme 95, B). Li and co-workers proposed -addition 

followed by -elimination as mechanism for the reaction of radicals with EBX reagents in their 

seminal work in 2012 (path a).300 This mechanism could also be proposed for the cyanation 

                                                             
362 In principle, a radical chain could also be initiated under the reaction conditions. However, the quantum yield of 
the reaction was determined to be 79% and 88% for alkynylation and cyanation respectively. In case of a chain reaction, 
quantum yield higher than 100% are more frequently observed. 
363 Li, G.-X.; Morales-Rivera, C. A.; Wang, Y.; Gao, F.; He, G.; Liu, P.; Chen, G. Chem. Sci. 2016, 7, 6407. 
364 A value of 0.66 V was obtained for a simple benzoyl radical. This higher oxidation potential is in agreement with 
the stabilization of radical III via resonance. 
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reaction. However, based on our work on the reaction of thiol anions and radicals with EBX and 

CBX reagents,276 which highlighted a more complex mechanism picture, we wondered if other 

reaction pathways would also be accessible for carbon centered radicals. In particular, a one-step 

concerted -addition/elimination mechanism could also be considered (path b). Furthermore, it is 

difficult to exclude directly a mechanism involving -addition, followed by -elimination and 1,2- 

shift (path c). Nevertheless, this mechanism appears less probable in the case of the cyanation 

reaction, as stable isonitrile products should have been isolated. However, none of these 

mechanisms would explain well the differences observed between the cyanation and the 

alkynylation reactions. In particular, the formation of alcohol 4.23 in the presence of water and 

absence of oxygen strongly supports the existence of an iminium intermediate in the case of proline 

derivative 4.1a. Indeed, when the reaction was run in presence of 18O labelled water, isotope 

incorporation in product 4.23 was observed. We therefore propose a new reaction mechanism 

involving single electron transfer from radical II to the benziodoxolone reagent to give the radical 

ion pair d1 (path d). In fact, the oxidation of -amino radicals to iminiums is well established.365 

Collapse of the radical anion to give the carbanion followed by recombination with the carbocation 

will lead to the observed product and generate iodine centered radical III. In principle, activated 

iridium catalyst 2.59* could also oxidize radical II, but as both species are present in catalytic 

amounts, this appears less probable. In this case, cyanation should also be observed in presence of 

a nucleophilic cyanation reagent, but no product was obtained when the reaction was done in 

presence of KCN without CBX (2.96a). Furthermore, formation of alcohol 4.23 would have been 

expected independently of the used reagent, and it was observed only in the case of cyanation. Our 

working hypothesis was therefore that path d would be favoured in case of CBX reagents, but not 

with EBX. 

                                                             
365 (a) DeLaive, P. J.; Lee, J. T.; Sprintschnik, H. W.; Abruna, H.; Meyer, T. J.; Whitten, D. G. J. Am. Chem. Soc. 1977, 
99, 7094. (b) Wayner, D. D. M.; Dannenberg, J. J.; Griller, D. Chem. Phys. Lett. 1986, 131, 189. (c) Dai, C.; Meschini, 
F.; Narayanam, J. M. R.; Stephenson, C. R. J. J. Org. Chem. 2012, 77, 4425. (d) Hu, J.; Wang, J.; Nguyen, T. H.; 
Zheng, N. Beilstein J. Org. Chem. 2013, 9, 1977. 
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Scheme 95: Tentative mechanism for the -amino radical alkynylation and cyanation. 

 

To gain further insight in the reactivity differences between the two classes of reagents, 

competition experiments were run between TIPS-EBX (2.95a) and CBX (2.96a) on proline 

derivative 4.1a. Cyanation was favored, showing the higher reactivity of CBX (2.96a). This result 

allowed us to exclude that formation of side product 4.23 was avoided by a faster reaction in the 

case of the alkynylation reaction. To further support the intermediacy of an iminium intermediate, 

we ran the cyanation reaction in presence of C13 labelled potassium cyanide. Indeed, 2.2% C13 

incorporation was observed. However, a control experiment showed that cyanide exchange was 

occurring directly on CBX (4a) under the reaction conditions. Consequently, this experiment 

cannot be used to further support the existence of an iminium intermediate. 

Therefore, we turned to density functional theory (DFT) computations to further support 

two different mechanistic pathways (Figure 31). Both the alkynylation and the cyanation of proline 

derivatives 4.1a with TIPS-EBX (2.95a) and CBX (2.96a) were computed at the PBE0-

dDsC/TZ2P//M06/def2-SVP theoretical level (see computational details for additional 

information) for mechanistic paths b-d (Figure 31). In order to reproduce the solvent effect, an 

implicit continuum model for realistic solvents (COSMO-RS) was used, with DCE for the 

alkynylation and THF for the cyanation. For both reactions, we were unable to locate a reaction 
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intermediate corresponding to the frequently proposed radical intermediate a1 following path a. 

Therefore, only paths b-d are represented. For the alkynylation reaction, both path b and c starts 

with a Van der Waals interaction complex b0/c0, the formation of which is endothermic (Figure 2, 

A). From this intermediate, both a transition state bTS1 leading directly to the alkynylation product 

4.1a via concerted  addition and a transition state cTS1 leading to radical intermediate c1 via 

addition could be located. The energies of both transition states are very close, indicating that 

the reaction could follow both pathways simultaneously. From radical c1, bond dissociation to 

generate radical III is followed by a barrierless 1,2-silicium shift to give alkynylation product 4.1a. 

Finally, the SET pathway d was computed. For the steps involving electron-transfer, no energy 

barrier was determined for the outer sphere transfer mechanism.366 Electron-transfer from TIPS-

EBX (2.95a) to radical II was found to be feasible, with only 11.3 kcal/mol required. However, the 

collapse of the radical anion to form radical III and an acetylide anion was found to be highly 

unfavorable, with an energy of 32.8 kcal/mol. 

 

 

                                                             
366 In principle, a more accurate reproduction of the free energy associated with outer sphere electron transfer could be 
determined, for example using molecular dynamics and explicit solvent to reproduce the reorganization energy. 
However, such computations are beyond the scope of the simplified mechanistic picture presented here. 
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Figure 31: Reaction free energy profile at the [PBE0-dDsC/TZ2P//M06/def2-SVP level for the alkynylation (A) and 

cyanation (B) of protected proline 4.1a for paths b-d  

 

Consequently, even if the SET transfer occur between TIPS-EBX (2.95a) and radical II, it 

is probably not contributing to the alkynylation reaction.  

Pathways b-d were then examined for the cyanation reaction (Figure 31, B). -addition via 

interaction complex b0 and transition state bTS1 occurred relatively easily, with a slightly lower 

transition state energy than the related alkynylation reaction (14.3 vs 17.2 kcal/mol). In contrast to 

the alkynylation reaction however, the  addition pathways was higher in energy (16.3 kcal/mol), 

in accordance with the fact that no isonitrile product had been observed. In this case, intermediate 

c1 could not be located, and formation of isonitrile c2 was directly observed. As expected, 

conversion of isonitrile c2 to the cyanation product 4.22a was predicted to be difficult, as the lowest 

energy pathway involved heterolytic bond cleavage with an activation energy of 34.5 kcal/mol. 

However, the major difference in the cyanation reaction appeared when the SET pathway d was 

computed. First, the oxidation of radical II by CBX (2.96a) is much easier than with TIPS-EBX 

(2.95a) (2.4 vs 11.3 kcal/mol). Second and most importantly, the collapse of the formed radical 

anion is again easy, as in this case the formation of the cyanide anion and radical III requires only 

9.4 kcal/mol. Even if the assumption of a barrierless electron transfer could lead to an 

underestimation of the activation energy for this process, it appears plausible that the cyanation 
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reaction could occur via a SET pathway, whereas this looks highly improbable for the alkynylation 

reaction. 

The easier electron transfer to CBX (2.96a) when compared to TIPS-EBX (2.95a) could 

indicate a higher reduction potential. Both reagents were therefore examined by cyclic 

voltammetry. Although no defined reduction wave could be identified in the case of TIPS-EBX 

(2.96a), CBX (2.95a) showed an irreversible system with a clear reduction wave at -0.92 V vs SCE. 

This confirms that CBX is a relatively strong oxidant, which should be able to oxidize -amino 

radicals to the corresponding iminium.” 

 

In the case of alkynyl iodide, a similar mechanism could be proposed, as the formation of 

an iodine radical would be possible, and the reduction of the latter is very easy (+1.3 V).367 This 

mechanism is preferred over the mechanism described by Hashmi and coworkers,368  in which 

alkynyl radicals are formed. The generation of this species seems to be less probable than an 

addition on the alkynyl iodide, because of the very high energy of the alkynyl radicals. 

 

Finally, we observed the cyanation of THF as a side reaction, especially when the cyanation 

of the substrate does not proceed in good yield (Scheme 96). Few experiments using our model 

substrates Cbz-Pro-OH 4.1a revealed that the cyanation of the solvent starts only when the reaction 

is finished: for a shorter reaction time, typically 30 min or 1 hours, incomplete conversion of the 

proline substrate is observed and the presence of 4.24 is not detected. If the substrate is removed 

from the reaction mixture, high production of 4.24 is observed. However, if both substrate and 

CsOBz are removed, only traces of 4.24 is detected. Without photoredox catalysis (light and Ir cat), 

no cyanation of THF occurs. These results typically indicated that the cyanation of THF is 

photoredox catalysed, and CsOBz is required as probably both a quencher and HAT reagent. During 

the course of our studies, Glorius and coworkers actually described the successful implementation 

of CsOBz as HAT catalyst under photoredox catalysis for the trifluoromethylthiolation of 

unactivated C-H bond.369  Inspired by their study, our previous study on photoredox catalysed 

cyanation using CBX and according to our control experiments a tentative mechanism can be 

proposed.  

                                                             
367 Wardman, P. J. Phys. Chem. Ref. Data 1989, 18, 1637. 
368 Xie, J.; Shi, S.; Zhang, T.; Meherkens, N.; Rudolph, M.; Hashmi, A. S. K. Angew. Chem. Int. Ed. 2015, 54, 6046. 
369 Mukherjee, S.; Maji, B.; Tlahuext-Aca, A.; Glorius, F. J. Am. Chem. Soc. 2016, 138, 16200. 
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Scheme 96: Control experiments for the formation of THF-CN (4.24) 

 

CsOBz can be oxidized to the carboxyl radical I by the strongly oxidizing excited state of 

photocatalyst 2.59* (Scheme 97). The decarboxylation is unlikely, whereas HAT process with 

solvent is probably very fast with high difference in BDE (111 for HOBz compared to 92 for THF). 

Then, cyanation of THF could occur, thus delivering the nitrile product 4.24 along with iodanyl 

radical III. Final reduction of this species can finally close the catalytic cycle and regenerate the 

ground state photocatalyst 2.59. 



 Chapter 4: Decarboxylative Alkynylation and Cyanation of Carboxylic Acids 

170 

 
Scheme 97: Tentative mechanism for the photoredox catalysed cyanation of THF using CBX (2.96a) and 

CsOBz 

 
 

4.4.2 Tentative mechanisms for background reactions of carboxylic acids with 
CBX 

 

In absence of photoredox catalysis, carboxylic acids were found to be reactive in presence 

of CBX (2.96a) and a base. Depending on the nature of the acids, the outcome of the reaction is 

different. However, the first step is assumed to be the same: O-cyanation of the carboxylate by 

CBX is probably responsible for the activation of the carboxylic acid via II. Then three different 

cases will be presented. 

First, if the carboxylic acid 4.13 does not have a hetero atom in -position, a second 

carboxylate can attack the activated carbonyl, thus releasing anhydrides 4.31 (Scheme 98). The 

anhydride can be symmetrical or unsymmetrical if CsOBz is used as base. The nucleophilic attack 

occurred only with a suitable nucleophile: in this context, the released 2-iodobenzoate 2.135 was 



 Chapter 4: Decarboxylative Alkynylation and Cyanation of Carboxylic Acids 

171 

not sufficiently nucleophilic to participate in this competitive condensation, neither the carboxylate 

of amino-acids. 

 

Scheme 98: Speculative mechanism for anhydrides formation of carboxylic acids using CBX (2.96a) 

 

In fact, if the substrate is a -amino acid 4.1 having a free N-H, we observed the formation 

of hydantoins 4.34, and aziridine-2-one 4.64 obtained after less favored cyclization to 3-membered 

ring was not detected (Scheme 99). “We envisioned that deprotonation of amino acid 4.1 by DMAP 

will lead to carboxylate 4.1'. Cyanation with CBX 2.96a gives then mixed anhydride intermediate 

I and salt 4.52, which was indeed isolated at the end of the reaction. Cyclization of intermediate I, 

affording the corresponding 2-iminooxazolidin-5-one II appears highly probable. Subsequent 

rearrangement of II to more stable hydantoin 4.34 may be accelerated by DMAP as a nucleophilic 

catalyst, via intermediate III. A possible alternative inspired from Urech synthesis is a nucleophilic 

attack of DMAP on the activated carbonyl of I releasing in situ a cyanate anion, which after 

condensation on the amine would also give intermediate III.  
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Scheme 99: Speculative mechanism for chiral hydantoin synthesis using DMAP and CBX (2.96a) 

 

Concerning transfer of the cyanide group, several pathways can be proposed (Scheme 100). 

A first possibility would be nucleophilic attack on the carbon of the cyanide group (A), however 

when considering that the most electrophilic position is usually on the iodine for this type of 

reagent, this mechanism is less probable. Consequently, attack on the iodine atom, followed by 

reductive elimination on iodine, appears more feasible (B). Mechanisms involving a single electron 

transfer and subsequent formation of radical intermediates also constitute an alternative when 

considering the strong oxidizing properties of hypervalent iodine reagents; however, according to 

the nitrile side product isolated with dipeptide, this mechanism is unlikely for the productive 

formation of hydantoins (C) (See mechanistic discussions).”370 Finally, as recently demonstrated 

by our group,276 a concerted mechanism via a three-atom transition state is also possible. Further 

computational studies could be done to better highlight the transition state involved (D). 

 

                                                             
370 “” The text in between is directly taken from our manuscript. Le Vaillant, F; Declas, N.; Waser, J. Submitted 
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Scheme 100: Possible transition state in the cyanation step of carboxylates using CBX 

 

Finally, when the substrate is 2-((phenylcarbamoyl)oxy)propanoic acid 4.11h, with the 

nucleophilic nitrogen at the -position of the carboxylic acid, another cyclization was observed 

(Scheme 101). In this case, 5-methyl-3-phenyloxazolidine-2,4-dione (4.28) was isolated in 77% 

yield. The substrate was not enantioenriched, therefore the retention of configuration was not 

tested. The reaction should be attempted without photoredox catalysis to confirm it as a background 

reaction. Indeed, an O-cyanation as the first step is likely to occur to make A, followed by a favored 

cyclization to make the five membered ring 4.28 and final release of cesium cyanate.  

 

Scheme 101: Speculative mechanism for the synthesis of 1,3-oxazolidine-2,4-dione using CBX (2.96a)  
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4.5 Conclusion of part 1 
 

The merger of photoredox and hypervalent iodine reagents for decarboxylative group 

transfer under mild conditions is now a powerful tool for synthetic chemists. The decarboxylative 

alkynylation of free acids has been successfully achieved under photoredox conditions using EBX 

reagents 2.95. Various types of acids can be transformed, like α-amino and α-oxy acids, as well as 

less reactive aliphatic carboxylic acids. It is also possible to start with α-keto acids, thus generating 

the ynone derivatives. The metal free decarboxylative alkynylation was also reported using EBX 

reagents 2.95. This work and the growing interest in organic dyes since 2016 guided our research 

to the development of metal free transformations that will be presented in the next part. 

The decarboxylative cyanation of free acids has been also successfully developed under 

photoredox conditions using CBX (2.96a), especially for amino and oxy acids. However, aliphatic 

carboxylic acids lacking heteroatom in  position are not suitable in this transformation due to their 

higher nucleophilicity leading to a competitive anhydride formation. In the absence of 

photocatalyst and irradiation, hydantoins are obtained from chiral amino acids, with complete 

retention of the stereoinformation.  

Efforts towards understanding the observed reactivity as well as the formation of the 

different side products unraveled a divergent mechanism in the decarboxylative alkynylation and 

cyanation of amino acids. The mechanistic studies were supported both experimentally and 

theoretically. Direct alkynylation of -amino radical in a concerted mechanism involving a 3-

center transition state is expected to be the major pathway for alkynylation, whereas an additional 

SET from -amino radical to CBX (2.96a) generates an iminium intermediate along with cyanide, 

which upon condensation released the expected nitrile product. Simultaneously to our work, Xiao 

and coworkers reported a photoredox catalysed cyanation of tertiary dialkylarylamines, and they 

presented two examples of decarboxylative cyanation, under similar conditions than our optimized 

ones.371 

This work set the basis for further applications. Since our contribution to the field, a new 

interest arose for using CBX (2.96a) as CN source for radical cyanation. A remote cyanation via 

radical opening of cyclopropanols was reported by Feng and Shu in 2017, using copper iodide as 

                                                             
371 Zhou, Q. Q.; Liu, D.; Xiao, W.-J.; Liu, L. Q. Acta Chimica Sinica, 2017, 75, 110. 
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catalyst (Scheme 102).372 Later, Ma and Zhang reported the use of TPBP as radical initiator for the 

chain propagation cyanation of unactivated C-H bonds at elevated temperature.373 Interestingly, 

when amines were used as starting materials, a more efficient C -H cyanation was observed. The 

amines could be therefore used as limiting substrates. The authors considered a similar mechanism 

as we proposed, with a SET between CBX (2.96a) and the -amino radical obtained after HAT 

process, leading to iminium and cyanide formation. To gain evidences of such iminium formation, 

they added trifluoromethyltrimethylsilane to the reaction mixture and observed the formation of 

trifluoromethylated products. 

 

Scheme 102: Cyanation of alkyl radicals using CBX (2.96a) 

 

 

                                                             
372 Feng, Y.-S.; Shu, Y.-J.; Cao, P.; Xua, T.; Xu, H.-J. Org. Biomol. Chem. 2017, 15, 3590. 
373 Sun, M.-X.; Wang, Y.-F.; Xu, B.-H.; Ma, X.-Q; Zhang, S.-J. Org. Biomol. Chem. 2018, 16, 1971. 
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5. Fragmentation alkynylation of oxime ethers using fine-tuned organic 
photoredox catalyst374 

5.1 Development of fine-tuned organic photoredox catalysts 

5.1.1. Our approach 
 

In the previous chapter, we developed the decarboxylative alkynylation and cyanation of 

carboxylic acids using visible light photoredox catalysis and hypervalent iodine reagents. We 

observed that the reactivity could be predicted depending on the class of substrates used. Amino 

5.1 and oxy acids 5.2 were usually successful, whereas non-heteroatom stabilized carboxylic 5.3 

have a tendency to give lower yield and required more tuning of the reaction conditions (higher 

catalyst loading, choice of base, higher dilution). The heteroatom in the -position has several 

effects: 

1) It lowers the pKa of amino acids compared to hydrocarbon carboxylic acids 5.3, making 

them less nucleophilic. For example, anhydride formation was not a competitive side 

reaction in the decarboxylative cyanation of amino-acids. 

2) It stabilizes the alkyl radical generated, and therefore reduces the redox potential of 

amino acids. A second effect of such stabilization is the increased energy of the HOMO, 

which renders the radical more prone to oxidation and also more nucleophilic. 

The direct consequence is that Boc-Pro-OCs (5.1a’) has a potential of +0.95 V158 and that 

for THF-2-CO2Cs (5.2a’) is +1.08 V,187 whereas the potential for cesium cyclohexyl carboxylate 

(5.3a’) is 1.16 V.330  Finally, the potential of Boc-Gly-OK (5.4a’), a precursor for a primary radical, 

is +1.20 V,178 and for the peptide Ac-AFGP-OCs (5.4b’), it is +1.30 V in water.179 When 

considering that the best catalyst for our reaction, (Ir[dF(CF3)ppy]2(dtbbpy))PF6 (2.59), having a 

redox potential of +1.21 V, gave lower and slower conversion for aliphatic acids and peptides, we 

wondered if other catalysts could be used to enhance the reactivity. New iridium photocatalysts 

have been developed since the onset of this project, however we wished to pursue more eco-

friendly and cost-effective transformations. We therefore sought to implement a strategy using 

organic dyes. Similar trends for the decarboxylative alkynylation were observed by Li and Cheng 

                                                             
374 “” The text in between is a direct quotation of our publication:  Le Vaillant, F.; Garreau, M.; Nicolai, S.; Gryn'ova, 
G.; Corminboeuf, C.; Waser, J. Chem. Sci. 2018, 9, 5883. I would like to thank Dr Stefano Nicolai and Marion Garreau 
for their help in this project, and Dr Ganna Gryn’ova for her work on the DFT calculations. 
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using the strongly oxidizing DCA (2.66) (+2.06 V); whereas the cyanation did not proceed with 

DCA (2.66) nor Fukuzumi dye (2.65) in our case. With an increasing number of new substrates for 

reductive quenching, and to provide solutions for new reactivity with organic photocatalysts, 

bridging the gap between (Ir[dF(CF3)ppy]2(dtbbpy))PF6 (2.59) and DCA (2.66) with cost-effective 

and easy-to-access organic dyes would be highly desirable. 

Since 2016, during our studies on the decarboxylative cyanation, new organic dyes have 

emerged (See introduction, section 2.3.2.1). Among them, 4CzIPN (2.71)132,133 has captured our 

attention for several reasons: 

1) It has a similar redox potential than (Ir[dF(CF3)ppy]2(dtbbpy))PF6 E1/2(M*/M-) = +1.35 

V and E1/2(M/M-) = -1.21 V. and possess a great stability profile. 

2) Its synthesis is easy, using non-expensive starting materials assembled in only one step. 

3) As a donor acceptor dye, it should be possible to modulate the properties of 4CzIPN 

(2.71) by adding substituents on the carbazoles, or changing the nitrile substitution 

pattern. 

 

We therefore considered 4CzIPN (2.71) to be an excellent candidate for the future direction 

of our research. As such, we considered highly important to synthesize a small library of 

organophotocatalysts to bring new alternatives of strongly oxidizing dyes between 4CzIPN (2.71) 

and DCA (2.66) and Fukuzumi dye (2.65) (Scheme 103). Encouraged by the fact than 4CzIPN 

(2.71) has a greater reduction potential than 4DPAIPN (2.70), due to the slightly more electron 

deficient character of carbazoles compared to diphenyl amines, we decided to introduce electron 

withdrawing groups on the carbazoles. We envisioned that the introduction of halogens in the para 

position of the carbazole nitrogen should decrease the electron density on the carbazole part, thus 

leading to an increase in the reduction potential.  
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Scheme 103: Scale of oxidation potentials of strongly oxidizing photocatalysts and carboxylate radical precursors 

 

 

5.1.2. Synthesis of fine-tuned donor acceptor organic dyes 4XCzIPN 
 

4ClCzIPN (2.71c) and 4BrCzIPN (2.71d) were in fact already known and used as TADF 

(Thermally Activated Delayed Fluorescence Materials). 375  However, their catalytic activity in 

photoredox transformations was not assessed. The catalysts 2.71b-d were synthesized using the 

same procedure as for 4CzIPN (2.71), starting from 2,4,5,6-tetraisophthalonitrile (5.5) and the 

corresponding carbazoles 5.6, with a slightly increased number of equivalents to the reported 

procedure (5 equiv carbazole, 8 equiv NaH) to ensure full conversion. Under these conditions, 

4CzIPN (2.71) was prepared in 73 to 90% yield on gram scale (equation 17). 

                                                             
375 Kretzschmar, A.; Patze, C.; Schwaebel, S. T.; Bunz, U. H. F. J. Org. Chem. 2015, 80, 9126. 
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Equation 17: Synthesis of organic photocatalyst 4CzIPN 

 

After four nucleophilic aromatic substitutions, 4XCzIPN 2.70b-d were isolated in good 

yields with purity superior to 95%, after only one recrystallization and filtration over a silica plug. 

Only 4FCzIPN (2.71c) gave low yield, due to a smaller scale and possible side 

reaction/polymerization (Scheme 104).  

We also synthesized others catalysts to complete the library. For example, 4,4’-

difluorocarbazole (5.6b) is expensive and its synthesis is not very reproducible. We thought that 

an alternative dye with only one arylfluoride per carbazole may already have a significant effect, 

and 4-fluorocarbazole (5.6e) is very cheap. Therefore, we prepared a second version of the 

fluorinated scaffold 4CzIPN with unsymmetrical carbazoles, yielding u-4FCzIPN (2.71e) in 87% 

yield. Organophotocatalysts with electron rich substituents were also prepared, such as X = tBu 

(2.71f) and X = Me (2.71g). Unsurprisingly, the synthesis using the more electron rich carbazoles 

gave excellent yields and easy purifications, enabling access to the desired compounds in yields of 

87% and 99% respectively. With the electron rich substituents, it is expected to go in the reverse 

direction, thereby affording less oxidizing dyes.376 

                                                             
376 Characterization of 4tBuCzIPN (2.71g) is currently ongoing via CV and DFT. This is also in accordance of the 
recent work by Zeitler and coworkers while tuning cyanoarenes dyes. In particular, they reported 4OMeCzIPN having 
excited state reduction potential lower than 4CzIPN (+1.27 V vs +1.43 V measured for 4CzIPN). See: Speckmeier, E.; 
Fischer, T.; Zeitler, K. J. Am. Chem. Soc. 2018, 140, 15353. 
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Scheme 104: Synthesis of organic photocatalysts 4XCzIPN (2.71b-g) 

 

 

 

 

 



 Chapter 5: Fragmentation Alkynylation of Oxime Ethers 

183 

5.1.3. Characterization of the dyes 4XCzIPN377 
 

“The redox properties of catalysts 2.71a-d were then determined (Table 10). Ground state 

reduction and oxidation potentials of -1.21 V and +1.52 V for catalyst 2.71 in acetonitrile have 

been reported based on cyclic voltammetry. These values combined with the difference in 

absorbance and emission signals of the dye allowed to estimate the potentials in the excited state: 

+1.35 V and -1.04 V for reduction and oxidation, respectively (entry 1). In our hand, slightly 

different values were obtained (entry 2). In particular, a higher reduction potential of +1.59 V was 

observed in the excited state. We then turned to halogenated dyes. With catalyst 2.71c, both the 

cationic and anodic shifts were measured, with reduction and oxidation potentials of -0.97 V and 

+2.05 V (entry 3). This resulted in an increased reduction potential of +1.71 V of the photoexcited 

dye. Unfortunately, the cyclic voltammograms of dyes 2.71b and 2.71d could not be determined in 

acetonitrile due to their limited solubility. Only the absorption/emission spectra of dye 2.71d could 

be measured. We therefore turned to theory to have a more reproducible and expended access to 

redox potential values. At the PCM-UAKS/PBE0-D3BJ/def2-SVP level, the ground state reduction 

potentials decrease and the oxidation potentials increase in the order of 2.71, 2.71b, 2.71c, 2.71d 

(entries 4-7).378 This leads to a higher reduction potential in the excited state for catalyst 2.71c and 

2.71d compared to 2.71a (+1.58 V and + 1.82 V respectively compared to + 1.35 V). Therefore, 

both measurement and computation confirmed the increased potential for 2.71c. The same trends 

but with lower reduction potentials were obtained in dichloromethane as solvent (entries 8-11). In 

this case, absorption and emission spectra could be measured for all dyes, but no good quality 

cyclic voltammograms could be acquired. Values in the ground state were therefore again obtained 

by computation.” 

 

 

 

 

 

                                                             
377 Computations made by Dr Ganna Gryn'ova from Prof. Corminboeuf group. 
378 See SI for a more detailed discussion. 
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Table 10: Literature (lit), measured (mes) and computed (comp) values for reduction potentials of dyes 2.71a-d.a 

Entry Catalyst Solvent E1/2(P/P-) E1/2(P+/P) E0-0 E1/2(P*/P-) E1/2(P+/P*) 

1 2.71(lit) CH3CN -1.21 +1.52 2.56 +1.35 -1.04 

2 2.71(mes) CH3CN -1.05 +1.68 2.64 +1.59 -0.96 

3 2.71c(mes) CH3CN -0.97 +2.05 2.68 +1.71 -0.63 

4 2.71(comp) CH3CN -1.29 +1.56 2.64b +1.35 -1.08 

5 2.71b(comp) CH3CN -1.18 +1.67 - - - 

6 2.71c(comp) CH3CN -1.10 +1.76 2.68b +1.58 -0.92 

7 2.71d(comp) CH3CN -0.83 +1.89 2.65b +1.82 -0.76 

8 2.71(comp) CH2Cl2 -1.29 +1.67 2.59b +1.30 -0.92 

9 2.71b(comp) CH2Cl2 -1.18 +1.79 2.60b +1.42 -0.81 

10 2.71c(comp) CH2Cl2 -1.10 +1.87 2.59b +1.49 -0.72 

11 2.71d(comp) CH2Cl2 -0.85 +1.98 2.58b +1.73 -0.60 

[a] Potentials in V vs SCE. The excitation energy  E0-0 was estimated by the point of intersection of the normalized 
absorbance and emission signals. E1/2(P+/P*) = E1/2(P+/P) - E0-0 and E1/2(P*/P-) = E0-0 + E1/2(P/P-). See SI for details. 
[b] Experimental values of E0-0 were used. 
 

 

“The trend in reduction potentials increasing in the order of 2.71<2.71b<2.71c<2.71d (substituents 

on catalyst 2.71: H<F<Cl<Br) can be rationalized as follows. Upon reduction, an electron is added 

to the lowest unoccupied molecular orbital (LUMO), located mostly on the central isophthalonitrile 

ring (Figure 32). However, the LUMO also involves the carbazole moieties in the 4 and 6 positions 

of the isophthalonitrile ring and is potentially stabilized by them to a greater extent in the case of 

Cl and Br substituents (resonance donors) compared to H and F (Figure 33).  
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                                                   2.71             2.71b          2.71        2.71d 

Figure 32: Influence of the substitution on the redox potentials of the 4XCzIPN 
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Figure 33: Optimized structures and LUMO plots (isovalue 0.02) of the dyes 2.71a and 2.71c at the PBE0/def2-SVP 
level, as well as the crystal structure of 2.71c. See the SI for the plots of 2.71b and 2.71d.379 

 

We also note that while molecules 2.71a and 2.71b are fairly symmetric, systems 2.71c and 

2.71d feature noticeable distortion of the 4-carbazole (Figure 34). This peculiar geometrical 

feature, observed both in the gas-phase optimized geometries, obtained at several dispersion-

corrected DFT levels, and experimental crystal structures, 380  Geometries of all species were 

                                                             
379 This picture was prepared by Dr Ganna Gryn'ova from Prof. Corminboeuf group. 
380 (a) Crystal structure of 2.71 is available at CCDC under number 1052646 (YUGDOV), see S. Wang, Y. Zhang, W. 
Chen, J. Wei, Y. Liu and Y. Wang, Chem. Commun. 2015, 51, 11972. (b) Crystal structure of 2.71c is available at 
CCDC under number 1838186. 
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optimized using several different DFT methods and dispersion corrections. All methods give 

comparable results indicating that, compared to rather symmetric species 2.71 and 2.71b, 

molecules 2.71c and 2.71d feature noticeable distortion of the carbazole moiety in the 4th position 

of the central ring (Figure 23). This distortion is equally observed in the gas-phase optimized 

geometries and in the experimental crystal structures. The likely cause of this feature is the 

halogen…halogen bonding between the halogen atoms of the neighbor carbazole moieties, 

absent/insignificant in 2.71 and 2.71b but increasingly pronounced in 2.71c and 2.71d, as 

exemplified by the corresponding interatomic distances. Similar intermolecular interaction also 

causes distortion of the 1-carbazole ring in the crystal of 2.71c. This hypothesis is supported by the 

fact (i) that distortion is almost entirely lifted in solution and (ii) is absent in the optimized 

structures of dyes, analogous to 2.71c and 2.71d, but with halogens selectively removed from the 

carbazole moieties in either the 4th and or the 3rd and 5th positions of the central ring.” 
 

 
Figure 34. X-ray structures of dyes 2.71a (A) and 2.71c (B). Interhalogen distances in 2.71c are labelled as rI-rIV 
(dotted pink lines). (C) Interhalogen distance rI in the optimized geometries of the studied dyes in the gas phase (PBE0-
D3BJ/def2-SVP) and dichloromethane solution (PCM-UAKS/PBE0/6-31G(d)). (D) Shortest interhalogen distances rI 
in the optimized geometries for several different dispersion-corrected DFT methods and experimental crystal 
structures.381 

 

                                                             
381 This picture was prepared by Dr Ganna Gryn'ova from Prof. Corminboeuf group. 
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5.2. Photoredox catalyzed fragmentation of cyclic oxime ethers 

5.2.1. Background on iminyl radical fragmentation 
 

With these new dyes in hand, we looked for an interesting application. Our goal was to 

develop an unprecedented reaction, which would lead to the simultaneous formation of both nitrile 

and alkyne in a single step. In that regard, harnessing iminyl radical reactivity as the key 

intermediate is a highly attractive strategy. Although no alkynylation example was previously 

described in the literature, the fragmentation of cyclobutane rings initiated by the -scission of 

iminyl radical I has already been documented for decades. In this respect, Zard and coworkers 

developed iminyl radical initiated cascades using tin reagents and electrophilic olefins to trap the 

generated intermediate (Scheme 105).382 However, this approach required the stoichiometric use 

of the toxic tributyl tin hydride. Transition metal catalysis (Pd, Ir) was therefore used later to replace 

tin reagents for the generation of various functionalized nitriles with major contributions by 

Uemura and coworkers.383 
 

 

Scheme 105: Pioneering works by Zard and Uemura on iminyl radical driven fragmentation 

 

                                                             
382 (a) Boivin, J.; Fouquet, E.; Zard, S. Z. J. Am. Chem. Soc. 1991, 113, 1057. (b) Boivin, J.; Fouquet, E.; Zard, S. Z. 
Tetrahedron 1994, 50, 1757. 
383 (a) Nishimura, T.; Uemura, S. J. Am. Chem. Soc. 2000, 122, 12049. (b) Nishimura, T.; Nishiguchi, Y.; Maeda, Y.; 
Uemura, S. J. Org. Chem. 2004, 69, 5342. (c) Nishimura, T.; Yoshinaka, T.; Nishiguchi, Y.; Maeda, Y.; Uemura, S. 
Org. Lett. 2005, 7, 2425. 
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In 2017, Leonori and Studer independently reported elegant iminyl radical driven cascades 

(cyclization or HAT, followed by functionalization) under photoredox catalysis (Scheme 106).384 

Inspired by pioneering works by Forrester,385 they used a reductive quenching cycle by designing 

a suitable linker bearing a carboxylic acid. Remarkably, upon photoredox oxidation, the 

corresponding decarboxylation initiates the radical cascade, which after CO2 extrusion, acetone 

release, and iminyl cyclization or H-abstraction, finally generates a nucleophilic alkyl radical II. 

The latter can be functionalized with various somophilic reagents, and especially EBX (2.95) and 

CBX (2.96a) were used by Leonori and coworkers for the efficient transfer of alkynes and nitriles. 

They also introduced VBX reagents developed by Olfosson and Nachsteim,253, 386  as suitable 

radical vinylation reagents. This work, among others, inspired us for the transformation described 

in section 5.2.2. 

 

Scheme 106: Use of hypervalent iodine reagents in photoredox catalyzed cascades by Leonori 

 

This novel mode of activation prompted us to apply it to a new iminyl radical fragmentation 

alkynylation strategy. Therefore, we envisioned the following working model (Scheme 107). 

                                                             
384 (a) Davies, J.; Sheikh, N. S; Leonori, D. Angew. Chem. Int. Ed. 2017, 56, 13361. (b) Jiang, H.; Studer, A. Angew. 
Chem. Int. Ed. 2017, 56, 12273. 
385 (a) Forrester, A. R.; Gill, M.; Meyer, C. J.; Sadd, J. S.; Thomson, R. H. J. Chem. Soc., Perkin Trans. 1979, 1, 606. 
(b) Forrester, A. R.; Gill, M.; Sadd, J. S.; Thomson, R. H. J. Chem. Soc., Chem. Commun. 1975, 0, 291. 
386 Boelke, A.; Caspers, L. D.; Nachtsheim, B. J. Org. Lett. 2017, 19, 5344. 
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Starting from cyclobutanones 5.7, we could access cyclic oxime ethers 5.9 after condensation with 

hydroxylamines 5.8. Upon deprotonation and oxidation using photoredox catalysis, a cascade 

reaction would be initiated. Decarboxylation and acetone release would generate an iminyl radical 

III which would then undergo -scission thereby forming the nitrile along with a remote alkyl 

radical IV. This latter radical being nucleophilic, it would be well suited for alkynylation with EBX 

reagents 2.95. We envisioned that unsymmetrical oximes would fragment to form the most 

stabilized radical (e.g. benzylic>tertiary>secondary>primary). 

 

Scheme 107: Our strategy for the photoredox catalyzed fragmentation alkynylation of oxime ethers 

 

In fact, during our studies, iminyl radical reactivity has received a growing interest and 

several transformations using transition metal catalysis, photoredox catalysis or thermal reactions 

were reported.  

In 2017, Selander and Yang reported iron-catalyzed radical cascades involving C-C bond 

formation with silyl enol ethers.387 Later in 2017, Guo and coworkers showed that quinoxalin-

2(1H)-ones can be used to trap the formed carbon radical.388 In 2018, an interesting metal free 

cascade was developed by Castle and coworkers using microwave irradiation at 90 °C, including 

allylation and one example of alkynylation in 54% yield.389 A large excess (>3.5 equiv) of allylic 

sulfones or alkynyl hypervalent iodine reagent was required in these transformations. Using oxime 

esters, Shi described a Heck-like coupling using copper catalysis at 100 °C, together with one 

                                                             
387 Yang, H.-B.; Selander, N. Chem. Eur. J. 2017, 23, 1779. 
388 (a) Gu, Y.-R.; Duan, X.-H.; Yang, L.; Guo, L.-N. Org. Lett. 2017, 19, 5908. (b) Wu, J.; Zhang, J.-Y.; Gao, P.; Xu, 
S.-L.; Guo, L.-N. J. Org. Chem. 2018, 83, 1046. 
389 Jackman, M. M.; Im, S.; Bohman, S. R.; Lo, C. C. L.; Garrity, A. L.; Castle, S. L. Chem. Eur. J. 2018, 24, 594. 
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example at room temperature under photoredox conditions (Scheme 108).390 The latter preliminary 

result set the stage to achieve iminyl radical initiated cascades under milder conditions. 

 

Scheme 108: First example of C-C bond formation after fragmentation via visible light generated iminyl radicals 

“After Shi’s pioneering example, Xiao and coworkers developed a general method for C-C 

bond formation after reductive cleavage of cycloalkyloxime esters, albeit no alkynylation was 

described (Scheme 109, eq 2). 391  Zhou and coworkers reported a multicomponent alkylation 

etherification of alkenes using a similar strategy (eq 1).392 These breakthroughs greatly enhanced 

the synthetic potential of fragmentation cascades, but the exclusive use of reductive conditions 

limited the types of bond formations possible.” In particular, a redox neutral approach for radical 

fragmentation alkynylation cascade would not be possible. “In 2018, Leonori and coworkers used 

their novel activation of carbonyls to develop the fluorination, chlorination and azidation of 

alkylnitrile radicals generated by fragmentation of iminyl radicals (eq 3).393 However, no examples 

of C-C bond formation were reported, which gave us the opportunity to continue the development 

of our alkynylation. Results obtained during our efforts towards this goal will now be discussed. 
 

 

Scheme 109: Iminyl radical driven fragmentation cascade using visible light 

                                                             
390 Zhao, B.; Shi, Z. Angew. Chem. Int. Ed. 2017, 56, 12727. 
391 Yu, X. Y.; Chen, J. R; Wang, P. Z.; Yang, M. N.; Liang, D.; Xiao, W. J. Angew. Chem. Int. Ed. 2018, 57, 738. 
392 Li, L.; Chen, H.; Mei, M.; Zhou, L. Chem. Commun. 2017, 53, 11544. 
393 Dauncey, E. M.; Morcillo, S. P.; Douglas, J. J.; Sheikh, N. S.; Leonori, D. Angew. Chem. Int. Ed. 2018, 57, 744. 
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5.2.2. Optimization of the photoredox fragmentation alkynylation 
 

“Our investigations began with the gram scale synthesis of hydroxylamine 5.8 (Scheme 

110, eq 1).394 Nucleophilic substitution of commercially available N-hydroxyphthalimide (5.11) 

and ethyl 2-bromo-2-methylpropanoate (5.12), followed by acidic hydrolysis of the phthalimide, 

gave 5.8 g of 5.9 in 86% yield over 2 steps.” A similar approach was used to access the mono 

methyl reagent 5.17. Starting from nucleophilic substitution between commercially available N-

hydroxybenzamide 5.14 and -bromo carboxylic acid 5.15, benzoyl protected reagent 5.16 was 

isolated. Subsequent acidic deprotection allowed the isolation of 4.2 g of 5.17 in 66% yield over 

two steps. 

 

Scheme 110: Gram scale synthesis of alkoxyammonium chloride activating group 

 

Then, condensation of cyclobutanone (5.7a)  with 5.8 gave oxime ether 5.9a in 90% yield, 

which crystallized after 10 minutes of standing in the fridge (Scheme 111). We also synthesized 

the oxime ether of dimethylcyclopentanone (5.18a) and Boc-azetidinone 5.7b, obtained in 99% 

and 92% yield respectively as white solids (5.20a and 5.9b). Finally, to test the activating group 

5.17, condensation of cyclobutanone (5.7a) with the modified activating group 5.17 was 

undertaken, affording 5.22 in 72% yield. 

                                                             
394 5.8 is commercially available at a high price from a limited number of suppliers. Its synthesis was described in the 
following patent, which is available only in Chinese: L. Jiang, J. Yang, Z. Shumin, Synthesis of Oxoamino-Aliphatic 
Carboxylic Acids, 1991, CN1051170 (A). 
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Scheme 111: Condensation of cyclic ketones to prepare oxime ethers starting materials 

 

“We decided then to first test the best catalysts reported by Studer: 395 

(Ir[dF(CF3)ppy]2(dtbbpy))PF6 (2.59) and Leonori: Fukuzumi’s catalyst 2.65 (Table 11). Based on 

our previous studies on photoredox catalysis using EBX reagents, we used DCE as solvent and an 

excess of Ph-EBX reagent 95b (2.0 equiv). With 1 mol% of 2.59, full conversion and 55% NMR 

yield of alkyne 5.10a were reached after 2 h, whereas only 50% conversion and 20% NMR yield 

was obtained with 2.65. (Table 2, entries 1-2). In both cases, significant side products formation 

was observed. DiCyanoAnthracene (DCA, 2.66) gave only 5% NMR yield of 5.10a (entry 3). With 

4CzIPN (2.71) We were pleased to observed 60% conversion of 5.9a and 50% NMR yield of 5.10a 

after 2 h (entry 4). Increasing reaction time (6 h) and/or temperature (50 °C) was not successful to 

improve conversion.” Higher concentration did not allow a better conversion over the 2 hours of 

irradiation, and more side products were observed (entry 5). “Speculating that stronger oxidizing 

dyes could lead to better results, catalyst 2.71c was then examined. Full conversion of 5.9a was 

observed and 70% of 5.10a could be isolated (entry 6). K2CO3 was found to be slightly better than 

Cs2CO3 as a base (entry 7), allowing us to reduce the reaction time to 1 h (entry 8). The other new 

photocatalysts 2.71b and 2.71d were then tested, and provided similar photocatalytic activity as 

2.71c (entries 9-10). Due to its better solubility and ease of synthesis, 2.71c was selected as 

photocatalyst to continue the study.” Other common potassium bases were tested: KHPO4 was 

inefficient (entry 11) whereas KOAc can be used as a good alternative to K2CO3 (70%, entry 12). 

                                                             
395 Also in the studies of Studer or Macmilllan, (Ir[dF(CF3)ppy]2(dtbbpy))PF6 is able to oxidize substrates having a 
higher reduction potential (around 1.5V). The reported values of both catalysts and substrates need to be taken with 
care for several reasons: (a) margin errors in the measurement are not documented; (b) the CV is highly dependent to 
the generator, concentration and solvents used. (c) these values only give a trend and a starting point for discussion. 
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DCM was suitable for this transformation (80%, entry 13).Decreasing the concentration had a 

dramatic effect on the yield (45%, entry 14), due to the increased formation of two side products: 

1) butyronitrile (obtained after HAT process) was observed by NMR (7% NMR yield); 2) 

alkynylated DCM 4.25 in 26% by NMR (Figure 35). THF and DMF were inferior to chlorinated 

solvents (entries 15-16). “Decreasing the number of equivalents of 95b to 1.5 resulted in lower 

yield and more side reactions (entry 17). Interestingly, the catalyst loading could be decreased to 3 

mol% (entry 18) or the reaction time reduced to only 30 min (entry 19) without any effect on the 

yield.” Using oximes 5.22, the reaction still occurred in excellent yield (80%, entry 20). “Finally, 

control experiments showed that photocatalyst, base and light were all required for the reaction to 

proceed (entries 21-23).”  

 

Figure 35: Alkynylated DCE and DCM (5.23-24), and butyronitrile (5.25) side products 

 

Table 11: Optimization of the fragmentation alkynylation of oxime ethers 

 

Entry Catalyst Base Concentration Solvent Time Conversion[a] Yield[b] 

1[c] 2.59 1.0 equiv Cs2CO3 0.05 DCE 2 h >95% 50% 

2 2.65 1.0 equiv Cs2CO3 0.05 DCE 2 h 50% 20% 

3 2.66 1.0 equiv Cs2CO3 0.05 DCE 2 h >95% 5% 

4 2.71 1.0 equiv Cs2CO3 0.05 DCE 2 h – 6 h 60% 50% 

5 2.71 1.0 equiv Cs2CO3 0.10 DCE 2 h 60% 40% 

6 2.71 1.0 equiv Cs2CO3 0.05 DCE 2 h >95% 70% 

7 2.71c 1.1 equiv K2CO3 0.05 DCE 2 h >95% 75% 

8 2.71c 1.1 equiv K2CO3 0.05 DCE 1 h >95% 80% 
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Table 11, 2nd part: Optimization of the fragmentation alkynylation of oxime ethers 

9 2.71b 1.1 equiv K2CO3 0.05 DCE 1 h 90% 75% 

10 2.71d 1.1 equiv K2CO3 0.05 DCE 1 h 90% 75% 

11 2.71c 1.1 equiv KHPO4 0.05 DCE 1 h <10% <10% 

12 2.71c 1.1 equiv KOAc 0.05 DCE 1 h >95% 70% 

13 2.71c 1.1 equiv K2CO3 0.05 DCM 1 h >95% 80% 

14 2.71c 1.1 equiv K2CO3 0.025 DCM 1 h >95% 45% 

15 2.71c 1.1 equiv K2CO3 0.05 THF 1 h >95% 25% 

16 2.71c 1.1 equiv K2CO3 0.05 DMF 1 h >95% 55% 

17[d] 2.71c  1.1 equiv K2CO3 0.05 DCE 1 h >95% 70% 

18[e] 2.71c 1.1 equiv K2CO3 0.05 DCE 1 h >95% 80% 

19 2.71c 1.1 equiv K2CO3 0.05 DCE 30 min >95% 80% 

20[f] 2.71c 1.1 equiv K2CO3 0.05 DCE 1 h >95% 80% 

21 - 1.1 equiv K2CO3 0.05 DCE 1 h NR NR 

22 2.71c - 0.05 DCE 1 h <10 5 

23[g] 2.71c 1.1 equiv K2CO3 0.05 DCE 1 h NR NR 
PS: photosensitizer. [a]Reaction conditions: Using 0.1 mmol 5.9a (1 equiv), 0.2 mmol 2.95b (2.0 equiv), 5 mol% 

photocatalyst (0.05 equiv) in DCE (2.0 mL) for 2 h at RT. The conversion of 5.9a by NMR is given. The values for 

reduction potentials are given in volts for photocatalysts in relation to SCE, in MeCN. [b]NMR yield using 

dibromomethane as internal standard. [c] Using 1 mol% of 2.59. [d] Using 1.5 equiv. of 2.95b. [e] Using 3.0 mol% of 

organic dye 2.71c. [f] Using oxime 5.22. [g] without irradiation. 

 

As we observed that the use of strong photocatalyst oxidants improved the yield of the 

fragmentation alkynylation, we measured the oxidation potential of the oximes (Table 12). 

Potassium carbonate being the best base, we synthesized the potassium carboxylate salts 5.9a’, 

5.9b’ and 5.20a’ by treatment of the corresponding acids with one equivalent of tBuOK in ethanol 

for 2 h, followed by concentration under vacuum. The cyclovoltammogram of the three following 

salts was then measured: ranging from +1.48 to 1.59 V. This experimental measurement confirms 

our observation and the requirement of using strongly oxidizing dyes. 
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Table 12. Electrochemical potentials of the oximes in DMF. 

Oxime E1/2ox (V vs SCE) 

 
 

 
 
 

+1.48 

 
 
 

+1.50 

  

 
 
 

+1.59 

 

Finally, in this transformation using these fine-tuned dyes, another side product was 

observed in greater quantity than during the decarboxylative alkynylation using iridium 

photocatalyst. It was identified as 2-oxo-2-phenylethyl 2-iodobenzoate (5.26a) (Figure 36). It 

seems to be formed via a decomposition pathway of Ph-EBX (2.95b) in presence of either water 

or oxygen, possibly mediated by the photoredox catalyst; however, the mechanism is still unclear. 

 

Figure 36: Iodobenzoate ester 5.26a, side products derived from EBXs 2.95 

 

5.2.3. Scope of photoredox fragmentation – C-C bond formations  
 

“We then investigated the scope of oximes at 0.30 mmol scale using 3 mol% of 2.71c 

(Scheme 112). Oxime 5.9a afforded 5.10a in 79% isolated yield.” Alkylnitrile radical stabilized by 

a benzylic position was not successfully alkynylated, and less than 25% of the product 5.10c could 

be isolated and used for identification by proton NMR. However, the purity was not good enough 

for characterization. “Phenyl, alkyl and protected amines were tolerated at the -position 

(5.10d,e,g, 41-80% yield). Benzocyclobutenone oxime 5.9f afforded propargylic benzocarbonitrile 
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5.10f in 40% yield. Bicyclic compound 5.10h was obtained in 65% yield and excellent 

diastereoselectivity. Oxetanone and azetidinones oximes ethers were also excellent substrates 

(5.10b and 5.10i-j). Cyclopentanones derivatives were also successful. Using a gem-dimethyl 

substituent for the generation of a -tertiary alkylnitrile radical allowed the isolation of 5.27a in 

77% yield. In the work of Leonori and coworkers, a benzylic position was used to promote ring 

opening.389 In our case, an -heteroatom was exploited. With an oxygen linker, product 5.27b was 

obtained in 65% yield, whereas a nitrogen group led to a modest yield (30%) of 5.27c. In addition, 

compounds 5.10b and 5.10j were obtained in similar yields using sunlight instead of LEDs.” 

 

Scheme 112: Scope of oxime ethers 



 Chapter 5: Fragmentation Alkynylation of Oxime Ethers 

198 

During the scope investigations, the fragmentation alkynylation cascade was not always 

efficient, and low yields were observed. Several side reactions have been identified, which are most 

likely be involved in the failure with some substrates. A first side reaction encountered was the 

direct trapping of the α-oxy radical intermediate, before acetone release, followed by hydration of 

the alkyne moiety giving products such as 5.28 (Scheme 113). Its structure is proposed based on 
1H NMR. It was not very frequent and only found when the expected alkynylnitrile product was 

not observed. It is unclear why in certain cases, the hydrated form was observed, such as 5.29. 

Finally, using the oxime 5.20e derived from camphor, the expected product 5.27e was detected; 

however, isolation furnished the hydrated product 5.30 in low yield. Another side reaction was 

observed in the attempted fragmentation alkynylation of tosyl protected azetidinone 5.9k: with this 

specific protecting group, we assumed that the α-amino radical II fragmented to deliver an imine 

5.31 along with the tosyl radical III. The latter was then trapped by EBX 95b to furnish alkynyl 

sulfone 5.32 in excellent yield. 
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Scheme 113: Side reactions observed during the fragmentation alkynylation 

 

Other cyclic ketones were not suitable (Figure 37). A methyl ester was surprisingly not 

tolerated at the β-position of cyclobutanone (5.7l). Products derived from fragmentation of 

acenaphthylene derivatives (5.18f-g) were not observed, while a 6-membered ring opening 

alkynylation cascade was difficult (<10% NMR yield, 5.19a-b). In these cases, decomposition and 

direct alkynylation are suspected to be the two major pathways for unproductive transformations. 

 

Figure 37: Non-successful substrates for the fragmentation alkynylation 
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“We then turned our attention to the scope of the reagents (Scheme 114). The conversion 

of azetidinone oxime ether 5.9b into '-cyanoalkynylamines was achieved in good yields, 

tolerating electron-withdrawing groups (5.33-37) and electron-donating groups (5.38) in para 

position of the benzene ring. Good yields were also obtained with a fluorine in meta or a bromine 

in ortho positions (5.39 and 5.40). Using Mesityl-EBX, only 17% isolated yield of product 5.41 

was isolated. Cyclobutanone oxime 5.9a could also be used with fluorinated arene substituents on 

the EBX (5.42-43). Products 5.44 and 5.45 bearing a trifluoromethyl and bromine at the para-

position were obtained in moderate yields from cyclopentanone oxime 5.20a.”  
 

 

Scheme 114: Scope of EBX reagents 
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We also explored the potential and limitations of this photoredox catalyzed fragmentation 

radical trapping to forge other C-C bonds. We first started these preliminary investigations using 

other hypervalent iodine reagents (Scheme 115, (1)). As observed in the decarboxylative 

alkynylation (see Section 4.1), the use of TIPS-EBX (2.95a) is more challenging. The 

fragmentation alkynylation of our model substrate gave 25% NMR yield of 5.46. A short screening 

of bases (K2CO3, CsOBz, KOBz) and a longer reaction time (from 2 h to 48 h) did not increase the 

yield of product 5.46. With oxime 5.9b, product 5.47 was isolated in 35% yield. Using tBu-EBX 

(2.95d), similar sluggish reactivity as with TIPS-EBX (2.95a) was observed, albeit the products 

5.48 and 5.49 were never obtained in a pure form, thus preventing any characterization. 

“Preliminary results for an alkenylation cascade was also obtained using Phenyl Vinyl 

BenziodoXolone (Ph-VBX, 2.98a), recently introduced by Olofsson and co-workers.253 Under the 

optimized reaction conditions, alkene 5.50 was isolated in 50% yield with a 12:1 E/Z selectivity.396 

Changing the base from K2CO3 to CsOBz afforded lower yield (40%), but with enhanced 

selectivity (17:1 E/Z). Using two equivalents of cyanobenziodoxolone (CBX, 2.96a), bisnitrile 5.51 

was obtained in 51% yield.” Finally, when using Togni reagent (2.52),397 the trifluoromethylated 

product 5.54 was not formed. Instead, iodonitrile 5.53 was isolated in 25% yield along with 43% 

of 5.52. This result is actually in line with a previous publication describing Togni reagent as 

potential source of iodine atom under UV light irradition.398 However, this process was unknown 

under photoredox conditions. Finally, we turned our attention to other C-C bond formations by 

trapping of the alkylnitrile radical generated in situ. Starting with Michael acceptors, the reaction 

gave low yield with diethyl 2-ethylidenemalonate 5.55, while no product was observed when 

cyclopentenone 5.57 was employed. Arylation with cyanopyridine 5.59 or chloropyridine 5.61 did 

not afford the expect arylated nitrile product 5.60 and 5.62. 

                                                             
396 Leonori and coworkers reported the first use of Ph-VBX in photoredox catalysis. Only E isomer was obtained. See 
ref 167.  
397 (a) Eisenberger, P.; Gischig, S.; Togni, A. Chem. Eur. J. 2006, 12, 2579. (b) Charpentier, J.; Frueh, N.; Togni, A. 
Chem. Rev. 2015, 115, 650. 
398 Beniazza, R.; Douarre, M.; Lastécouères, D.; Vincent, J.-M. Chem. Commun. 2017, 53, 3547. 
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Scheme 115: Non-successful reagents and other partners in the fragmentation C-C bond formation of oxime ethers 
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5.2.4. One-pot, low catalyst loading and sunlight experiments 
 

During the optimization, KOAc was identified as a potential alternative to potassium 

carbonate. DCE has also a high boiling point and could potentially substitute MeOH in the 

condensation step. Therefore, we envisioned without further optimization a two step one-pot 

transformation of cyclobutanone 5.7a into the alkynylnitrile product 5.10a (Scheme 116). 

Reducing the amount of hydroxylamine salt 5.8 to 1.1 equivalents still permitted the efficient 

synthesis of the carboxylate intermediate (full conversion by TLC control) while avoiding side 

reactions in the photoredox catalysis step. The reaction mixture was cooled down to room 

temperature and the concentration was adjusted to 0.05 M. After the addition of 5 mol% of the 

organic dye 2.71c and two equivalents of Ph-EBX (2.95b), the reaction mixture was stirred under 

blue LED irradiation for one hour, delivering the expected product 5.10a in 71% isolated yield. 

The reaction can be scaled up to 1.0 mmol while using only 1 mol% of organic dye 2.71c. 66% 

isolated yield of 5.10b were obtained under these conditions, meaning a turnover number of 66. 

This value is relatively high for organic dyes, due to limited stability leading to deactivation and 

requirement for higher catalyst loading (typically 5 mol% for organic dyes). 

 

 

Scheme 116: One-pot transformation and low catalyst loading experiments 

As for the previous decarboxylative alkynylation and cyanation, we wondered if sunlight 

can be used to promote the reaction. We first run the reaction in winter (December), with lower 
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light intensity and low outside temperature (4 °C). Interestingly, only half conversion was observed 

by NMR (Scheme 117, eq 1). We were also able to identify the side product 5.63, which was 

formed in greater quantity than usual. It was in fact also observed during the optimization, and 

while exploring the scope with some unsuccessful exampleS (See side reactions Scheme 113). 

When the reaction was repeated later in the year (April, 23 °C), the sunlight driven 

fragmentation alkynylation was almost as efficient as the reaction under blue LEDs irradiation (eq 

2). Two hours of irradiation is required to reach full conversion, and the yield is slightly lower 

(75% for our model substrate 5.9a, 90% with azetidinone 5.9b)  

 

Scheme 117: Sunlight experiments 

 

5.2.5. Potential applications of the alkynylnitriles 
 

These products having both alkynes and nitriles are important building blocks, combining 

the versatility of these two functional groups. For example, our model substrate has already been 

used in many transformations, and some are depicted in scheme 118. It is possible to modify the 

alkyne moiety independently to the nitrile. Z-vinyl nitrile 5.64 can be easily obtained after selective 

hydrogenation of the corresponding alkynylnitrile (Scheme 118, eq 1) whereas it is not possible to 

get Z-vinyl product in good yield using our reaction conditions. Oxidation to the diketone 5.65 is 

also possible in 71% yield (eq 2). One of the main characteristics of -alkynylnitriles 5.10 is their 
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ability to be engaged in cyclization reaction such as (formal) [2+2+2] cycloadditions to build highly 

substituted pyridines (5.66, 5.68, 5.70) (eq 3-5). In that regards, aryl iodoniums 5.67,399 vinyl 

iodoniums 5.69400 and alkynes 5.71 can be used.401 

 

Scheme 118: Reported derivatizations using alkynylnitriles 

 

5.2.6. Speculative mechanism 
 

“According to previous studies on EBX reagents (see Part1, mechanistic discussion), and 

the redox potential of dye 2.71c, we assume that the reaction starts with the oxidation of the 

potassium carboxylate 5.9a’ (E1/ 2= +1.48 V vs SCE in DMF) by the excited state PS* of the organic 

dye to generate carboxyl radical I and the reduced state PS- (Scheme 119). Fast decarboxylation 

releases the -oxy radical II, which can either lead to iminyl radical III after acetone extrusion, or 

can be directly trapped by EBX reagents forming 5.72. Although 5.72 was not often detected, its 

hydrated form 5.63 was usually observed by 1H NMR. The iminyl radical III then fragments into 

a nucleophilic alkyl nitrile radical IV, which reacts with EBX 95. For this step, a concerted 

mechanism via transition state TS1 can be envisioned, according to the mechanistic studies in 

section 4.4., to afford the desired alkynylnitrile 5.10 and radical V. A -addition followed by a 1,2 

                                                             
399 Wang, Y.; Chen, C.; Zhang, S.; Lou, Z.; Su, X.; Wen, L.; Li, M. Org. Lett. 2013, 15, 4794.  
400 Sheng, J.; Wang, Y.; Su, X.; He, R.; Chen, C. Angew. Chem. Int. Ed. 2017, 56, 4824. 
401 (a) Brien, D. J.; Naiman, A.; Vollhardt, K. P. C. J. Chem. Soc., Chem. Commun. 1982, 133. (b) Varela, J. A.; 
Castedo, L.; Saa, C. J. Am. Chem. Soc. 1998, 120, 12147. (c) Xie, L.-G.; Shaaban, S.; Chen, X.; Maulide, N. Angew. 
Chem. Int. Ed. 2016, 55, 12864. 
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shift of the EBX substituent could also be considered depending on the migratory aptitude. Final 

reduction of V allows the regeneration of the ground state photocatalyst PS and generates 

carboxylate 2.135.” 

 

 

Scheme 119: Tentative mechanism 
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5.3. Conclusion of the photoredox catalyzed fragmentation of cyclic oxime 
ethers 
 

In summary, new fine-tuned organic dyes have been synthesized and characterized. The 

introduction of halogen atoms allowed a shift in the redox potential, making the halogenated dyes 

2.71b-d more oxidizing than the reference photocatalyst 4CzIPN (2.71). Conversely, the 

introduction of alkyl substituents led to less oxidizing organic photocatalysts. The synthesis of 

alkynylnitriles via the photoredox catalyzed decarboxylation fragmentation alkynylation of oxime 

ethers was successfully reported, and the best efficiency was obtained while using the new 

chlorinated 4ClCzIPN photocatalyst (2.71c). The reaction is scalable with a low catalyst loading 

and short reaction time. Sunlight can be used to promote the reaction and a one-pot procedure is 

reported. These fine-tuned dyes are expected to find broad applications. Within our group, Marion 

Garreau has used 4ClCzIPN (2.71c) for the decarboxylative alkynylation of peptides bearing 

glycine as C-terminal amino acids. She has also used 4tBuCzIPN (2.71g) when a lower redox 

potential is required in order to enhance functional group tolerance (presence of tryptophane, 

tyrosine). 

Since our work has been published, other fragmentations of oximes have been reported 

(Scheme 120). Using copper catalysis, Jiang and Yan reported the aerobic oxidative cyclization to 

prepare 4-cyanoalkylpyrrolo[1,2-a]quinoxalines (eq 1).402 New examples of photoredox catalyzed 

fragmentations of oximes esters after oxidative quenching of fac-Ir(ppy)3 (2.57) were described. 

The addition of alkylnitrile radicals onto Michael acceptors followed by subsequent aryl cyclization 

have been documented by Xiao and coworkers (eq 2).403 Xiao and Chen then developed the 

migration of aryl substituents or the reduction of the alkylnitrile radicals, depending of the oxime 

substitutions (eq 3).404 Finally, Yu and coworkers have reported a more general fragmentation 

vinylation using vinyl boronic acids as radical acceptors (eq 4).405 

                                                             
402 An, Z.; Jiang, Y.; Guana, X.; Yan, R. Chem. Commun. 2018, 54, 10738. 
403 Wang, P.-Z.; Yu, X.-Y.; Li, C.-Y.; He, B.-Q.; Chen, J.-R.; Xiao, W.-J. Chem. Commun. 2018, 54, 9925. 
404 Yu, X.-Y.; Wang, P.-Z.; Yan, D.-M. Lu, B.; Chen, J.-R.; Xiao, W.-J. Adv. Synth. Catal. 2018, 360, 3601. 
405 Shen, X.; Zhao, J.-J.; Yu, S. Org. Lett. 2018, 20, 5523. 
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Scheme 120: Iminyl radical driven fragmentation cascades using oxime esters since May 2018 
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6. Progress towards photoredox catalyzed decarboxylative fragmentation 
alkynylation starting from alcohols and amines 

 

6.1 Progress towards the deoxygenation alkynylation 
 

After the implementation of photoredox catalyzed decarboxylation as the initiating step of 

fragmentation alkynylation processes involving EBX reagents (2.95), we were interested in 

developing more of such fragmentation alkynylation radical cascades. The double decarboxylation 

of oxalate salts 6.2 reported by Overman, Macmillan and cooworkers caught our attention (Scheme 

121, eq 1). The use of tertiary alcohols 6.1 allowed the fragmentation at room temperature, using 

(Ir[dF(CF3)ppy]2(dtbbpy))PF6 (2.59) as the photocatalyst. Giese type radical addition onto Michael 

acceptors gave quaternary centers,406 while the use of electron deficient dienes allowed selective 

1,6-addition, releasing allylic compounds as the sole products (eq 2).407 Macmillan and coworkers 

also extended this deoxygenative method to primary and secondary alcohols using dual Ni-

photoredox catalysis at a higher temperature (70 °C) to promote the second decarboxylation.408 

The synthesis of quaternary centers bearing an alkynyl moiety is difficult using two-electron 

chemistry. Fu and coworkers therefore developed an interesting deoxygenative alkynylation of N-

phthalimide oxalates 6.3 with alkynylsulfones 6.4 and Ru(bpy)3Cl2 (2.54) (eq 3).409 The reaction 

was limited to aryl-substituted alkynes, and the addition of both Hantzch ester and iPr2NEt3.HBF4 

is required. To overcome these drawbacks, we envisioned that EBX (2.95) and oxalate salts 6.2 

could be used in a redox neutral transformation.410 

                                                             
406 Nawrat, C. C.; Jamison, C. R.; Slutskyy, Y.; MacMillan, D. W. C.; Overman, L. E. J. Am. Chem. Soc. 2015, 137, 
11270. 
407 Abbas, S. Y.; Zhao, P.; Overman, L. E. Org. Lett. 2018, 20, 868 
408 Zhang, X.; MacMillan, D. W.C. J. Am. Chem. Soc. 2016, 138, 13862. 
409 Gao, C.; Li, J.; Yu, J.; Yanga, H.; Fu, H. Chem. Commun. 2016, 52, 7292. 
410 During the course of our studies, Reisman and coworkers described a deoxychlorination using cesium oxalates, 
(Ir[dF(CF3)ppy]2(dtbbpy))PF6 and ethyl 2,2,2-trichloroacetate (ETCA). See Su, J. Y.; Grünenfelder, D. C.; Takeuchi, 
K.; Reisman, S. E. Org. Lett. 2018, 20, 4912. 
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Scheme 121: C-C bond formation after fragmentation of oxalates using photoredox catalysis 

 

6.1.1. Synthesis of oxalates and optimization 
 

The synthesis of oxalates can be achieved either in a one-pot protocol or in a twostep 

procedure (Scheme 122). Using mono-ethyloxalyl chloride 6.8 in presence of NEt3 to quench the 

formation of HCl, esters 6.9 can be obtained in good yields. The hydrolysis is selective for the less 

substituted side of the oxalate. It can be done using CsOH during the workup, or also in a separate 

flask using the pure oxalates 6.9. Some cesium oxalates 6.2 being hygroscopic, storage in an 

efficient dry box or glove box is necessary for better reproducibility in the photoredox-catalyzed 

transformation. 
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Scheme 122: Synthesis of cesium oxalates from tertiary alcohols 

 

We decided to use the same cesium oxalate salt 6.2a as Macmillan, Overman, and Fu for 

ease of comparison. Based on our expertise on radical alkynylation using EBX reagents (2.95), we 

began our investigation with an overnight irradiation using 1.5 equivalents of PhEBX (2.95b) in 

0.10 M DCE in the presence of 1 mol% of iridium photocatalyst 2.59 (table 13, entry 1). A rayonet 

reactor was used to ensure powerful irradiation and reproducible temperature (45 °C). We were 

pleased to obtained 55% isolated yield of 6.5a, whereas strongly oxidizing dyes, such as Fukuzumi 

dye (2.65) or DCA (2.66), gave only 40% and 23% respectively. Our efforts to use organic dyes as 

photocatalyst met with success when using 4CzIPN (2.71), as it exhibited similar catalytic activity 

compared to 2.59 in this transformation (55%, entry 4). Screening of the common solvents for 

radical alkynylation (DCE, THF, DME, DMF) showed that DCE and DMF are similar when using 

PhEBX (2.95b), however lower yields were obtained in DMF compared to DCE when using TIPS-

EBX (2.95a). We observed some decomposition of PhEBX (2.95b) during the reaction, and 

therefore increasing to 2.0 equivalents was found to be the best ratio (67%, entries 8-9).  
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Table 13: Optimization of the photoredox catalyzed fragmentation alkynylation of oxalates 

 

Entrya 2.95b (equiv) Solvent (c) Dye  Yield (%)b 

1 1.5 DCE (0.10) 2.59 55 

2 1.5 DCE (0.10) 2.65 40 

3 1.5 DCE (0.10) 2.66 23 

4 1.5 DCE (0.10) 2.71 55 

5 1.5 THF (0.10) 2.71 25 

6 1.5 DME (0.10) 2.71 10 

7 1.5 DMF (0.10) 2.71 55 

8 2.0 DCE (0.05) 2.71 67 

9 2.5 DCE (0.05) 2.71 61 

a Reaction performed at 0.10 mmol scale (cesium oxalate as limiting reagent), under irradiation using Rayonet 
reactor 0.10 mmol (6.2a), 0.15 mmol 2.95b and 5 mol dye in 1.0 mL DCE. b The yield of 6.5a was obtained after 
isolation by preparative TLC.  

 

Another alternative is the modification of the reagent: 4,5-dMe-PhEBX (6.12) and 4,5-

dOMe-PhEBX (6.14) were synthesized in good yields (71% and 83% respectively) according to a 

recent publication by Chen and coworkers.411 In this report, they highlighted the fact that tuning 

the reagent with two additional methoxy at the 4- and 5-position of the arene ring allowed usually 

better yield in photoredox-catalyzed transformations. Attempts for explanation involved a greater 

stability of the resulting iodanyl radical, a slightly higher electrophilicity character of the ethynyl 

moiety and a possibility for a more facile reduction to close the catalytic cycle.  

                                                             
411 Pan, Y.; Jia, K.; Chen, Y.; Chen, Y. Beilstein J. Org. Chem. 2018, 14, 1215. 
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Scheme 123: Synthesis of EBX reagents 4,5-dMe-PhEBX (6.12) and 4,5-dOMe-PhEBX (6.14) 

 

We then tested these tuned reagents, and in fact, higher yields were obtained compared to 

the reaction with simple PhEBX (61% and 76% respectively, table 14, entries 1-2). We also tested 

monovalent iodoethynylbenzene (6.15), however no reactivity was observed in this case. Fine-

tuned organic dyes were then tested, and the more oxidizing 2.71c and 2.71d were as efficient as 

4CzIPN (2.71), while 4tBuCzIPN (2.71g) gave a sluggish reaction, thus confirming its lower 

reduction potential. Finally, the addition of water enhanced the solubility but was not beneficial for 

the yield, and commercially available blue LEDs were as efficient as the rayonet reactor. 

 

 

Table 14: Optimization table of the fragmentation alkynylation of oxalate 
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Entrya Reagent (equiv) Dye 2.71 Yield (%)b 

1 6.12 (1.5) 2.71 61 

2 6.14 (1.5) 2.71 76 

3 6.15 (1.5) 2.71 < 5 

4 6.14  (1.5) 2.71c 70 

5 6.14  (1.5) 2.71d 70 

6 6.14  (1.5) 2.71g 20 

7 6.14 (2.0) 2.71 76 

8c 6.14  (1.5) 2.71 70-76 

9c,d 6.14  (1.5) 2.71 45 

a Reaction performed at 0.10 mmol scale (6.2a as limiting reagent), under irradiation using Rayonet reactor 0.10 mmol (6.2a), 
0.15 mmol 6.12-6.15 and 5 mol 2.71 in 1.0 mL DCE. b The yield of 6.5a was obtained after isolation by preparative TLC. c Using 
Blue LEDs as light source instead of Rayonet reactor. d with 10 equivalents of water. 

 

 

6.1.2. Preliminary scope of the photoredox catalyzed deoxygenative alkynylation 
 

With optimized conditions in hand, we started the exploration of the scope (Scheme 124). 

At 0.30 mmol scale, our model substrate 6.2a can be converted in 86% to the corresponding alkyne 

6.5a. Adamantane substrate 6.2b is alkynylated in 28% under unoptimized conditions (with 

PhEBX (2.95b)). Alkynylation of tert-butyl radical was observed in 35% by NMR (6.5c). Using 

linear tertiary oxalates, a decrease in yield is observed: 47% for the simple phenyl substituent 

compared to 19% for the electron rich anisole derivative (Products 6.5d-e). Interestingly, the 

natural product cedrol can be converted in 41% to the alkyne product 6.5f (Stereochemistry not yet 

assessed). Surprisingly, oxalates derived from azetidinone and pyrrolidinone (6.5g-h) did not give 

any product. 
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Scheme 124: Preliminary scope investigation of the deoxygenative functionalization with Ph-EBX (2.95b) or 6.14 

 

The scope of hypervalent iodine reagents to build C-C bonds was also quickly investigated 

to ascertain what can be tolerated, using the simple benziodoxolone core of the reagents (Scheme 

125). TIPS-EBX (2.95a) can be used with 6.2a and 6.2b, affording the TIPS protected alkynes 6.17 

and 6.18 in 29% and 16% respectively, while tBu-EBX (2.95d) gave low yield on our model 

substrate. Using modified 4.5-dimethoxy TIPS-EBX (6.16) allows an increase of the yield up to 
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50%. Using CBX (2.96a), 10% of product formation was observed by NMR; however, such nitrile 

may be volatile. The use of linear substrate 6.2e with short optimization of the conditions allowed 

the synthesis of 6.6c in 40% yield.412 Finally, using Ph-VBX (2.98a), 20% of the expected E-

product 6.7a was observed by NMR.  

 

 

Scheme 125: Preliminary investigations of the scope of the deoxygenative functionalization with hypervalent iodine reagents 

 

In some cases when the reaction gave low yield, the ester side product was observed by 

NMR (Scheme 126). As the second decarboxylation is slower than the first one, and the acyl radical 

is nucleophilic, such a side product is not surprising and difficult to control. Repeating the less 

successful experiments in a lower concentration could slow down the rate at which the radical is 

trapped, thus allowing the second decarboxylation to happen. 

                                                             
412 Unpublished result by Stephanie G. E. Amos, first year PhD student at LCSO. 
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Scheme 126: Possible mechanism for the formation of the ester side products 
 

We also considered applying this oxalate activation to tertiary thiols 6.4, especially because 

the C-S bond cleavage should be more favoured. In fact, a photoredox catalyzed desulfurization 

strategy remains elusive and would be a useful alternative for the generation of alkyl radicals 

(Scheme 127).413 The best result obtained so far is the isolation of alkynylated adamantane product 

6.5b in 30% yield from thiooxalate 6.19a using 2.71 as photocatalyst, while the main side reaction 

observed led to thioalkynylation product 6.20.414 This side reaction may occurr by decarbonylation 

instead of COS extrusion. 

 

Scheme 127: Desulfurization strategy for radical alkynylation 

                                                             
413 During our studies, Qin and coworkers reported the desulfurative Giese reaction and addition to (hetero)arenes 
fused thiophenes. See: (a) Xue, F.; Wang, F.; Liu, J.; Di, J.; Liao, Q.; Lu, H.; Zhu, M.; He, L.; He, H.; Zhang, D.; Song, 
H.; Liu, X.-Y.; Qin, Y. Angew.Chem. Int. Ed. 2018, 57, 6667. (b) Di, J.; He, H.; Wang, F.; Xue, F.; Liu, X.-Y.; Qin, 
Y. Chem. Commun. 2018, 54, 4692. 
414 Unpublished results by Stephanie G. E. Amos, first year PhD student at LCSO. 
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6.1.3. Conclusion of the deoxygenation 
 

The photoredox catalyzed fragmentation of oxalates was successfully optimized for model 

substrate 6.2a using 4CzIPN (2.71) (or 4ClCzIPN, 2.71c) and 4,5-dOMe-PhEBX (6.14). 

Exploration of the scope of the deoxygenative alkynylation using other oxalate salts is currently 

ongoing in our laboratory by Stephanie Amos, as she is taking over this project. At this stage, the 

scope is limited, with modest yields in general. The use of aryl, silyl and alkyl EBX reagents is 

possible, as well as CBX (2.96a) and Ph-VBX (2.98a). Tuning the conditions for the fragmentation 

cyanation allows increasing the yield of nitrile product 6.6c up to 40%. More efforts are currently 

ongoing in our laboratory. 
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6.2 Progress towards the deaminative alkynylation 
 

Finally, we considered harnessing primary amines as radical precursors. Activation via 

oxalates would be interesting as the starting materials are very easy to access. However, even if 

HNCO is supposed to be gaseous, such fragmentation seems difficult and has not been previously 

reported. On the other hand, the amido radical being nucleophilic, it would probably be efficiently 

trapped by EBX reagents (2.95) to make ynamides (See introduction, sections 2.4.2 and 2.4.3). 

Therefore, another radical intermediate is required to promote the C-N bond cleavage, which led 

us to design another activating group bearing a carboxylic acid for the activation of primary amines. 

Deamination processes from alkylamines are extremely valuable for several reasons:  

1) the broad occurrence of the amine functional group, especially primary amines; 

2) the easy access to primary amines via synthetic routes, as well as commercial sources; 

3) a new type of disconnection, known mostly for hydrogenation in the literature. 

 

At the time we started this project, there was no report in the literature about photoredox 

catalyzed deaminative functionalization of alkylamines. 415  For arylamines, König and others 

developed various photoredox reactions involving aryldiazonium salts as radical precursors.416 

However, the corresponding alkyldiazonium salts are unstable and lead to carbocation mediated 

transformations.417 

In 2017, Watson and coworkers described an interesting deaminative arylation of primary 

alkylamines (Scheme 128).418 In this report, the use of “Katritzky salt” was extremely important to 

generate a bench stable pyridinium salt, which can be easily reduced. In fact, the latter can then 

undergo a SET exchange with a nickel catalyst, thus generating a radical intermediate. Cascade 

reactions will finally allow the release of 1,3,5-triphenylpyridine and the alkyl radical, which will 

                                                             
415 Since then, in 2017, Glorius and coworkers reported the photoredox catalyzed deaminative heteroarylation using 
Katritzky salts. See ref 137. In 2018, Aggarwal and coworkers reported the borylation of primary alkyl amines using 
visible light irradiation of EDA complexes between Katritzky salts and B2(cat)2. See Wu, J.; He, L.; Noble, A.; 
Aggarwal, V. K. J. Am. Chem. Soc. 2018, 140, 10700. 
416 Hari, D. P.; König, B. Angew. Chem. Int. Ed. 2013, 52, 47340. 
417 Manuilov, A. V.; Barkhash, V. A. Russ. Chem. Rev. 1990, 59, 179. 
418 Basch, C. H.; Liao, J.; Xu, J.; Piane, J. J.; Watson, M. P. J. Am. Chem. Soc. 2017, 139, 5313. 
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be trapped by the nickel species generated in higher oxidation state. Finally, reductive elimination 

allows the formation of the alkylaryl coupling product and regeneration of the catalyst. Later, 

Watson and coworkers extended this useful deamination disconnection to the arylation419 and 

vinylation420 of primary benzylic amines. 

 

Scheme 128: Watson deamination strategy using Katritzky salts as radical precursors 
 

Looking back on the literature, only few radical deamination processes have been reported. 

Especially Motherwell and Barton developed a tin-mediated deamination using isocyanides, 

isothiocyanates and isoselenocyanates as precursors.421 The key intermediate involved in these 

three transformations was an imidoyl radical,422 generated by addition of a tin radical to isocyanide 

(Scheme 129). The imidoyl radical then undergo -scission under heating (60 °C for easy 

fragmentation such as tertiary or benzylic radical; 90-100 °C for primary radical). It is important 

to note that imidoyl chloride was not successfully fragmented, and the major product was the 

reduction to the corresponding benzylamine. To the best of our knowledge, the -scission of 

imidoyl radicals has been applied in only three cases: 

- Hydrogenative deamination process, namely the Barton deamination, applied in total 

synthesis;423 

- Nitriles formation, often by expelling tert-butyl radical;424 

                                                             
419 Liao, J.; Guan, W.; Boscoe, B. P.; Tucker, J. W.; Tomlin, J. W.; Garnsey, M. R.; Watson, M. P. Org. Lett. 2018, 
20, 3030. 
420 Guan, W.; Liao, J.; Watson, M. P. Synthesis 2018, 50, 3231. 
421 (a) Barton, D. H. R.; Bringmann, G.; Lamotte, G.; Motherwell, R. S. H.; Motherwell, W. B. Tetrahedron Lett. 
1979, 24, 2291. (b) Barton, D. H. R.; Bringmann, G.; Lamotte, G.; Motherwell, W. B.; Hay Motherwell, R. S.; 
Porter, A. E. A. J. Chem. Soc., Perkin Trans. 1980, 1, 2657. (10.1039/P19800002657) 
422 For selected reviews: (a) Lei, J.; Huang, J.; Zhu, Q. Org. Biomol. Chem. 2016, 14, 2593. (b) Minozzi, M.; Nanni, 
D.; Spagnolo, P. Current Organic Chemistry, 2007, 11, 1366. (c) Fujiwara, S.-I.; Matsuya, T.; Maeda, H.; Shin-ike, 
T.; Kambe, N.; Sonoda, N. J. Org. Chem., 2001, 66, 2183. 
423 Other examples: (a) Wirth, T.; Rüchardt, C. Chimia 1988, 42, 230. (b) Maimone, T. J.; Shi, J.; Ashida, S.; Baran, 
P. S.  J. Am. Chem. Soc. 2009, 131, 17066. 
424 (a) Stork, G.; Sher, P. M. J. Am. Chem. Soc. 1983, 105, 6765. (b) Ohta, H.; Tokumaru, K. J. Chem. Soc. Chem. 
Commun. 1970, 1601. (c) Ohta, H.; Tokumaru, K. Chem Ind, 1971, 1301. 
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- Only one example of trapping of the radicals formed after the -scission.425 

 

Scheme 129: Barton deamination starting from isonitriles or its derivatives 

 

In fact, Giese and Kopping developed the only example of trapping the radicals formed 

after the -scission in 1990 (Scheme 130). They found that the TTMS radical could add irreversibly 

to isocyanides, leading quickly (rate constant 5x107 M-1.s-1) to a silicon-substituted imidoyl radical. 

After -scission the free radical can then be trapped by a Michael acceptor to give the alkylation 

product. Intramolecular reactions with electron rich olefins gave higher yields compare to the 

intermolecular reactions with electron deficient olefins because TTMS radical react 100 times 

slower with electron rich double bonds. 

 

Scheme 130: The Giese and Kopping strategy for C-C bond formation using alkyl isocyanides as precursors 

 

Imidoyl radicals have been widely used in organic chemistry, and there are four main 

reaction pathways for these special intermediates: 1) addition to olefins or alkynes, 2) HAT or 

halide abstraction, 3) -scission and 4) -scission. (Scheme 131). For our purpose, we will try to 

direct the reactivity towards the -scission, and try to avoid as much as possible the other reaction 

pathways by dealing with the reaction conditions and the different substituents on our imidoyl 

radical intermediate. 

                                                             
425 Chatgilialoglu, C.; Giese, B.; Kopping, B. Tetrahedron Lett. 1990, 31, 42, 6013. 
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Scheme 131: The 4 types of reactivity of imidoyl radicals 

An attractive approach to a deaminative alkynylation transformation would be to generate 

the imidoyl radical from a suitable starting material under photoredox conditions, and then 

scission would occur, affording an alkyl radical, which can be trapped by EBX reagents (2.95) 

(Scheme 132). To have a broadly applicable concept, the activation step needs to be high yielding 

to quantitative, and selective for primary amines. Therefore, the activating agent should derive 

from a special ketone or aldehyde, which should selectively condense with the primary amine. The 

release of the nitrile is also important, and plays a key role in the scission. The corresponding 

R1 radical must then be unstable to avoid the competitive scission. For example, an aromatic 

ring (Phenyl to release benzonitrile) or just a simple methyl (acetonitrile will be released) is first 

considered.  

 

Scheme 132: Our strategy for a deaminative alkynylation of primary amines 

 

To study this reaction, we first needed to be able to generate a stoichiometric amount of 

imidoyl radical precursors, either in situ or isolated. Various starting materials were considered and 

their synthesis was attempted (Figure 38): 

- Iminoacids (derived from ketoacids)426 

                                                             
426 In 2016, Leonori and coworkers described the decarboxylation of -oximes carboxylic acids: Svejstrup, T. D.; 
Zawodny, W.; Douglas, J. J.; Bidgeli, D.; Sheikh, N. S.; Leonori, D. Chem. Commun. 2016, 52, 12302. 
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- Imino phtalimide esters (derived from keto-phtalimide esters) 

- Iminotrifluoroborates salts (derived from KAT reagents) 

- Simple aldimines, using HAT process. 

- Iminohalides, even though it requires a reduction step.427 

 

Figure 38: Design of starting materials for the fragmentation of the C-N bond in primary amines. 

 

Related to our previous study on carboxylic acids and their decarboxylative alkynylation 

and cyanation under photoredox conditions, a possible starting material would be an -imino acid 

6.23. Their synthesis has been reported to be quantitative by simply mixing ketoacids 6.25 and a 

primary amine 6.22 in DCM at room temperature.428 However, the implementation of this synthesis 

proved to be unsuccessful as the corresponding salts 6.24 was obtained as the main product 

(Scheme 133, eq 1). Both products were found by HRMS, however by 13C NMR only one is 

detectable and has a peak at 194 ppm, which could be easily assumed to be -ketocarboxylate 6.24. 

X-Ray analysis of one of the precipitates helped us to definitively elucidate the structure: it is the 

ketocarboxylate ammonium salt (Figure 39). Addition of molecular sieves or Montmorillonite did 

not change the outcome of the reactions, and they are difficult to remove at the end (Scheme 133, 

eq 2). 

                                                             
427  Some iminohalides have already been used in photoredox to generate imidoyl radicals, however not for 
fragmentation via -scission and only via reductive quenching. See (a) Dong, X.; Xu, Y.; Liu, J.; Hu, Y.; Xiao, T.; 
Zhou, L. Chem. Eur. J. 2013, 19, 16928. (b) Fu, W.; Zhu, M.; Xu, F.; Fu, Y.; Xu, C.; Zhou, D. RSC Adv. 2014, 4, 
17226. (c) Dong, X.; Hu, Y.; Xiao, T.; Zhou, L. RSC Adv. 2015, 5, 39625. 
428 (a) Aly, M. F.; Grigg, R. Tetrahedron Lett. 1988, 44, 7271. (b) Taguchi, K.; Westheimer, F. H. J. Org. Chem. 
1971, 36, 1570. 



 Chapter 6: Deoxygenation and Deamination Strategies 

225 

 

Scheme 133: Tentative synthesis of -imino-acids 

 

 

Figure 39: Structure of 6.24 obtained after mixing cyclohexylamine and benzoylformic acid in DCM for 30 min, 

analyzed by X-Ray. 

 

The photoredox deamination was still undertaken, even using this salt 6.24a, expecting a 

possible in situ formation of the expected imino-acid 6.23 that could undergo the desired reaction 

(Scheme 134). In the presence of 4CzIPN (2.71) and EBX reagents (2.95), about 10% of the 

expected product 6.26b was obtained by NMR in the case of PhEBX (2.95b), and 5% of the 

corresponding TIPS protected alkyne 6.26a in the case of TIPS-EBX (2.95a). 1,2 diphenylethane 

(6.28) was obtained in 20% by NMR, also indicating the generation of the benzylic radical. Similar 

results were obtained by adding PhEBX (2.95b), CsOBz and 4CzIPN (2.71) after 30 min to a 

solution containing premixed starting material in DCE. Ir(dF(CF3)ppy)2dtbbpyPF6 (2.59)was also 

tested and gave the same outcome of the reaction, with no real difference observed, so the organic 

dye was chosen. These results showed that conceptually a deaminative alkynylation process could 

be achieved via the -scission of imidoyl radicals. 
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Scheme 134: 1st attempt of the deaminative alkynylation using photoredox and hypervalent iodine reagents 

 

The decarboxylation alkynylation of keto-acid is known and is a competitive process if the 

formation of the imino acids is not complete (50% of the ynone product 6.30 was observed using 

the cyclohexylamonium benzoylcarboxylate 6.24 (See introduction for alkynylation of acyl 

radicals). We therefore considered other alternatives. 

The first obvious alternative that came to mind is to directly prepare the cesium oxocarboxylate 

salt (6.25a’, quantitative yield, Scheme 135, eq 1)), and then add the primary amine 6.22 to 

condense in methanol. Gooßen and coworkers used this strategy for the successful condensation of 

anilines affording crystalline solids; however, they described this transformation as incomplete, 

less clean and difficult to isolate in the case of alkylamines.429 We were delighted to observe a 

relatively clean formation of cesium iminocarboxylate salt while using benzylamine (6.22a) and in 

situ prepared cesium oxocarboxylate salt 6.25a’ (eq 2). Isolation by solvent evaporation gave 74% 

yield of a hygroscopic solid with purity around 90%. Residual benzylamine (6.22a) was a major 

part of the contaminants. This preparation was not suitable for cyclohexylamine, giving less than 

10% yield (eq 3). However, photoredox catalysis using the same conditions as previously tested, 

did not enable a significant increase in yield. Screening of organic dyes was not performed at that 

time, and should be reconsidered. However, one general issue encountered is the low reactivity of 

                                                             
429 (a) Collet, F.; Song, B.; Rudolphi, F.; Gooßen, L. J. Eur. J. Org. Chem. 2011, 6486. (b) Rudolphi, F.; Song, B.; 
Gooßen, L. J. Adv. Synth. Catal. 2011, 353, 337. 
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the benzylic radical with EBX reagent; while only benzylic amine (6.22a) can be cleanly condensed 

on the cesium oxocarboxylate salt 6.25a’ in good yield. Therefore, we thought about other 

alternatives. 

 

Scheme 135: Preparation of cesium iminocarboxylate salts by condensation 

 

Only one example of potassium iminotrifluoroborates 6.37 has already been described in 

literature, and its synthesis resulted from an intramolecular condensation after Cbz 

hydrogenolysis.430 The synthesis of potassium iminotrifluoroborates (KIT reagents, 6.37) was then 

envisioned by mixing potassium acyltrifluoroborates (KAT reagents 6.36, as named by Bode)431 

in presence of a primary amine 6.22. KAT reagents 6.36 are easily accessible through a two steps 

sequence from cheap starting materials: benzaldehyde 6.33, benzotriazole (6.34) and trimethyl 

orthoformate (Scheme 136). Several KAT reagents 6.36 are also commercially available and water- 

and air stable. The synthesis of KAT and KIT reagent was investigated first investigated for R1 = 

p-F-C6H4. To this end, the KAT 6.36 was obtained in 70% yield from the hemiaminal 6.35(1.52 

                                                             
430 Dumas, A. M.; Bode, J. W. Org. Lett. 2012, 14, 2138. 
431 (a) Eros, G.; Kushida, Y.; Bode, J. W. Angew. Chem. Int. Ed. 2014, 53, 7604. (b) Noda, H. ; Eros, G.; Bode, J. W. 
J. Am. Chem. Soc. 2014, 136, 5611. 
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g). The corresponding KIT was synthesized in less than 10% yield after purification by column 

chromatography over silica gel, indicating that the -imino salts 6.37a are sensitive to silica: the 

crude mixture showed 50% conversion, and almost no decomposition or side reactions. Moreover, 

isomerization between the E/Z isomers of the imine may be possible (for example, the ratio in 

acetonitrile-d3 and acetone-d6 was not identical, and there was only one product observable in the 

crude NMR). In the future, it would be interesting to try to push the imine formation to completion. 

There are a number of ways that could be tested, such as adding molecular sieves, removing water 

using Dean-Stark, heating to reflux, deactivation of silica. The photoredox fragmentation was 

investigated with the low quantities I had in hands. The same outcome of the reaction (compared 

to the carboxylate salts) was obtained, however, a longer time was required. This could be due to 

a higher oxidation potential of the KIT reagents 6.37.432 Some others substrates with R1 = Ph, Me, 

CF3 should be synthesized to better understand the limitations of the condensation step, and then 

tested in the photocatalytic reaction to get insight of the radical fragmentation. 

 

Scheme 136: Synthesis of KAT reagents (A) and KIT reagent (B) 

 

Another approach would be to start with a primary amine, condensing with benzaldehyde 

to generate the corresponding aldimine, and then use a HAT process with either peroxide or HAT 

catalyst. It is known that H abstraction on imines is possible, even though it is more difficult 

compared to the corresponding aldehydes. It has already been successfully used by Tokumaru in 

1970 using di-iso-propyl peroxydicarbonate (DPDC) at 60 °C, and by Kim using DTBP at higher 

temperatures.433 Interestingly, it was proven by Kim that it is not a chain process: the alkyl radical 

released after -scission cannot further react with an iminic hydrogen and an O-centered radical is 

                                                             
432 The cyclovoltammograms of the new radical precursors were not recorded due to the low quantities available. 
433 (a) For Tokumaru’s work, see 424. (b) Kim, S. S. J. Korean Chem. Soc. 1980, 24, 250. 
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necessary to abstract an H from another imine and carry the reaction. In a following paper,434 they 

also explained that the benzylic proton should not interfere. It could even be beneficial to start with 

a methyl in para position compared to a fluorine atom, in order to reduce the polarity of the imine.  

Accordingly, imine 6.38 (N-(4-methylbenzylidene)-1-phenylmethanamine) was 

synthesized quantitatively by mixing p-tolualdehyde (6.33b) and benzylamine (6.22a) in 1 M 

chloroform at room temperature (Scheme 137). A first trial using TBHP at 60 °C showed low 

reactivity and partial decomposition. It could be useful to try again this reaction in the presence of 

a more aggressive peroxide (DPDC or DTBP) or at higher temperature. 

 

Scheme 137: Synthesis of imine and tentative of peroxide mediated fragmentation 

 

Finally, using an oxidative quenching, it could be envisioned to test N-phthalimide imino 

esters as a precursor for the decarboxylation. However, the synthesis of the starting material -

keto-phthalimide esters proved to be unsuccessful via a classic DCI / DMAP coupling, leading 

mostly to the first intermediate as a stable white crystalline solid (Scheme 138). It should be tested 

again in the future, starting from the -ketoacylchloride that can be generated in situ.435 

 

Scheme 138: Trial for the synthesis of -ketophtalimide ester and observed side product 

 

To verify whether an oxidative quenching with EBX could be operative, we thought about 

using pyridinium salts. Their synthesis was indeed practically easy and several salts were prepared: 

                                                             
434 Kim, S. S.; Koo, H. M.; Choi, S. Y. Tetrahedron Lett. 1985, 26, 891. 
435 Ayitou, A. J.-L.; Jesuraj, J. L.; Barooah, N.; Ugrinov, A.; Sivaguru, J. J. Am. Chem. Soc. 2009, 131, 11314. 
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from benzyl amine 6.22a in 87% yield as a benzylic radical precursor, from cyclohexylamine 6.22b 

and 6.22c in 60% and 71% yield as secondary radical precursors, and from phenethylamine 6.22d 

in 95% yield as a primary radical precursor (Scheme 139). As we were aware that this strategy is 

not redox economical due to the additional reduction of the benziodoxolone radical at the end of 

the reaction, we envisioned using several external sources of reductants, such as classical 

trimethylamine (6.45), but also 1,4-dimethoxynaphtalene (6.46). 

 

Scheme 139: Synthesis of pyridinium salts 

 

Using cyclohexylamine based pyridinium 6.44b, we started the investigation of the 

photoredox catalyzed fragmentation. In presence of trimethylamine, with 4CzIPN (2.71), 

Ir(dF(CF3)ppy)2dtbbpyPF6 (2.59)or Ir(ppy)2dtbbpyPF6 (2.58) in DMA or in DCE, no conversion 

nor alkynylated product was observed (Scheme 140, eq 1). Replacing trimethylamine by 1,4-

dimethoxynaphtalene (6.46) as the electron source did not change the outcome of the reaction (eq 

2). However, the pyridinium being electron acceptor and 1,4-dimethoxynaphtalene, it was 

envisioned that an electron donor-acceptor complex (EDA) 6.47 could be possible. In fact, a 

stoichiometric solution in DMA is yellow, and thereby absorbing visible light. This prompted us 

to attempt the catalyst free transformation, which unfortunately resulted in no conversion (eq 3). 

An interesting yet empirical correlation that we already observed in several cases: when oxidative 

quenching is involved, the combination of alkynylsulfones and stoichiometric reductants is much 

better than the combination of EBX (2.95) and reductants. This observation led us to believe that 

it might be worthwhile repeating these experiments with alkynylsulfones reagents, typically under 

the conditions of Chen and König (see section 2.3.4.). 
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Scheme 140: Use of pyridinium salts under visible light irradiation with EBX reagents 

 

In fact, during the course of our studies, two methods for the deamination under photoredox 

oxidative quenching taking advantage of the easily reduced Katritzky salts have been developed. 

First, Glorius and coworkers reported the deaminative heteroarylation.137  And then very recently, 

Gryko described a deamination alkynylation using pyridinium salts and alkynylsulfones (Equation 

18).220 They also confirmed that EBX reagents are not suitable for these reactions conditions, while 

bromoalkynes gave low yields.  

 

Equation 18: Photoredox catalyzed alkynylation using alkynylsulfones 
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Finally, using bromoalkynes and pyridinium salts, a deamination alkynylation using nickel 

catalysis could be envisioned according to Watson methods (Scheme 141, eq 1). It would be 

interesting to verify if the catalyst preformed by mixing bromoalkyne and nickel in presence of 

electron-rich ligand is redox active or not, and if it could reduce the pyridinium salt under Watson 

conditions (Scheme 141, eq 2).436 So far, the catalytic reaction has not yet been tried. 

 

Scheme 141: Merging Watson deamination strategy with bromoalkynes 

 

To conclude, using primary alkylamines as radical precursors is highly attractive. We 

believe that the generation of alkyl radicals from alkylamines under reductive quenching is still of 

paramount importance to fully harness the potential of alkylamines as radical precursors, thus 

allowing the scope of possible transformations to be widened. The design of the activating group 

is central to develop an efficient method. Our preliminary results revealed the potential of 

photoredox generated imidoyl radicals and their -scission for the generation of reactive 

intermediates. In the future, more efforts should be done on the synthesis of the radical precursors, 

and maybe tested with various SOMOphiles instead of only EBX reagents. 

 

                                                             
436 Mechanism generally proposed in such transformation. See: PhD thesis of Dr Corey Howard Basch, University of 
Delaware (USA) Nickel-Catalyzed Cross-Couplings Via Activation of Alkyl Carbon-Nitrogen Bonds, 2018. 
http://udspace.udel.edu/handle/19716/23729 
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7. General conclusion – Outlook 
 

The research work discussed in this thesis aimed to develop novel alkyne and nitrile 

transfers using hypervalent iodine reagents and decarboxylation mediated by photoredox catalysis, 

and to explore the mechanism of radical alkynylation and cyanation using EBX and CBX reagents. 

In this context, a unified decarboxylative alkynylation and cyanation strategy was presented 

(Scheme 142). (Ir[dF(CF3)ppy]2(dtbbpy))PF6 was identified as a versatile well-balanced 

photocatalyst for these transformations, in which the catalyst loading could be decreased to 0.1 

mol%. CsOBz was shown to be a mild base, allowing the tolerance of TIPS protected alkyne and 

probably a controlled generation of cesium carboxylates leading to a controlled generation of alkyl 

radicals. A broad scope of silyl, aryl and alkyl alkynes can be transferred, and amino, oxy and 

aliphatic acids were suitable in this transformation. On the other hand, the decarboxylative 

cyanation was limited to amino and oxy acids, to prevent the formation of anhydrides. Most of the 

amino acids could be used in this pioneering photoredox cyanation using the CBX reagent. 

However, when the reaction with amino acids was not productive, we identified the formation of 

hydantoins in modest yield. We then further optimized this new and practical synthesis of 

hydantoins starting from chiral pool amino acids using CBX and DMAP, in which full retention of 

configuration is observed. Finally, the mechanism of the radical alkynylation and cyanation was 

investigated both experimentally and computationally. The reductive quenching was identified via 

Stern Volmer experiments and the existence of alkyl radical intermediates was highlighted with a 

radical clock. DFT calculations were helpful to get insights on the transition state of the alkyne or 

nitrile transfer. For alkynylation, the most favored mechanism is concerted and purely radical 

involving a three centers transition state. On the other hand, the cyanation of -amino radicals is 

possible using a similar concerted mechanism; however, an additional SET between CBX and -

amino radical showed clearly lower energy barriers. The following fragmentation of the CBX 

radical anion, followed by nucleophilic addition of cyanide to the iminium is more favored. 
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Scheme 142: Photoredox catalyzed decarboxylative alkynylation and cyanation of carboxylic acids 

 

In the second part, the development of new fine-tuned dyes based on the scaffold of 4CzIPN 

for the oxidation of substrates with high oxidation potential was described (Equation 19). The 

introduction of halogens allowed the synthesis of strongly oxidizing dyes, whereas the introduction 

of alkyl groups decreased the reduction potential of the dye. Interestingly, the increase of the 

reduction potential was related to the size of the halogens, and not to their electronegativity. These 

dyes were then successfully used in fragmentation alkynylation reactions, where a carboxylate is 

used to quench the excited state of the dye and initiate the radical cascade. First, 4 and 5 membered 

ring cyclic oxime ethers were successfully converted into the - or -alkynylnitriles in good to 

excellent yields. Such compounds are highly useful in formal [2+2+2] cycloaddition reactions to 

build highly substituted pyridines. This reaction was developed to accommodate a low catalyst 

loading, fast reaction, and a one-pot transformation. 
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Equation 19: Photoredox catalyzed fragmentation alkynylation of oxime ethers using fine-tuned organic dyes 

 

The fragmentation alkynylation of oxalates was subsequently tested. Optimized conditions 

were found using fine-tuned reagents bearing electron donating substituents on the EBX core. 

4CzIPN was the best photocatalyst and excellent yield on the model substrate was obtained. On 

the other hand, exploration of the scope revealed some limitations with modest yields. The use of 

CBX and  VBX is possible, albeit in a lower yield than EBX. Thiooxalates can be also used as an 

alternative source of alkyl radicals, and preliminary results were obtained in the desulfurization 

alkynylation process. Finally, a deaminative strategy was explored by harnessing -scission of 

imidoyl radicals. -imino acids would have been excellent substrates, however their synthesis was 

not an easy task. Preliminary results shown that a metal free photoredox catalyzed deamination 

alkynylation using -oxo acids as activating group and EBXs as alkyne source could be possible. 

 

Several further interesting developments can be envisaged: 

(i) More investigations on the preliminary results obtained on the C-O, C-S and C-N 

cleavage for the generation of alkyl radicals under reductive quenching from 

broadly available alcohols, thiols, and primary amines. Optimization of -imino 

acids is required. As a new activation mode, this work may be beneficial for other 

transformations.  

(ii) Enantioselective transformations would be of high interest. The combination of 

bromo-alkynes, nickel catalyst, chiral ligand and an organic dye for the 

development of the asymmetric decarboxylative alkynylation could be envisioned 

and would be highly desirable.437 The decarboxylative cyanation of amino-acids 

                                                             
437 Preliminary and unpublished results. (Classified, not treated in this thesis)  
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may be achieved by the use of chiral phosphoric acids, copper catalysis, or recently 

introduced chiral bis-hydroxy polyether.438 

(iii) The decarboxylative cyanation followed by hydrolysis could be applied for 

labelling experiments in biochemistry using 13C-enriched CBX (13C labelled 

carboxylic acids). Using 14C, similar labelling could be possible taking advantage 

of the radioactive properties of 14C.439 

(iv) The potential of EBX as an efficient radical trap with broad tolerance is currently 

under investigation in our group in photoredox catalyzed C-terminal selective 

bioconjugation of peptides (and proteins).440 For this purpose, enhanced selectivity 

could be obtained by using 4CzIPN and its new derivatives synthesized in this 

thesis: 4ClCzIPN towards glycine residues and 4tBuCzIPN towards tryptophan or 

tyrosine residues. 

(v) To enhance the overall synthetic efficiency, multicomponent reactions would be 

highly important. One possibility could be driven by the nature of the radical 

intermediates: starting from an electrophilic radical, radical addition to an olefin or 

isonitrile would deliver an intermediate nucleophilic radical, which upon trapping 

by EBX would release the expected MCR-product.441 

(vi) The development of a decarboxylative azidation under photoredox conditions was 

tested, and proved difficult using ABX derivatives. It is still highly desirable, 

especially if it can be transposed to biomolecules. Recently, many radical azidations 

involved sulfonylazide derivatives, where commonly used TsN3 is not always the 

best reagent.442 A screening of such reagents with organic dyes may allow the 

efficient metal free photoredox catalyzed decarboxylative azidation. 

                                                             
438 Yan, H.; Oh, J. S.; Lee, J. W.; Song, C. E. Nat. Commun. 2012, 3, 1212. 
439 Derdau, V. J. Label. Compd. Radiopharm. 2018, 1. DOI: 10.1002/jlcr.3630. 
440 Garreau, M.; Le Vaillant, F.; Waser, J. submitted. 
441 During the reviewing of the present thesis, a first example of such MCR has been developed by Studer and 
coworkers. See: Jiang, H.; Studer, A. Chem. Eur. J. 2018, 24, DOI: 10.1002/chem.201805490. 
442 For selected example, see: (a) In 2015, a seminal work on radical decarboxylative azidation of free carboxylic acids 
was developped by Li and coworkers using silver nitrate catalyst, potassium persulfate as oxidant and various sulfones 
as azide sources. (TsN3, 3-PySO2N3 and PhSO2N3 provided complementary results). Liu, C.; Wang, X.; Li, Z.; Cui, 
L.; Li, C. J. Am. Chem. Soc. 2015, 137, 9820. (b) Leonori and coworkers found that 2,4,6-Triisopropylbenzenesulfonyl 
azide can be used in photoredox catalyzed transformations while reactions using ABX and TsN3 did not afford the 
expected product or in low yields. For iminoazidation of olefins, see: ref 384; for fragmentation azidation of cyclic 
oxime ethers, see ref 393. 
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8. Experimental part 

8.1 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). NEt3 and pyridine were 
distilled under nitrogen from KOH. The solvents were degassed by Freeze-Pump-Thaw method 
when mentioned. All chemicals were purchased from Acros, Aldrich, Fluka, VWR, Aplichem or 
Merck and used as such unless stated otherwise. All carboxylic acid starting materials were 
commercially available and used as received. Chromatographic purification was performed as flash 
chromatography using Macherey-Nagel silica 40-63, 60 Å, using the solvents indicated as eluent 
with 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 chloroform-d, DMSO-d6 or CD3OD, all signals are reported in ppm with the 
internal chloroform signal at 7.26 ppm, the internal DMSO signal at 2.50 ppm or the internal 
methanol signal at 3.30 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 chloroform-d, DMSO-d6 or 
CD3OD, all signals are reported in ppm with the internal chloroform signal at 77.0 ppm, the internal 
DMSO signal at 39.5 ppm or the internal methanol signal at 49.0 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. Reactions were performed in test tubes (1.0 
to 10 mL) which were hold using a rack for test tubes placed at the center of a crystallization flask, 
the latter was filled by water, in order to keep the temperature as constant as possible. On this flask 
were attached the blue LEDs (RUBAN LED 5MÈTRES - 60LED/M - 3528 BLEU - IP65 with 
Transformateur pour Ruban LED 24W/2A/12V, bought directly on RubanLED.com). The distance 
between the LEDs and the test tubes was approximatively 5 cm. Long irradiation resulted in 
temperature increasing up to 34°C during overnight reactions. 
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8.2 Decarboxylative alkynylation 

8.2.1 Preparation of Reagents and Catalysts 
 

1-Hydroxy-1,2-benziodoxol-3-(1H)-one (2.106) 

 

Following a reported procedure,443 NaIO4 (7.24 g, 33.8 mmol, 1.05 equiv) and 2-iodobenzoic acid 
(2.105) (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 rt, 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 2.106 (8.3 g, 31 mmol, 98%) as a colorless 
solid. 
1H NMR (400 MHz, (CD3)2SO) δ 8.02 (dd, 1 H, J = 7.7, 1.4 Hz, ArH), 7.97 (m, 1 H, ArH), 7.85 
(dd, 1 H, J = 8.2, 0.7 Hz, ArH), 7.71 (td, 1 H, J = 7.06, 1.2 Hz, 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 reported values correspond to the ones in 
literature.443 

Triisopropylsilyl trimethylsilylacetylene (4.15a) 

 

Following a reported procedure,444 n-butyllithium (2.5 M in hexanes, 12.0 mL, 29.9 mmol, 0.98 
equiv) was added dropwise to a stirred solution of ethynyltrimethylsilane (S2.1) (3.0 g, 30 mmol, 
1.0 equiv) in THF (48 mL) at -78 °C. The mixture was then warmed to 0 °C and stirred for 5 min. 
The mixture was then cooled back to -78 °C and chlorotriisopropylsilane (6.4 mL, 30 mmol, 1.0 
equiv) was added dropwise. The mixture was then allowed to warm to room temperature and stirred 
overnight. A saturated solution of ammonium chloride (40 mL) was added, and the reaction mixture 
                                                             
443 Kraszkiewicz, L.; Skulski, L.  Arkivoc. 2003, 6, 120. 
444 Helal, C. J.; Magriotis, P. A.; Corey, E. J. J. Am. Chem. Soc. 1996, 118, 10938. 
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was extracted with diethyl ether (2 x 60 mL). The organic layer was washed with water and brine, 
then dried over MgSO4, filtered and concentrated under reduced pressure to obtain a colorless 
liquid which was further purified by Kugelrohr distillation (56-57°C/0.25 mmHg) to yield 4.15a 
(7.16 g, 28.0 mmol, 92% yield) as a colorless liquid.  

1H NMR (400 MHz, CDCl3) δ 1.08 (m, 21 H, TIPS), 0.18 (s, 9 H, TMS). IR ν 2959 (m), 2944 (m), 
2896 (w), 2867 (m), 1464 (w), 1385 (w), 1250 (m), 996 (w), 842 (s), 764 (s), 675 (m), 660 (m). 
Characterization data of 4.15a corresponded to the literature values.444 

1-[(Triiso-propylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one (TIPS-EBX, 2.95a) 

 

Following a reported procedure,270 2-iodosylbenzoic acid (2.106) (21.7 g, 82.0 mmol, 1.0 equiv) 
was charged in oven-dried three-neck 1L flask equipped with a magnetic stirrer. After 3 
vacuum/nitrogen cycles, anhydrous acetonitrile (500 mL) was added via canula and cooled to 0 °C. 
Trimethylsilyltriflate (16.4 mL, 90.0 mmol, 1.1 equiv) was added dropwise via a dropping funnel 
over 30 min (no temperature increase was observed). After 15 min, 
(trimethylsilyl)(triisopropylsilyl)acetylene (4.15a) (23.0 g, 90.0 mmol, 1.10 equiv) was added via 
canula over 15 min (no temperature increase was observed). After 30 min, the suspension became 
an orange solution. After 10 min, pyridine (7.0 mL, 90 mmol, 1.1 equiv) was added via syringe. 
After 15 min, the reaction mixture was transferred in a one-neck 1L flask and reduced under 
vacuum until a solid was obtained. The solid was dissolved in DCM (200 mL) and transferred in a 
1L separatory funnel. The organic layer was added and washed with 1 M HCl (200 mL) and the 
aqueous layer was extracted with CH2Cl2 (200 mL). The organic layers were combined, washed 
with a saturated solution of NaHCO3 (2 x 200 mL), dried over MgSO4, filtered and the solvent was 
evaporated under reduced pressure. Recrystallization from acetonitrile (ca 120 mL) afforded 2.95a 
(30.1 g, 70.2 mmol, 86%) as colorless crystals. 

Mp (Dec.) 170-176 °C. 1H NMR (400 MHz, CDCl3) δ 8.44 (m, 1 H, ArH), 8.29 (m, 1 H, ArH), 
7.77 (m, 2 H, ArH), 1.16 (m, 21 H, TIPS). 13C NMR (100 MHz, CDCl3) δ 166.4, 134.6, 132.3, 
131.4, 131.4, 126.1, 115.6, 114.1, 64.6, 18.4, 11.1. IR ν 2943 (m), 2865 (m), 1716 (m), 1618 (m), 
1604 (s), 1584 (m), 1557 (m), 1465 (m), 1439 (w), 1349 (m), 1291 (m), 1270 (w), 1244 (m), 1140 
(m), 1016 (m), 999 (m), 883 (m), 833 (m), 742 (m), 702 (s), 636 (m); Characterization data of 2.95a 
corresponded to the literature values.270 

1-Chloro-1,3-dihydro-3,3-bis(trifluoromethyl)-1,2-benziodoxole (S2.4) 
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Following a reported procedure,445 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 S2.2 (7.0 mL, 42 mmol, 1.0 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 portion wise 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 layers were combined, washed twice with saturated NaS2O3 (2 x 50 mL), 
dried over MgSO4, filtered and reduced to afford 15.6 g of S2.3 as an brown oil which was used 
without further purification.  

The crude oil was dissolved in wet CH2Cl2 (40 mL) in the dark under air. tBuOCl (5.2 mL, 44 
mmol, 1.05 equiv) was then added dropwise at 0 °C. After 30 min, the resulting suspension was 
filtered to afford S2.4 (7.30 g, 18.1 mmol, 43%) as a yellow solid. The mother liquors were 
carefully reduced to one third and filtered to afford S2.4 (3.51 g, 8.71 mmol, 21%) as a yellow 
solid. Combined yield: 64%.  

Mp 167 – 169 °C. 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. Consistent with reported values.445 

1-Hydroxy-3,3-bis(trifluoromethyl)-3-(1H)-1,2-benziodoxole (S2.5) 

 

Following a preported procedure,446 Et3BnNCl (83 mg, 0.36 mmol, 0.05 equiv) was added to a 
stirring solution of S2.4 (10.7 g, 26.5 mmol, 1 equiv) in CH2Cl2 (150 mL) and KOH (1.48 g, 26.5 
mmol, 1 equiv) in water (28 mL). The reaction was kept under air until TLC indicated that all 

                                                             
445 Perozzi, E. F.; Michalak, R. S.; Figuly, G. D.; Stevenson, W. H.; Dess, D. B.; Ross, M. R.; Martin, J. C. J. Org. 
Chem. 1981, 46, 1049. 
446 Blake, A. J.; Novak, A.; Davies, M.; Robinson, R. I.; Woodward, S. Synth. Commun. 2009, 39, 1065. 
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starting material was consumed. The organic layer was separated and dried over MgSO4. The 
resulting solid was purified over a silica plug eluting with EtOAc, then recristallized in EtOAC (30 
mL) and washed with pentane to afford S2.5 (7.42 g, 19.2 mmol, 73%) as a white solid. 1H NMR 
(400 MHz, DMSO) δ 7.96 (m, 2 H, ArH), 7.73 (m, 2 H, ArH). 13C NMR (101 MHz, DMSO) δ 
133.3, 131.0, 130.8, 128.9, 127.9, 123.4 (q, J = 290 Hz), 117.2, 83.7 (m). IR 1464 (w), 1435 (w), 
1290 (w), 1263 (m), 1185 (s), 1139 (s), 1103 (m), 1041 (w), 1021 (w), 952 (s), 760 (m), 730 (m), 
692 (m).  

 

1-[(Triisopropylsilyl)ethynyl]-3,3-bis(trifluoromethyl)-3(1H)-1,2-benziodoxole (4.9e) 

 

TMSOTf (3.80 g, 17.1 mmol, 1.1 equiv) was added to S2.5 (6.00 g, 15.5 mmol, 1.0 equiv) in 
CH2Cl2 (200 mL) at RT. After 20 min, the solution was concentrated at 0 °C under reduced 
pressure. After evaporation of the solvent, the reaction flask was directly filled with Ar, to prevent 
decomposition of the hygroscopic triflate intermediate. Then the resulting yellow solid was 
dissolved in CH3CN (200 mL). (Trimethylsilyl)(triiso-propylsilyl)acetylene (4.15a) (5.14 g, 20.2 
mmol, 1.3 equiv) was added and after 20 min several drops of pyridine were added. The reaction 
was then concentrated under vacuum, dissolved in Et2O and filtered over a silica plug (eluant Et2O). 
The resulting solid was recrystallized from pentane to afford 4.9e (5.43 g, 9.87 mmol, 64%) as 
white crystals.  

Rf (PET/Et2O 95/5): 0.4. Mp 131 – 132 °C. 1H NMR (400 MHz, CDCl3) (ca 0.10 mmol/mL) δ 
8.36 (dd, 1 H, J = 7.9, 1.7 Hz, ArH), 7.84 (d, 1 H, J = 6.7 Hz, ArH), 7.68 (m, 2H, ArH), 1.15 (m, 
21 H, TIPS). 13C NMR (101 MHz, CDCl3) δ 132.7, 131.1, 129.9, 129.9 (m), 128.2, 123.6 (q, 288 
Hz), 112.1, 110.8, 81.4 (m), 69.7, 18.5, 11.2. Characterization data of S2.6 corresponded to the 
literature values.272 

 

 

Phenyl(triisopropylsilyl)iodonium triflate (4.9a) 
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Following a slight modification of the reported procedure,447 phenyliodonium diacetate (2.88) 
(2.53 g, 7.85 mmol, 1.00 equiv) was diluted with DCM (7 mL) and the mixture was stirred for 5 
minutes. Tf2O (0.60 mL, 3.9 mmol, 0.50 equiv.) was added dropwise at 0 °C and the resulting 
yellow mixture was stirred 30 min. (Trimethylsilyl)(triisopropylsilyl)acetylene (4.15a) (2.00 g, 
7.86 mmol, 1.00 equiv) was added and the mixture was then stirred 2 h. Water was then added (30 
mL) followed by extraction of the aqueous layer with DCM (2 x 30 mL). The combined organic 
layers were dried over MgSO4, filtered and the solvent was evaporated under reduced pressure. 
The resulting solid was triturated in hexane (10 mL). Filtration and removal of solvent in vacuo 
afforded phenyl(triisopropylsilyl)iodonium triflate (4.9a) (2.90 g, 11.2 mmol, 70% yield) as a 
colorless solid. 

Melting point: 109 – 114 °C. 1H NMR (400 MHz, CDCl3) δ 8.09 (m, 2 H, ArH), 7.65 (m, 1 H, 
ArH), 7.52 (m, 2 H, ArH), 1.15-1.01 (m, 21 H, TIPS); 13C NMR (100 MHz, CDCl3) δ 133.7, 132.5, 
132.4, 119.7, 117.6, 117.6, 44.9, 18.3, 11.1; IR ν 3288 (w), 3088 (m), 2949 (m), 2894 (m), 2869 
(w), 1563 (m), 1467 (w), 1451 (w), 1388 (w), 1281 (s), 1236 (s), 1221 (s), 1174 (s), 1068 (w), 1028 
(s), 988 (m), 916 (m), 884 (m), 736 (s), 679 (m), 639 (s); HRMS (ESI) calcd for C17H26ISi+ (M-
OTf) 385.0843; found 385.0812; the reported values corresponded to the ones in literature.270 

2-Iodo-1-triisopropylsilyl acetylene (4.9b) 

 

Following a reported procedure,448 MeLi•LiBr (1.5 M in diethyl ether, 1.1.mL, 1.6 mmol, 1.0 
equiv) was added to a stirred solution of triisopropylsilylacetylene (S2.6) (0.36 mL, 1.6 mmol, 1.0 
equiv) in dry THF (1.8 mL), cooled at -78 °C, and the mixture was allowed to react for 1 h at that 
temperature. A solution of I2 (457 mg, 1.80 mmol, 1.25 equiv) in dry THF (2.7 mL) was then added 
dropwise and the mixture was stirred for 1.5 h at -78°C. The mixture was then diluted with brine 
(6 mL) and the aqueous layer was extracted with ether (3 x 10 mL). The combined organic layers 
were washed with a saturated aqueous solution of Na2S2O3 (3 x 20 mL), dried over MgSO4 and 

                                                             
447 Kitamura, T.; Kotani, M.; Fujiwara, Y. Synthesis 1998, 10, 1416. 
448 López S.; Fernández-Trillo F.; Midón P.; Castedo L.; Saá J. Org. Chem. 2005, 70, 6346. 
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concentrated under reduced pressure. Purification by column chromatography (SiO2, hexane) 
afforded 2-iodo-1-triisopropylsilyl acetylene (4.9b) (0.470 g, 1.52 mmol, 94% yield) as a colorless 
oil. 

1H NMR (400 MHz, CDCl3) δ 1.10-1.04 (m, 21 H, TIPS); 13C NMR (100 MHz, CDCl3) δ 100.8, 
18.5, 11.4 (one acetylene carbon was not resolved); the reported values correspond to the ones in 
literature.448  

Triisopropyl((phenylsulfonyl)ethynyl)silane (4.9d) 

 

Following a reported procedure,278 a stirring bar was placed in a 7.5 mL microwave tube with a 
cap (not sealed at this moment), and flamed dry under high vacuum. After cooling down to r.t. and 
filled with nitrogen, DABSO (48 mg, 0.20 mmol) was added in to the microwave tube. The tube 
was sealed, evacuated and filled with nitrogen four times. Anhydrous THF (0.65 mL) was added, 
and the tube was replaced in a -40 C (MeCN + dry ice) bath for 10 min. Phenyl magnesium 
bromide (S2.7) (0.20 mL, 0.20 mmol) was added, and the reaction mixture was stirred for 1 h. The 
cooling bath was then removed, and the resulting solution was stirred at r.t. for another 1 h. 

The sealed cap was removed, and DMF 0.65 mL and TIPS-EBX (2.95a) (103 mg, 0.240 mmol) 
were subsequently added to the resulting solution and stirred for further 5 min. The reaction was 
quenched by adding 1 M HCl (2 mL). The resulting layers were separated and the aqueous layer 
was extracted with EtOAc (3x5 mL). All of the organic layers were combined, washed with (sat.) 
NaHCO3, dried over MgSO4, and filtrated. The organic solvent was removed under reduced 
pressure to give the crude product. The crude product was purified by column chromatography to 
afford the desired product 4.9d as a colorless gel (55 mg, 0.17 mmol, 85% yield).  

Rf 0.5 (pentane/EtOAc 5/1, KMnO4); pentane/EtOAc 5/1 was used as the eluting solvents for 
purification. 1H-NMR (400 MHz, CDCl3) δ 8.07 – 7.97 (m, 2H, Ar-H), 7.70 – 7.61 (m, 1H, Ar-H), 
7.57 (ddd, J = 8.2, 6.6, 1.3 Hz, 2H, Ar-H), 1.19 – 0.95 (m, 21H, SiiPr3). 13C-NMR (101 MHz, 
CDCl3) δ 142.1, 134.0, 129.2, 127.2, 100.9, 100.6, 18.3, 10.8. IR 4352(w), 3853(w), 3661(s), 
3227(w), 2939(br), 2124(w), 1934(w), 1452(m), 1407(s), 1407(s), 1251(s), 1055(s), 893(s), 
795(m).  The reported values corresponded to the ones in literature.278 

 

 

tertButyldiphenylsilyl trimethylsilylacetylene (4.15e) 
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Following a reported procedure,449 n-butyllithium (2.5 M in hexanes, 8.0 mL, 20 mmol, 0.98 equiv) 
was added dropwise to a stirred solution of ethynyltrimethylsilane (S2.1) (2.90 mL, 20.4 mmol, 1.0 
equiv) in THF (30 mL) at –78 °C. The mixture was then warmed to 0 °C and stirred for 5 min. The 
mixture was then cooled back to –78 °C and tert-butylchlorodiphenylsilane (6.4 mL, 30 mmol, 1.0 
equiv) was added dropwise. The mixture was then allowed to warm to room temperature and stirred 
overnight. A saturated solution of ammonium chloride (30 mL) was added, and the reaction mixture 
was extracted with diethyl ether (2 x 50 mL). The organic layer was washed with water and brine, 
then dried over MgSO4, filtered and concentrated under reduced pressure to obtain a colorless 
liquid which was further purified by Kugelrohr distillation (bp = 150°C, p = 0.25 mmHg) to yield 
4.15e (2.95 g, 8.76 mmol, 44% yield) as a colorless liquid.  
1H NMR (400 MHz, CDCl3) δ 7.80 (m, 4H, ArH), 7.38 (m, 6H, ArH), 1.08 (s, 9H, tBu), 0.27 (s, 
9H, TMS). 13C NMR (101 MHz, CDCl3) δ 135.6, 133.2, 129.5, 127.7, 119.0, 108.7, 27.0, 18.5, -
0.0. The characterization data for compound 4.15e corresponded to the reported values.449 

1-[(tertButyldiphenylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one (2.95e) 

 

Following a reported procedure,269b trimethylsilyltriflate (1.58 mL, 8.70 mmol, 1.1 equiv, freshly 
distilled) was added dropwise to a stirred solution of 2-iodosylbenzoic acid (2.105) (2.07 g, 7.90 
mmol, 1.0 equiv) in acetonitrile (30 mL). Butyldiphenyl((trimethylsilyl)ethynyl)silane (4.15e) 
(2.95 g, 3.70 mmol, 1.1 equiv) was then added dropwise, followed, after 15 min, by the addition 
of pyridine (710 μL, 3.70 mmol, 1.1 equiv). The mixture was stirred 10 min. The solvent was then 
removed under reduced pressure and the yellow crude oil was dissolved in dichloromethane. The 
organic layer was washed with 1 M HCl and the aqueous layer was extracted with CH2Cl2. The 
organic layers were combined, washed with a saturated solution of NaHCO3, dried over MgSO4, 
filtered and the solvent was evaporated under reduced pressure. The resulting oil was stirred in 
hexane and ether and then reduced under vacuum to afford a colorless solid. Recrystallization from 
acetonitrile (ca 20 mL) afforded 2.95e (2.77 g, 5.42 mmol, 69%) as a colorless solid. 

1H NMR (400 MHz, CDCl3) (ca 0.12 mmol/mL) δ 8.43 (d, J = 6.5 Hz, 1H, ArH), 8.29 (d, J = 8.2 
Hz, 1H, ArH), 7.82 (d, J = 6.6 Hz, 4H, ArH), 7.75 (t, J = 7.2 Hz, 1H, ArH), 7.66 (m, 1H, ArH), 

                                                             
449 Cuadrado, P.; Gonzalez-Nogal, A. M.; Valero, R. Tetrahedron 2002, 58, 4975. 
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7.53-7.41 (m, 6H, ArH), 1.21 (s, 9H, tBu).13C NMR (101 MHz, CDCl3) δ 166.6, 135.5, 134.8, 
132.4, 131.5, 131.3, 130.2, 128.1, 126.3, 116.0, 112.2, 68.5, 27.0, 18.7. One carbon was not 
resolved. IR νmax 3072 (w), 2958 (w), 2932 (w), 2865 (w), 2860 (w), 2248 (w), 1649 (w), 1622 
(m), 1561 (w), 1471 (w), 1430 (w), 1336 (w), 1297 (w), 1253 (w), 1113 (w), 1008 (w), 906 (s), 
821 (w), 727 (s), 647 (m). The characterization data for compounds 2.95e corresponded to the 
reported values.269b 

Triethyl trimethylsilylacetylene (4.15o) 

 
Following a reported procedure, 449 n-butyllithium (2.5 M in hexanes, 5.4 mL, 14 mmol, 1.0 equiv) 
was added dropwise to a stirred solution of ethynyltrimethylsilane (S2.1) (1.36 g, 13.8 mmol, 1.00 
equiv) in THF (21 mL) at -78 °C. The mixture was then warmed to 0 °C and stirred for 5 min. The 
mixture was then cooled back to -78 °C and chlorotriethylsilane (2.3 mL, 14 mmol, 0.98 equiv) 
was added dropwise. The mixture was then allowed to warm to room temperature and stirred 
overnight. A saturated solution of ammonium chloride (20 mL) was added, and the reaction mixture 
was extracted with diethyl ether (2 x 20 mL). The organic layer was washed with water and brine, 
then dried over MgSO4, filtered and concentrated under reduced pressure to obtain a colorless 
liquid which was further purified by Kugelrohr distillation to yield 4.15o (3.4 g, 11 mmol, 83% 
yield) as a colorless liquid.  
1H NMR (400 MHz, CDCl3) δ 0.99 (t, J = 7.9 Hz, 9 H, SiCH2CH3), 0.59 (q, J = 7.9 Hz, 6 H, 
SiCH2CH3), 0.17 (s, 9 H, TMS). 13C NMR (100 MHz, CDCl3) δ 115.4, 111.2, 7.4, 4.4, 0.0. IR ν 
2958 (m), 2913 (m), 2879 (m), 1462 (w), 1414 (w), 1381 (w), 1250 (m), 1015 (m), 973 (w), 908 
(w), 844 (s), 773 (s), 731 (s), 702 (sh), 679 (sh). Consistent with reported data.274b 

1-[(Triethylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one (2.95o) 

 

Following a reported procedure,269b trimethylsilyltriflate (2.78 mL, 15.4 mmol, 1.1 equiv, freshly 
distilled over CaH2) was added dropwise to a stirred solution of 2-iodosylbenzoic acid (2.106) (3.71 
g, 14.0 mmol, 1.0 equiv) in acetonitrile (50 mL). After 15 min, 
(trimethylsilyl)(triethylsilyl)acetylene (4.15o) (3.26 g, 15.4 mmol, 1.1 equiv) was then added 
dropwise. After 30 min pyridine (1.25 mL, 15.4 mmol, 1.1 equiv) was added and the mixture was 
stirred for an additional 15 min. The solvent was then removed under reduced pressure and the 
yellow crude oil was dissolved in dichloromethane (50 mL). The organic layer was washed with 1 
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M HCl (50 mL), and the aqueous layer was extracted with CH2Cl2 (50 mL). The organic layers 
were washed twice with saturated NaHCO3 (75 mL), dried over MgSO4, filtered and the solvent 
was evaporated under reduced pressure.  The resulting solid was recristalized twice in CH3CN. The 
solid was washed with cold acetonitirile, hexanes and dried under high vacuum to afford 2.95o 
(2.95 g, 7.64 mmol, 55% yield) as a slightly brown solid.  

Mp (Dec.) 155 – 158 °C. 1H NMR (400 MHz, CDCl3) δ 8.40 (m, 1 H, ArH), 8.24 (m, 1 H, ArH), 
7.75 (m, 2 H, ArH), 1.06 (t, J = 8.0 Hz, 9 H, SiCH2CH3), 0.73 (q, J = 8.0 Hz; 6H, SiCH2CH3). 13C 
NMR (100 MHz, CDCl3) δ 166.5, 134.8, 132.5, 131.6, 131.3, 126.1, 115.5, 115.1, 64.6, 7.4, 4.1. 
IR ν 3064 (w), 3062 (m), 2957 (m), 2911 (m), 2877 (m), 1621 (s), 1587 (m), 1561 (m), 1460 (m), 
1440 (m), 1415 (w), 1378 (w), 1336 (m), 1297 (m), 1237 (w), 1149 (w), 1113 (w), 1010 (m), 976 
(w), 912 (w), 912 (w), 834 (m), 804 (w), 739 (s), 693 (m), 675 (m), 647 (w). Consistent with 
reported data.269b 

 

1-[(Trimethylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one (2.95n) 

 
Following a reported procedure,450 trimethylsilyltriflate (2.8 mL, 15 mmol, 1.4 equiv, freshly 
distilled) was added dropwise to a stirred solution of 2-iodosylbenzoic acid (2.106) (3.00 g, 11.4 
mmol, 1.00 equiv) in acetonitrile (85 mL) until the mixture turned colorless. 
Bis(trimethylsilyl)acetylene (2.14 g, 12.5 mmol, 1.10 equiv) was then added dropwise, followed, 
after 20 min, by the addition of pyridine (1.2 mL, 15 mmol, 1.4 equiv). The mixture was stirred 30 
min. The solvent was then removed under reduced pressure and the yellow crude oil was dissolved 
in dichloromethane (80 mL). The organic layer was washed with a large amount of water (130 
mL), and the aqueous layer was extracted with CH2Cl2 (3 x 65 mL). The organic layer was washed 
with brine (130 mL), dried over MgSO4, filtered and the solvent was evaporated under reduced 
pressure. Recrystallization from acetonitrile (2.3 mL) afforded 2.95n (2.35 g, 6.84 mmol, 60% 
yield) as a colorless solid.  

Mp: 143-145 °C (dec); 1H NMR (400 MHz, CDCl3) δ 8.42 (dd, J = 6.4, 1.9 Hz, 1H, ArH), 8.19 
(m, 1H, ArH), 7.78 (m, 2H, ArH), 0.32 (s, 9H, TMS). 13C NMR (100 MHz, CDCl3) 166.4, 134.9, 
132.6, 131.7, 131.4, 126.1, 117.2, 115.4, 64.2, -0.5. IR νmax 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 

                                                             
450 Zhdankin, V. V.; Kuehl, C. J.; Krasutsky, A. P.; Bolz, J. T.; Simonsen, A. J.  J. Org. Chem. 1996, 61, 6547. 
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(m), 698 (m), 639 (m). The characterization data for compounds 2.95n corresponded to the reported 
values.450 

1-[Phenylethynyl]-1,2-benziodoxol-3(1H)-one (Ph-EBX, 2.95b) 

 
Following a reported procedure,

269b trimethylsilyltriflate (1.60 mL, 8.56 mmol, 1.1 eq.) was added 
dropwise to a stirred solution of 2-iodosylbenzoic Trimethylsilyl triflate (7.50 mL, 41.5 mmol, 1.1 
equiv) was added to a suspension of 2-iodosylbenzoic acid (2.106) (10.0 g, 37.7 mmol, 1 equiv) in 
CH2Cl2 (100 mL) at RT. The resulting yellow mixture was stirred for 1 h, followed by the dropwise 
addition of trimethyl(phenylethynyl)silane (S2.8) (8.10 mL, 41.5 mmol, 1.1 equiv) (slightly 
exothermic). The resulting suspension was stirred for 6 h at RT, 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 sat. 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 (300 mL). The mixture was 
cooled down, filtered and dried under high vacuum to afford 2.95b (6.08 g, 17.4 mmol, 46 %) as a 
colorless solid.  

Mp (Dec.) 155 – 160 °C. 1H NMR (400 MHz, CDCl3) (ca 0.03 mmol/ml) δ 8.46 (m, 1 H, ArH), 
8.28 (m, 1 H, ArH), 7.80 (m, 2 H, ArH), 7.63 (m, 2 H, ArH), 7.48 (m, 3 H, ArH). 13C NMR (101 
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. Consistent with reported data. 269b 

(Mesitylethynyl)trimethylsilane (4.15f) 

 
Following a reported procedure,

269b Iodomesitylene (S2.9) (1.05 g, 4.27 mmol, 1 equiv) was 
dissolved in Et3N (10 mL) (without prior drying). After three freeze-thraw-pump cycle, 
PdCl2(PPh3)2 (30 mg, 0.42 mmol, 0.1 equiv) and CuI (16 mg, 0.84 mmol, 0.2 equiv) were added 
under N2. After the addition of trimethylsilylacetylene (S2.1) (1.2 mL, 8.5 mmol, 2 equiv), the 
green suspension was stirred at RT for 1 h. The reaction mixture was reduced under vacuum, 
dissolved in CH2Cl2 (30 mL), washed with 5% EDTA solution (30 mL) and water (30 mL). The 
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organic layers were them dried over MgSO4, filtered and reduced under vacuum. The resulting oil 
was purified by column chromatography (PET) to afford 4.15f (526 mg, 2.43 mmol, 66%) along 
with 15% of starting material.  

Rf 0.5 (PET). 1H NMR (400 MHz, CDCl3) δ 6.87 (s, 2 H, ArH), 2.41 (s, 6 H, CH3), 2.29 (s, 3 H, 
CH3), 0.28 (s, 9 H, TMS). Used without further purification. 

1-[2,4,6-Trimethylphenylethynyl]-1,2-benziodoxol-3(1H)-one (Mes-EBX, 2.95f) 

 

Following a reported procedure,
269b Trimethylsilyl triflate (212 μL, 1.15 mmol, 1.1 equiv) was 

added to a suspension of 2-iodosylbenzoic acid (2.106) (1.00 g, 1.05 mmol, 1 equiv) in CH2Cl2 (4 
mL) at RT. The resulting yellow mixture was stirred for 1 h, followed by the dropwise addition of 
(mesitylethynyl)trimethylsilane (4.15f) (250 mg, 1.15 mmol, 1.1 equiv) dissolved in CH2Cl2 (1 
mL). The resulting suspension was stirred for 6 h at RT. A saturated solution of NaHCO3 (5 mL) 
was then added and the mixture was stirred vigorously. The layers were separated and the organic 
layer was washed with sat. NaHCO3 (10 mL), dried over MgSO4, filtered and evaporated under 
reduced pressure. The resulting solid was recrystallized in CH3CN (ca 20 ml). The mother liquors 
were concentrated and and the obtained solid recrystallized in CH3CN (4 mL). Both solids were 
combined, washed with pentane and dried under high vacuum to afford 2.95f (120 mg, 0.307 mmol, 
30%) as a tan solid.  

Mp (Dec.) 171– 175 °C. 1H NMR (400 MHz, CDCl3) (ca 0.01 mmol/ml) δ 8.38 (m, 1 H, ArH), 
8.28 (m, 1 H, ArH), 7.72 (m, 2 H, ArH), 6.92 (s, 2 H, MesH), 2.45 (s, 6 H, CH3), 2.31 (s, 3 H, 
CH3). 13C NMR (101 MHz, CDCl3) δ 166.7, 142.1, 140.5, 134.5, 132.2, 131.5, 131.3, 128.0, 126.2, 
117.5, 116.5, 105.1, 55.6, 21.4, 21.0. IR 2979 (w), 2916 (w), 2247 (w), 2131 (w), 1650 (m), 1623 
(m), 1562 (w), 1439 (w), 1333 (w), 1292 (w), 1212 (w), 1146 (w), 1008 (w), 906 (s), 855 (w), 833 
(w), 729 (s), 647 (m). Consistent with reported data.269b 

Trimethyl((4-(trifluoromethyl)phenyl)ethynyl)silane (4.15g)  

 
Following a slight modification of the reported procedure,315 a solution of trimethylsilyl acetylene 
(S2.1) (2.13 mL, 15.0 mmol, 1.5 equiv) was added drop wise to a mixture of 1-iodo-4-
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(trifluoromethyl) benzene (S2.10) (2.72 g, 10.0 mmol, 1 equiv), Pd(PPh3)2C12 (70 mg, 0.10 mmol, 
0.01 equiv), and copper (I) iodide (38 mg, 0.20 mmol, 0.02 equiv) in triethylamine (30 mL). The 
reaction mixture was stirred at room temperature for 3 h, concentrated and purified by column 
chromatography (pure pentane) to afford the corresponding product 4.15g (1.60 g, 6.60 mmol, 
66%) as a colorless oil. 

Rf 0.8 (pentane). 1H NMR (400 MHz, CDCl3) δ 7.56 (s, 4 H, ArH), 0.27 (s, 9 H, TMS). 13C NMR 
(101 MHz, CDCl3) δ 132.2, 130.1 (q, J = 32.5 Hz), 126.9 (m), 125.1 (q, J = 3.8 Hz). 123.9 (q, J = 
272.1 Hz), 103.6, 97.3, -0.04. The characterization data for compound 4.15g corresponded to the 
reported values.451 

 

1-[4-Trifluoromethylphenylethynyl]-1,2-benziodoxol-3(1H)-one (2.95g) 

 
Following a reported procedure,

269b trimethylsilyl triflate (0.80 mL, 4.4 mmol, 1.1 equiv) was added 
to a suspension of 2-iodosylbenzoic acid (2.106) (1.06 g, 4.00 mmol, 1 equiv) in CH2Cl2 (15 mL) 
at RT. The resulting yellow mixture was stirred for 1 h, followed by the dropwise addition of 
trimethyl((4-(trifluoromethyl)phenyl)ethynyl)silane (4.15g) (1.07 g, 4.40 mmol, 1.1 equiv). The 
resulting suspension was stirred for 6 h at RT. A saturated solution of NaHCO3 (20 mL) was then 
added and the mixture was stirred vigorously for 30 minutes, the two layers were separated and the 
organic layer was washed with sat. NaHCO3 (20 mL), dried over MgSO4, filtered and evaporated 
under reduced pressure. The resulting solid was recrystallized in CH3CN (ca 20 mL) to afford 2.95g 
(850 mg, 2.04 mmol, 51%) as a pale yellow solid.  
1H NMR (400 MHz, CDCl3) δ 8.46 – 8.38 (m, 1 H, ArH), 8.28 – 8.19 (m, 1 H, ArH), 7.84 – 7.74 
(m, 2 H, ArH), 7.74 – 7.65 (m, 4 H, ArH).13C NMR (101 MHz, CDCl3) δ 166.6, 135.0, 133.0, 
132.6, 132.2 (q, JC-F = 33.0 Hz), 131.7, 131.2, 126.3, 125.7 (q, JC-F = 3.6 Hz), 124.4, 123.4 (q, JC-F 

= 272.6 Hz), 116.1, 104.2, 53.7; Consistent with reported data.452 

  

                                                             
451 (a) Dempsey Hyatt, I. F.; Nasrallah, D. J.; Maxwell, M. A.; Hairston, A. C. F.; Abdalhameed, M. M.; Croatt, M. 
P. Chem. Commun. 2015, 51, 5287. (b) Dumele, O.; Wu, D.; Trapp, N.; Goroff, N.; Diederich, F. Org. Lett. 2014, 
16, 4722. 
452 Lu, B.; Wu, J.; Yoshikai, N. J. Am. Chem. Soc. 2014, 136, 11598. 
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1-[4-Bromophenylethynyl]-1,2-benziodoxol-3(1H)-one (2.95h) 

 
Following a reported procedure,

269b trimethylsilyl triflate (1.0 mL, 5.5 mmol, 1.1 equiv) was added 
to a suspension of 2-iodosylbenzoic acid (2.106) (1.32 g, 5.00 mmol, 1 equiv) in CH2Cl2 (15 mL) 
at RT. The resulting suspension was stirred for 3 h, followed by the drop wise addition of ((4-
bromophenyl)ethynyl)trimethylsilane (4.15h) (1.17 g, 5.50 mmol, 1.1 equiv), which was dissolved 
in CH2Cl2 (1 mL). The resulting suspension was stirred for 6 h at RT. A saturated solution of 
NaHCO3 (20 mL) was then added and the mixture was stirred vigorously for 30 minutes, the two 
layers were separated and the organic layer was washed with sat. NaHCO3 (20 mL), dried over 
MgSO4, filtered and evaporated under reduced pressure. The resulting solid was boiled in CH3CN 
(20 mL). The mixture was cooled down, filtered and dried under high vacuum to afford 2.95h (1.00 
g, 2.34 mmol, 47%) as a pale yellow solid.  

Mp 158-163 °C (decomposition). 1H NMR (400 MHz, CDCl3) δ 8.51 – 8.30 (m, 1 H, ArH), 8.30 
– 8.13 (m, 1 H, ArH ), 7.84 – 7.72 (m, 2 H, ArH), 7.58 (d, 2 H, J = 8.5 Hz, ArH), 7.46 (d, 2 H, J = 
8.5 Hz, ArH).13C NMR (101 MHz, CDCl3) δ 166.6, 135.1, 134.3, 132.7, 132.3, 131.9, 131.4, 126.3, 
125.7, 119.6, 116.3, 105.4, 52.1. IR ν 2155 (w), 1612 (s), 1559 (w), 1479 (w), 1445 (w), 1328 (m), 
1297 (w), 1007 (w), 906 (w). HRMS (ESI) C15H9BrIO2

+ [M+H]+ calc. = 426.8825; [M+H]+ obs. = 
426.8830. 

 

1-[2-Bromophenylethynyl]-1,2-benziodoxol-3(1H)-one (2.95i) 

  
Following a reported procedure,

269b trimethylsilyl triflate (1.0 mL, 5.5 mmol, 1.1 equiv) was added 
to a suspension of 2-iodosylbenzoic acid (2.106) (1.32 g, 5.00 mmol, 1 equiv) in CH2Cl2 (15 mL) 
at RT. The resulting suspension was stirred for 3 h, followed by the drop wise addition of ((2-
bromophenyl)ethynyl)trimethylsilane (4.15i) (1.17 g, 5.50 mmol, 1.1 equiv). The resulting 
suspension was stirred for 6 h at RT. A saturated solution of NaHCO3 (20 mL) was then added and 
the mixture was stirred vigorously for 30 minutes, the two layers were separated and the organic 
layer was washed with sat. NaHCO3 (20 mL), dried over MgSO4, filtered and evaporated under 
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reduced pressure. The resulting solid was boiled in CH3CN (20 mL). The mixture was cooled down, 
filtered and dried under high vacuum to afford 2.95i (1.50 g, 3.51 mmol, 70%) as a colorless solid.  

Mp 174-177 °C (decomposition). 1H NMR (400 MHz, CDCl3) δ 8.44 (td, 2 H, J = 7.3, 2.1 Hz, 
ArH), 7.84 – 7.74 (m, 2 H, ArH), 7.68 (d, 1 H, J = 1.1 Hz, ArH), 7.61 (dd, 1 H, J = 7.6, 1.7 Hz, 
ArH), 7.36 (dtd, 2 H, J = 22.4, 7.5, 1.5 Hz, ArH).13C NMR (101 MHz, CDCl3)[453] δ 166.6, 135.2, 
134.7, 133.0, 132.7 , 131.8, 131.3, 127.6, 126.8, 126.4, 123.2, 116.5, 104.3, 55.4. IR ν 2358 (w), 
2155 (w), 1638 (s), 1616 (m), 1585 (w), 1466 (w), 1316 (m), 1147 (w). HRMS (ESI) 
C15H9BrIO2

+ [M+H]+ calc. = 426.8825; [M+H]+ obs. = 426.8828. 

3,3-Dimethylbutynyl-1,2-benziodoxol-3(1H)-one (2.95d) 

 

Following a slightly modified procedure,264 2-iodobenzoic acid (2.105) (1.64 g, 6.59 mmol, 1.00 
equiv), para-toluenesulfonic acid monohydrate (TsOH.H2O, 1.25 g, 6.59 mmol, 1.00 equiv) and 
meta-chloroperoxybenzoic acid (mCPBA-70%, 1.79 g, 7.25 mmol, 1.10 equiv) were dissolved in 
dichloromethane (12 mL) and 2,2,2-trifluoroethanol (12 mL). The mixture was stirred at room 
temperature under nitrogen for 1 hour, after which diisopropyl (3,3-dimethylbut-1-yn-1-
yl)boronate (4.16, 1.94 g, 9.23 mmol, 1.40 equiv) was added in one portion. The reaction mixture 
was stirred for 1 hour at room temperature, filtered and concentrated in vacuo. The resulting oil 
was dissolved in dichloromethane (120 mL) and under vigorous stirring, saturated aq. NaHCO3 
(120 mL) was added. The mixture was stirred for 60 minutes, the two layers were separated and 
the aqueous layer was extracted with additional portions of dichloromethane (3 x 50 mL). The 
combined organic layers were dried over MgSO4, filtered and concentrated in vacuo. The crude 
product was purified by flash column chromatography (ethyl acetate) to afford 2.95d (2.06 g, 6.28 
mmol, 95%) as a white solid.  

Rf (EtOAc) = 0.36. Mp 189-192 °C. 1H NMR (CDCl3, 400 MHz): δ 8.39-8.33 (m, 1 H, ArH), 8.13-
8.07 (m, 1 H, ArH), 7.78-7.66 (m, 2 H, ArH), 1.34 (s, 9 H, tBu). 13C NMR (CDCl3, 100 MHz): δ 
166.7, 134.7, 132.4, 131.6, 131.5, 126.0, 117.5, 115.7, 38.2, 30.6, 29.7. IR ν 3463 (w), 2971 (w), 
2171 (w), 1646 (s), 1622 (s), 1440 (w), 1332 (m), 1248 (m), 913 (w), 832 (m), 745 (s). HRMS 
(ESI) C13H14IO2

+ [M+H]+ calc. = 329.0033; [M+H]+ obs. = 329.0023. 

                                                             
453 One carbon is not resolved. 
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Hexadecynyl-1,2-benziodoxol-3(1H)-one (2.95c) 

 

Following a reported procedure,276a To a mixture of trimethylsilylacetylene (8.33 g, 85.0 mmol, 
1.20 equiv) and dry THF (46 mL) was added at -78 °C under nitrogen 2.5 M nBuLi in hexanes 
(33.9 mL, 85.0 mmol, 1.20 equiv) over a 10 minute time period. The resulting light yellow solution 
was stirred at -78 °C for 60 minutes, after which a mixture consisting of 1-bromotetradecane 4.18 
(19.6 g, 70.7 mmol, 1.00 equiv), hexamethylphosphoramide (HMPA, 14.2 mL, 78.0 mmol, 1.10 
equiv) and dry THF (23 mL) was slowly added via cannula over a 20 minute time period. The 
reaction mixture was stirred for 60 minutes at -78 °C, followed by 24 hours of stirring at room 
temperature. The reaction was quenched at 0 °C with saturated aq. NH4Cl (50 mL) and diluted with 
water (10 mL) and EtOAc (50 mL). The two layers were separated and the aq. layer was extracted 
with additional portions of EtOAc (3 x 50 mL). The combined organic layers were washed with 
water (2 x 100 mL), brine (100 mL), dried over MgSO4, filtered and concentrated in vacuo. The 
light brown crude liquid was finally pushed through a small plug of silica gel with pentane as eluent 
to afford pure hexadec-1-yn-1-yltrimethylsilane (4.17, 19.3 g, 65.5 mmol, 92.7% yield) as a 
colorless liquid. Rf (pentane) = 0.78.  

1H NMR (CDCl3, 400 MHz): δ 2.19 (t, 2 H, J = 7.1 Hz, CCCH2), 1.54-1.44 (m, 2 H, CH2), 1.42-
1.18 (m, 22 H, CH2), 0.87 (t, 3 H, J = 6.7 Hz, CH2CH3), 0.13 (s, 9 H, TMS). 13C NMR (CDCl3, 100 
MHz): [454] δ 107.7, 84.3, 32.2, 29.9, 29.8, 29.7, 29.6, 29.3, 29.0, 28.9, 22.9, 20.0, 14.3, 0.3. IR ν 
2924 (m), 2854 (m), 2175 (w), 1461 (w), 1249 (w), 910 (w), 841 (s), 761 (w), 736 (m). HRMS 
(ESI) C19H38AgSi+ [M+Ag]+ calc. = 401.1794; [M+Ag]+ obs. = 401.1798. 

2-Iodobenzoic acid (2.105) (8.00 g, 32.2 mmol, 1.00 equiv), para-toluenesulfonic acid 
monohydrate (TsOH.H2O, 6.13 g, 32.2 mmol, 1.00 equiv) and meta-chloroperoxybenzoic acid 
(mCPBA-70%, 8.74 g, 35.5 mmol, 1.10 equiv) were dissolved in dichloromethane (60 mL) and 
2,2,2-trifluoroethanol (60 mL). The mixture was stirred at room temperature under nitrogen for 1 
hour, after which hexadec-1-yn-1-yltrimethylsilane (4.17, 13.3 g, 45.1 mmol, 1.40 eq.) was added 
in one portion. The reaction mixture was stirred for 14 hours at room temperature, filtered and 

                                                             
454 Some signals were not resolved at 100 MHz. 
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concentrated in vacuo. The resulting oil was dissolved in dichloromethane (400 mL) and under 
vigorous stirring, saturated aq. NaHCO3 (400 mL) was added. The mixture was stirred for 60 
minutes, the two layers were separated and the aqueous layer was extracted with additional portions 
of dichloromethane (3 x 100 mL). The combined organic layers were dried over MgSO4, filtered 
and concentrated in vacuo. The crude product was purified by flash column chromatography (ethyl 
acetate) to afford 2.95c (6.02 g, 12.9 mmol, 40%) as a white solid.  

Rf (EtOAc) = 0.36. Mp 102.6-105.3 °C. 1H NMR (CDCl3, 400 MHz): δ 8.44-8.37 (m, 1 H, ArH), 
8.21-8.14 (m, 1 H, ArH), 7.80-7.70 (m, 2 H, ArH), 2.59 (t, 2 H, J = 7.1 Hz, CCCH2), 1.65 (p, 2 H, 
J = 7.1 Hz, CCCH2CH2), 1.52-1.40 (m, 2 H), 1.39-1.19 (m, 20 H, CH2), 0.86 (t, 3 H, J = 6.7 Hz, 
CH2CH3). 13C NMR (CDCl3, 100 MHz): δ 166.6, 134.7, 132.5, 131.7, 131.6, 126.2, 115.7, 109.9, 
39.5, 32.1, 29.8, 29.7, 29.6, 29.5, 29.2, 29.1, 28.3, 22.8, 20.6, 14.3. IR ν 2924 (s), 2853 (m), 2166 
(w), 1649 (m), 1623 (m), 1439 (w), 908 (m), 736 (s).  

 

8.2.2 Iridium photocatalysts syntheses 

Iridium catalyst (2.59 or 4.8)  

 
 

Following a reported procedure,324 heteroleptic iridium 4.8 was synthesized in two steps. First, the 
corresponding chloro-bridged dimer was synthesized by charging a two-necked reaction flask with 
magnetic stirring bar, iridium(III) chloride (366 mg, 1.16 mmol, 1 equiv), 2-(2,4-
difluorophenyl)pyridine (4.4b) (0.50 g, 2.6 mmol, 2.3 equiv), and a 2:1 v:v mixture of 2-
methoxyethanol (11 mL) /water (5.5 mL). After degassing the mixture with N2 (via N2 bubbling), 
the resulting solution was heated overnight under reflux at 120 °C. Then the reaction mixture was 
cooled to room temperature and filtered. The yellow precipitate was washed with water (3 x 10 
mL), dried and directly used for the next step without further purification (620 mg of yellow 
powder, 0.510 mmol, 88% yield). In the second step, the chloro-bridged dimer (50 mg, 0.041 
mmol, 1.0 equiv), 4,4'-ditertbutyl bipyridyl ligand (24 mg, 0.090 mmol, 2.2 equiv) and ethylene 
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glycol (2.0 mL) were placed in a flame dried flask and then flushed with N2. The mixture was 
heated at 150 °C for 7 h and then cooled before being washed with pentane (3 x 10 mL). 
Evaporation of pentane residues under vaccuo afforded a crude solution of catalyst in ethylene 
glycol. Addition of aqueous ammonium hexafluorophosphate (sat. solution) allowed the 
precipitation of the iridium-PF6 salt, which was filtered, washed with diethylether, dried and 
recrystallized (acetone / ether) yielding the photocatalyst 4.8 as a yellow solid (70 mg. 0.071 mmol, 
86%).  

 

[Ir{dF(CF3)ppy}2(dtbpy)]PF6 (2.59) 

 
 

Following a reported procedure,324 heteroleptic iridium 2.59 was synthesized in two steps.  

In a 25 mL tube were placed iridium(III) chloride (170 mg, 0.540 mmol, 1.0 equiv) and 2-(2,4-
difluorophenyl)-5-(trifluoromethyl)pyridine (4.4a) (315 mg, 1.20 mmol, 2.26 equiv) in a 2:1 v:v 
mixture of 2-methoxyethanol/water (12 mL) to give a dark purple solution. The mixture was 
degassed with Ar (Ar bubbling for 10 min) and heated at 120 °C overnight to afford an orange 
suspension. The reaction mixture was cooled down and filtered. The precipitate was washed with 
water (3 x 10 mL) and dried under vacuum to afford (4.5a) as a yellow solid (246 mg, 0.170 mmol, 
62%), which was directly used for the next step without further purification. 

In a 25 mL tube were added the chloro-bridged dimer (4.5a) (100 mg, 0.670 mmol, 1.0 equiv) and 
4,4'-di-tert-butyl-2,2'-bipyridine (4.7) (39.7 mg, 0,148 mmol, 2.2 equiv) in ethylene glycol (4 mL) 
to give a yellow suspension. The mixture was heated at 150 °C overnight. The mixture was cooled 
and washed with hexane (3 x 40 mL) and the ethylene glycol layer was heated to 85 °C for 5 min 
to remove residual hexane. An aqueous saturated ammonium hexafluorophosphate solution was 
added, causing the iridium-PF6 salt to precipitate, which was filtered, dried and recrystallized 
(acetone/ether), affording 2.59 (117 mg, 0.104 mmol, 78%) as a yellow solid.   

1H NMR (400 MHz, Acetone-d6) δ 9.01 (d, J = 7.6 Hz, 2H, ArH), 8.64 (dd, J = 8.8, 2.5 Hz, 2H, 
ArH), 8.47–8.38 (m, 4H, ArH), 8.31 (d, J = 5.3 Hz, 2H, ArH), 8.00 (s, 2H, ArH), 7.81 (t, J = 8 Hz, 
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2H, ArH), 6.87 (ddd, J = 12.7, 9.3, 2.3 Hz, 2H, ArH), 5.98 (dd, J = 8.5, 2.3 Hz, 2H, ArH). 1H NMR 
matches the literature data.324 

 

8.2.3 Decarboxylative alkynylation  
 

General procedure for decarboxylative alkynylation.  

 

Dry degassed DCE (1.5 mL) was added in a flame dried 4.0 mL test tube containing a teflon coated 
stirring bar, the carboxylic acid 4.1 (0.30 mmol, 1.0 equiv), EBX reagent 2.95 (0.45 mmol, 1.5 
equiv), CsOBz (0.90 mmol, 3.0 equiv) and Ir(dF(CF3)ppy)2(dtbbpy)PF6 (2.59) (0.003 mmol, 0.01 
equiv) under N2. The reaction mixture was again degassed by bubbling N2 inside the test tube via 
syringe for 5 min before being irradiated using blue light LEDs for 22h at rt. 

The reaction mixture was filtered over celite, eluting with ethyl acetate, and evaporated under 
reduced pressure. The crude product was purified by column chromatography (Pentane/Ethyl 
Acetate) directly without any further work-up. 

Benzyl 2-((triisopropylsilyl)ethynyl)pyrrolidine-1-carboxylate (4.2a) 

 

Scope scale: Starting from 4.1a (75 mg, 0.30 mmol), the crude product was purified by column 
chromatography (Pentane/Ethyl Acetate = 9:1) to afford 4.2a as colorless oil (104 mg, 0.270 mmol, 
90%). 

1 mmol scale: Starting from 4.1a (250 mg, 1.0 mmol), the crude product was purified by column 
chromatography (Pentane/Ethyl Acetate = 9:1) to afford 4.2a as colorless oil (344 mg, 0.892 mmol, 
89%). 

Sunlight experiment: Starting from 4.1a (25 mg, 0.10 mmol), the reaction mixture was stirred for 
5 h outdoors, under sunlight exposition instead of blue leds. The crude product was purified by 
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column chromatography (Pentane/Ethyl Acetate = 9:1) to afford 4.2a as colorless oil (34 mg, 0.088 
mmol, 88%). 

 

Rf: 0.28 (Pentane/Ethyl Acetate = 9:1). 1H NMR (400 MHz, CDCl3) δ 7.46 – 7.27 (m, 5H, Ph), 
5.16 (d, J = 3.2 Hz, 2H, CH2-O), 4.67 – 4.51 (m, 1H, CH-C≡C), 3.64 – 3.49 (m, 1H, CH2), 3.47 – 
3.30 (m, 1H, CH2), 2.21 – 1.98 (m, 3H, CH2), 1.99 – 1.87 (m, 1H, CH2), 1.11 – 0.93 (m, 21H, 
TIPS). 13C NMR (101 MHz, CDCl3)455 δ 154.6, 136.9, 128.4, 127.8, 127.8, 127.6, 107.9, 82.6, 66.9, 
66.7, 49.3, 48.8, 46.0, 45.5, 34.3, 33.4, 24.4, 23.6, 18.6, 11.1. IR 2943 (m), 2865 (m), 2170 (w), 
1709 (s), 1464 (w), 1410 (s), 1356 (m), 1184 (m), 1119 (m), 1092 (m), 996 (w), 883 (m). HRMS 
(ESI) calcd for C23H35NNaO2Si+ [M+Na]+ 408.2329; found 408.2334. 

                                                             
455 Mixture of two rotamers, which are not completely resolved. 
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Sun spectra during experiment456 

 

tert-Butyl 2-((triisopropylsilyl)ethynyl)pyrrolidine-1-carboxylate (4.2e) 

 

Starting from 4.1e (65 mg, 0.30 mmol), the crude product was purified by column chromatography 
(Pentane/Ethyl Acetate = 9:1) to afford 4.2e as colorless oil (95 mg, 0.27 mmol, 90%).  

Rf: 0.3 (Pentane/Ethyl Acetate = 9:1). 1H NMR (400 MHz, CDCl3) δ 4.52 – 4.35 (m, 1H, CH-
C≡C), 3.55 – 3.41 (m, 1H, NCH2), 3.36 – 3.19 (m, 1H, NCH2), 2.14 – 1.94 (m, 3H, CH2), 1.94 – 
1.83 (m, 1H, CH2), 1.46 (s, 9H, tBu), 1.12 – 0.87 (m, 21H, TIPS). 13C NMR (101 MHz, CDCl3) δ 
154.1, 108.5, 81.5, 79.5, 48.8, 45.4, 34.2, 28.4, 23.6, 18.6, 11.2. IR 2979 (w), 2974 (w), 2867 (w), 
2173 (w), 1704 (s), 1392 (s), 1366 (m), 1332 (w), 1255 (w), 1170 (s), 1121 (m), 1092 (m), 955 (w), 
882 (w). HRMS (ESI) calcd for C20H37NNaO2Si+ [M+Na]+ 374.2486; found 374.2483. 
 

tert-Butyl 2-((triisopropylsilyl)ethynyl)piperidine-1-carboxylate (4.2f) 

                                                             
456 Taken from: http://www.meteolausanne.com/soleil-et-uv.html  
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Starting from 4.1f (69 mg, 0.30 mmol), the crude product was purified by column chromatography 
(Pentane/Ethyl Acetate = 9:1) to afford 4f as colorless oil (72 mg, 0.20 mmol, 66%).  

Rf: 0.45 (Pentane/Ethyl Acetate = 9:1). 1H NMR (400 MHz, CDCl3) δ 5.21 – 4.90 (m, 1H, CH-
C≡C), 4.01 – 3.78 (m, 1H, CH2-N), 3.15 – 2.91 (m, 1H, CH2-N), 1.89 – 1.70 (m, 2H, CH2), 1.71 – 
1.52 (m, 4H, CH2), 1.46 (s, 9H, tBu), 1.12 – 0.87 (m, 21H, TIPS). 13C NMR (101 MHz, CDCl3) δ 
154.8, 106.1, 84.3, 79.8, 76.7, 30.6, 28.4, 25.3, 20.0, 18.6, 11.4, 11.2. IR 2941 (m), 2865 (m), 2166 
(w), 1695 (m), 1464 (w), 1389 (m), 1367 (m), 1318 (m), 1271 (m), 1162 (s), 1007 (m), 924 (w), 
884 (m). HRMS (ESI) calcd for C21H39NNaO2Si+ [M+Na]+ 388.2642; found 388.2639. 
 
Benzyl 3-((triisopropylsilyl)ethynyl)-3,4-dihydroisoquinoline-2(1H)-carboxylate (4.2g) 

 

Starting from 4.1g (93 mg, 0.30 mmol), the crude product was purified by column chromatography 
(Pentane/Ethyl Acetate = 9:1) to afford 4.2g as colorless oil (116 mg, 0.260 mmol, 87%).  

Rf: 0.30 (Pentane/Ethyl Acetate = 9:1). 1H NMR (400 MHz, CDCl3) 455 δ 7.50 – 7.30 (m, 5H, Ph), 
7.25 – 6.99 (m, 4H, ArH), 5.61 – 5.29 (m, 1H, CH-C≡C), 5.32 – 5.13 (m, 2H, CH2), 4.94 (d, J = 
16.6 Hz, 1H, CH2-N), 4.57 (d, J = 16.7 Hz, 1H, CH2-N), 3.21 (dd, J = 14.9, 4.9 Hz, 1H, CH2), 3.02 
– 2.78 (m, 1H, CH2), 0.97 – 0.77 (m, 21H, TIPS). 13C NMR (101 MHz, CDCl3)455 δ 155.0, 136.6, 
132.3, 131.9, 129.3, 129.1, 128.5, 128.1, 127.9, 126.4, 125.8, 105.0, 84.7, 67.5, 43.3, 35.4, 18.3, 
10.9. IR 2943 (w), 2865 (w), 2250 (w), 2171 (w), 1711 (w), 1464 (w), 1423 (w), 1319 (w), 1301 
(w), 1243 (m), 1219 (m), 1118 (w), 998 (m), 909 (s), 883 (m). HRMS (ESI) calcd for C28H38NO2Si+ 
[M+H]+ 448.2666; found 448.2661. 
 

tert-Butyl (3-(triisopropylsilyl)prop-2-yn-1-yl)carbamate (4.2h) 

 

Starting from 4.1h (53 mg, 0.30 mmol), the crude product was purified by column chromatography 
(Pentane/Ethyl Acetate = 9:1) to afford 4.2h as colorless oil (65 mg, 0.21 mmol, 70%).  
Rf: 0.28 (Pentane/Ethyl Acetate = 9:1). 1H NMR (400 MHz, CDCl3) δ 4.74 – 4.58 (m, 1H, NH), 
4.02 – 3.85 (m, 2H, CH2), 1.44 (s, 9H, tBu), 1.15 – 0.92 (m, 21H, TIPS). 13C NMR (101 MHz, 
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CDCl3) δ 155.2, 103.6, 84.1, 79.8, 31.6, 28.3, 18.5, 11.1. IR 3332 (w), 2943 (s), 2860 (s), 2178 (w), 
1704 (s), 1502 (m), 1464 (m), 1367 (m), 1277 (m), 1249 (m), 1170 (s), 1049 (m), 1017 (s), 1002 
(s), 918 (m), 884 (s). HRMS (ESI) calcd for C17H33NNaO2Si+ [M+Na]+ 334.2173; found 334.2176. 
 
Triisopropyl((tetrahydrofuran-2-yl)ethynyl)silane (4.13a) 

  

Starting from 4.11a (35 mg, 0.30 mmol), the crude product was purified by column 
chromatography (100% Pentane) to afford 4.13a as colorless oil (76 mg, 0.30 mmol, quantitative). 

Rf: 0.8 (Pentane). 1H NMR (400 MHz, CDCl3) δ 4.60 (dd, J = 7.2, 4.5 Hz, 1H, CH-C≡C), 3.97 – 
3.90 (m, 1H, CH-O), 3.83 – 3.77 (m, 1H, CH-O), 2.20 – 1.80 (m, 4H, 2 x CH2), 1.13 – 0.96 (m, 
21H, TIPS). 13C NMR (101 MHz, CDCl3) δ 107.8, 85.0, 68.5, 67.5, 33.7, 25.1, 18.6, 11.1. IR 2943 
(s), 2866 (s), 2168 (w), 1463 (s), 1329 (m), 1180 (w), 1055 (s), 996 (m), 919 (m), 883 (s).The data 
correspond to the reported values.457 

 

Triisopropyl((tetrahydro-2H-pyran-2-yl)ethynyl)silane (4.13b) 

 

Starting from 4.11b (39 mg, 0.30 mmol), the crude product was purified by column 
chromatography (100% Pentane) to afford 4.13b as colorless oil (48 mg, 0.18 mmol, 60%) 

Rf: 0.85 (Pentane). 4.40 (dd, J = 6.3, 3.0 Hz, 1H, CH-C≡C), 4.06 – 3.97 (m, 1H, CH2O), 3.61 – 
3.50 (m, 1H, CH2O), 1.92 – 1.80 (m, 2H, CH2), 1.75 – 1.65 (m, 1H, CH2), 1.63 – 1.49 (m, 3H, 
CH2), 1.11 – 0.99 (m, 21H, TIPS). 13C NMR (101 MHz, CDCl3) δ 106.4, 86.2, 67.0, 65.6, 32.2, 
25.7, 21.1, 18.6, 11.2. IR 2941 (m), 2865 (m), 1726 (w), 1680 (m), 1620 (s), 1556 (m), 1464 (m), 
1374 (m), 1334 (m), 1294 (w), 1265 (w), 1198 (s), 1158 (m), 1118 (w), 1085 (s), 1040 (s), 1021 
(s), 1015 (m), 971 (m), 884 (s), 869 (s). HRMS (ESI) calcd for C16H30NaOSi+ [M+Na]+ 289.1958; 
found 289.1960. 

 

(3-Butoxyprop-1-yn-1-yl)triisopropylsilane (4.13c) 

 

                                                             
457 Zhang, R.-Y.; Xi, L.-Y.; Zhang, L.; Liang, S.; Chen, S.-Y.; Yu, X.-Q. RSC Advances 2014, 4, 54349. 
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Starting from 4.11c (39 mg, 0.30 mmol), the crude product was analyzed directly by NMR using 
Trimethoxybenzene as internal standard. (11 mg, 0.21 equiv), which showed the formation of 4.13c 
in 88% yield (71 mg, 0.26 mmol, 88% NMR yield). 

Rf: 0.85 (Pentane). 1H NMR (400 MHz, CDCl3) δ 4.17 (s, 2H, CH2-C≡C), 3.54 (t, J = 6.6 Hz, 2H, 
CH2O), 1.57 (dq, J = 8.3, 6.7 Hz, 2H, CH2), 1.39 (dt, J = 14.8, 7.3 Hz, 2H, CH2), 1.12 – 1.01 (m, 
21H, TIPS), 0.92 (t, J = 7.4 Hz, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 103.8, 87.1, 69.4, 58.7, 
31.6, 19.3, 18.6, 13.9, 11.2. IR 2942 (m), 2865 (m), 2248 (w), 2170 (w), 2094 (w), 1733 (s), 1680 
(m), 1623 (m), 1510 (w), 1464 (m), 1437 (m), 1383 (s), 1294 (m), 1206 (m), 1152 (s), 997 (m), 
884 (s). HRMS (ESI): calcd for C16H32NaOSi+ [M+Na]+ 291.2120; found 291.2112. 

(3-(4-(tert-Butyl)phenoxy)prop-1-yn-1-yl)triisopropylsilane (4.13d) 

 

Starting from 4.11d (63 mg, 0.30 mmol), the crude product was purified by column 
chromatography (Pentane) affording the expected compound 4.13d in 84% yield. 

Rf: 0.85 (Pentane). 1H NMR (400 MHz, CDCl3) δ 7.32 – 7.27 (m, 2H, 2 x ArCH), 6.96 – 6.90 (m, 
2H, 2 x ArCH), 4.71 (s, 2H, CH2), 1.29 (s, 9H, tBu), 1.05 – 1.00 (m, 21H, TIPS). 13C NMR (101 
MHz, CDCl3) δ 13C NMR (101 MHz, CDCl3) δ 155.4, 144.1, 126.0, 115.0, 102.3, 100.8, 57.0, 
34.1, 31.5, 18.5, 11.1. IR 3064 (w), 2835 (w), 2114 (w), 2081 (w), 1736 (w), 1622 (s), 1513 (s), 
1440 (w), 1296 (w), 1224 (m), 1206 (m), 1205 (m), 1153 (s), 1041 (s), 985 (m), 830 (s). MS (EI): 
344.2 (M+).  
 
(4-Chlorophenyl)(4-((2-methyl-4-(triisopropylsilyl)but-3-yn-2-yl)oxy)phenyl)methanone 
(4.13e) 

 

Starting from 4.11e (96 mg, 0.30 mmol), the crude product was purified by column 
chromatography (Pentane/Ethyl Acetate = 9:1) to afford 4.13e as colorless oil (64 mg, 0.14 mmol, 
47%). 

Rf: 0.5 (Pentane/Ethyl Acetate = 9:1). 1H NMR (400 MHz, CDCl3) δ 7.72 (m, J = 8.6, 4.9 Hz, 4H, 
4 x ArCH ), 7.45 (d, J = 8.5 Hz, 2H, 2 x ArCH), 7.34 (d, J = 8.8 Hz, 2H, 2 x ArCH), 1.73 (s, 6H, 
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2 x CH3), 1.13 – 0.96 (m, 21H, TIPS). 13C NMR (101 MHz, CDCl3) δ 194.5, 160.2, 138.3, 136.5, 
131.6, 131.2, 130.5, 128.5, 119.1, 108.7, 88.0, 73.0, 29.9, 18.6, 11.1. IR 2942 (m), 2865 (m), 1724 
(w), 1658 (s), 1598 (s), 1505 (m), 1463 (m), 1383 (m), 1305 (m), 1285 (m), 1251 (m), 1136 (s), 
1090 (m), 1016 (m), 928 (s), 884 (s). HRMS (ESI) calcd for C27H35ClNaO2Si+ [M+Na]+ 477.1987; 
found 477.1999. 
 
(Cyclopentylethynyl)triisopropylsilane (4.14a) 

 

Starting from 4.12a (34 mg, 32 μL, 0.30 mmol) and using 1 mol% of catalyst 2.59, the crude 
product was purified by column chromatography (Pentane/Ethyl Acetate = 9:1) to afford 4.14a as 
colorless oil (48 mg, 0.19 mmol, 64%). 

Rf: 0.9 (Pentane) 1H NMR (400 MHz, CDCl3)458 δ 22.74 – 2.60 (m, 1H, CH-C≡C), 1.97 – 1.82 (m, 
2H, CH2), 1.81 – 1.46 (m, 6H, CH2), 1.14 – 0.94 (m, 21H, TIPS). 13C NMR (101 MHz, CDCl3) δ 
114.1, 79.0, 34.2, 31.2, 24.9, 18.6, 11.3. IR 2943 (m), 2865 (m), 2361 (w), 2159 (w), 2097 (m), 
1777 (m), 1678 (m), 1642 (m), 1578 (w), 1512 (w), 1464 (w), 1383 (w), 1223 (m), 1138 (m), 996 
(s), 919 (s), 883 (s). The data correspond to the reported values.300 
 

(Cyclohexylethynyl)triisopropylsilane (4.14b) 

 

Starting from 4.12b (39 mg, 0.30 mmol) and using 2 mol% of catalyst 2.59, the crude product was 
purified by column chromatography (100% Pentane) to afford 4.14b as colorless oil (38 mg, 0.14 
mmol, 48%). 

Rf: 0.9 (Pentane). 1H NMR (400 MHz, CDCl3)458 δ 2.49 – 2.41 (m, 1H, CH), 1.80 – 1.66 (m, 4H, 
2 x CH2), 1.54 – 1.41 (m, 3H, CH2), 1.41 – 1.19 (m, 3H, CH2), 1.13 – 0.96 (m, 21H, TIPS). 13C 
NMR (101 MHz, CDCl3) δ 113.6, 79.5, 32.7, 29.9, 26.0, 24.5, 18.5, 11.4. IR 2940 (s), 2865 (s), 
2171 (w), 2098 (m), 1463 (m), 1384 (w), 1367 (w), 1235 (w), 1075 (w), 997 (m), 920 (m), 883 (s). 
The data correspond to the reported values.300  

 
(Adamantan-1-ylethynyl)triisopropylsilane (4.14c) 

  

                                                             
458 Contains 5% of unseparable impurities (probably TIPS alkyne dimer). 
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Starting from 4.12c (54 mg, 0.30 mmol) and using 2 mol% of catalyst 2.59, the crude product was 
purified by column chromatography (100% Pentane) to afford 4.14c as colorless oil (42 mg, 0.13 
mmol, 44%). 

Rf: 0.85 (Pentane) 1H NMR (400 MHz, CDCl3) δ 1.96 – 1.91 (m, 3H, 3 x CH), 1.88 (dd, J = 3.1, 
3.1 Hz, 6H, 3 x CH2), 1.68 (dd, J = 3.1, 3.1 Hz, 6H, 3 x CH2), 1.12 – 1.00 (m, 21H, TIPS). 13C 
NMR (101 MHz, CDCl3) δ 118.1, 77.3, 43.1, 36.4, 30.4, 28.0, 19.9, 18.5, 11.4. IR 2920 (s), 2865 
(s), 2164 (w), 2098 (m), 1464 (m), 1383 (w), 1247 (w), 1155 (w), 1017 (w), 997 (m), 923 (m), 883 
(s). The data correspond to the reported values.459 

 

Benzyl 2-((tert-butyldiphenylsilyl)ethynyl)pyrrolidine-1-carboxylate (4.2t) 

 

Starting from 4.1a (46 mg, 0.20 mmol), the crude product was purified by column chromatography 
(Pentane/Ethyl Acetate = 9:1) to afford 4.2t as yellow oil (70 mg, 0.16 mmol, 78%). 

Rf: 0.25 (Pentane/Ethyl Acetate = 9:1) 1H NMR (400 MHz, CDCl3) δ 7.88 – 7.70 (m, 4H, 4 x 
ArCH), 7.45 – 7.29 (m, 9H, 9 x ArCH), 7.29 – 7.19 (m, 2H, 2 x ArCH), 5.29 – 5.12 (m, 2H, CH2-
O), 4.83 – 4.66 (m, 1H, CH-C≡C), 3.74 – 3.55 (m, 1H, CH-N), 3.54 – 3.35 (m, 1H, CH2), 2.31 – 
2.07 (m, J = 6.2 Hz, 3H, CH + CH2), 2.04 – 1.89 (m, 1H, CH), 1.06 (s, 9H, 3 x CH3). 13C NMR 
(101 MHz, CDCl3)[455] δ 154.6, 154.4, 137.0, 136.7, 135.6, 135.6, 133.3, 133.3, 129.5, 128.5, 127.9, 
127.8, 127.75, 127.70, 110.2, 82.0, 67.1, 66.9, 49.4, 49.0, 46.2, 45.7, 34.2, 33.2, 27.1, 24.7, 23.9, 
18.6. IR 3070 (w), 3047 (w), 2955 (m), 2931 (m), 2891 (w), 2857 (m), 2173 (w), 1705 (s), 1428 
(m), 1410 (s), 1356 (s), 1331 (m), 1265 (m), 1187 (s), 1111 (s), 996 (w), 912 (m), 822 (m). HRMS 
(ESI) calcd for C30H33NNaO2Si+ [M+Na]+ 490.2173; found 490.2173. 
 

Benzyl 2-(phenylethynyl)pyrrolidine-1-carboxylate (4.2b) 

 

Starting from 4.1a (75 mg, 0.30 mmol), the crude product was purified by column chromatography 
(Pentane/Ethyl Acetate = 9:1) to afford 4.2b as yellow oil (89 mg, 0.29 mmol, 97%). 

                                                             
459 Pouwer, R. H.; Harper, J. B.; Vyakaranam, K.; Michl, J.; Williams, C. M.; Jessen, C. H.; Bernhardt, P. V. Eur. J. 
Org. Chem. 2007, 2007, 241. 
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Rf: 0.25 (Pentane/Ethyl Acetate = 9:1). 1H NMR (400 MHz, CDCl3) δ 7.26 (m, 10H, 2 x Ph), 5.43 
– 5.02 (m, 2H, CH2Ph), 4.93 – 4.65 (m, 1H, CH-C≡C), 3.72 – 3.53 (m, 1H, N-CH2), 3.53 – 3.29 
(m, 1H, N-CH2), 2.33 – 2.07 (m, 3H, CH2), 2.03 – 1.86 (m, 1H, CH2). 13C NMR (101 MHz, 
CDCl3)[455] δ 154.5, 137.0, 131.8, 131.7, 128.4, 128.2, 128.1, 128.0, 127.7, 127.6, 123.0, 89.5, 82.2, 
66.8, 49.2, 48.7, 46.2, 45.8, 34.0, 33.3, 24.5, 23.8. IR 3059 (w), 2988 (w), 1788 (w), 1721 (m), 
1697 (m), 1491 (w), 1418 (s), 1358 (m), 1296 (m), 1266 (s), 1177 (s), 1116 (m), 1089 (m), 1023 
(w), 915 (w). HRMS (ESI) calcd for C20H20NO2

+ [M+H]+ 306.1489; found 306.1490. 
 

Benzyl 2-(mesitylethynyl)pyrrolidine-1-carboxylate (4.2u) 

 

Starting from 4.1a (60 mg, 0.24 mmol), the crude product was purified by column chromatography 
(Pentane/Ethyl Acetate = 9:1) to afford 4.2u as colorless oil (51.8 mg, 0.149 mmol, 62%). 

Rf: 0.28 (Pentane/Ethyl Acetate = 9:1). 1H NMR (400 MHz, CDCl3) δ 7.54 – 7.20 (m, 5H, Ph), 
6.83 (s, 2H, Mesityl), 5.20 (s, 2H, CH2Ph), 5.02 – 4.77 (m, 1H, CH-C≡C), 3.74 – 3.54 (m, 1H, N-
CH2), 3.54 – 3.28 (m, 1H, N-CH2), 2.46 – 2.22 (m, 9H, 3 x CH3), 2.22 – 2.10 (m, 3H, CH2), 2.03 
– 1.93 (m, 1H, CH2). 13C NMR (101 MHz, CDCl3) 455  δ 154.6, 154.3, 140.1, 137.5, 137.4, 136.9, 
136.8, 128.4, 127.8, 127.7, 127.5, 119.7, 119.6, 97.0, 96.8, 80.1, 66.9, 66.8, 60.4, 49.4, 49.1, 46.1, 
45.6, 34.3, 33.5, 24.5, 23.7, 21.3, 20.8. IR 2984 (w), 1700 (m), 1481 (m), 1409 (m), 1357 (s), 1334 
(s), 1271 (s), 1185 (s), 1109 (m), 1087 (m), 1031 (m), 912 (m), 852 (m). HRMS (ESI) calcd for 
C23H26NO2

+ [M+H]+ 348.1958; found 348.1952. 

 

Benzyl 2-((4-(trifluoromethyl)phenyl)ethynyl)pyrrolidine-1-carboxylate (4.2v) 

 

Starting from 4.1a (75 mg, 0.30 mmol), the crude product was purified by column chromatography 
(Pentane/Ethyl Acetate = 9:1) to afford 4.2v as colorless oil (95 mg, 0.25 mmol, 85%). 

Rf: 0.30 (Pentane/Ethyl Acetate = 9:1). 1H NMR (400 MHz, CDCl3) δ 7.44 – 6.84 (m, 9H, Ph + Ar 
H), 5.19 – 4.74 (m, 2H, CH2O), 4.69 – 4.37 (m, 1H, CH-C≡C), 3.49 – 3.27 (m, 1H, NCH2), 3.28 – 
3.03 (m, 1H, NCH2), 2.10 – 1.79 (m, 3H, CH2), 1.79 – 1.60 (m, 1H, CH2). 13C NMR (101 MHz, 
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CDCl3)455, 460 δ 154.5, 136.9 (m), 132.1, 131.9, 130.0, 128.4, 128.0, 127.8, 127.7, 126.8, 125.1, 
123.9 (q, J = 272.0 Hz), 119.9, 92.0, 81.0, 76.7, 66.9, 49.1, 48.6, 46.3, 45.9, 33.8, 33.1, 29.7, 24.6, 
23.8. IR 2991 (w), 2197 (w), 1705 (m), 1614 (w), 1410 (s), 1357 (m), 1323 (s), 1124 (s), 1067 (s), 
968 (w), 911 (w), 844 (m). HRMS (ESI) calcd for C21H18F3NNaO2

+ [M+Na]+ 396.1182; found 
396.1181. 

 

Benzyl 2-((4-bromophenyl)ethynyl)pyrrolidine-1-carboxylate (4.2w) 

 

Starting from 4.1a (75 mg, 0.30 mmol), the crude product was purified by column chromatography 
(Pentane/Ethyl Acetate = 9:1) to afford 4.2w as colorless oil (76 mg, 0.20 mmol, 66%). 

Rf: 0.28 (Pentane/Ethyl Acetate = 9:1). 1H NMR (400 MHz, CDCl3) δ 7.55 – 7.08 (m, 9H, 2 x Ar), 
5.43 – 5.03 (m, 2H, CH2Ph), 4.92 – 4.65 (m, 1H, CH-C≡C), 3.70 – 3.52 (m, 1H, N- CH2), 3.52 – 
3.31 (m, 1H, N- CH2), 2.29 – 2.03 (m, 3H, CH2), 2.03 – 1.82 (m, 1H, CH2). 13C NMR (101 MHz, 
CDCl3)455 δ 154.5, 136.9, 133.3, 133.1, 131.4, 130.1, 128.4, 128.4, 128.0, 127.8, 127.6, 122.3, 
121.9, 90.7, 90.3, 81.2, 66.9, 53.5, 49.2, 48.7, 46.3, 45.9, 33.9, 33.2, 30.9, 29.7, 24.6, 23.8, 18.52 . 
IR 3032 (w), 2803 (w), 1699 (m), 1586 (w), 1487 (m), 1411 (w), 1344 (s), 1304 (s), 1185 (m), 
1114 (m), 1088 (m), 1010 (s), 911 (m), 825 (s). HRMS (ESI) calcd for C20H18BrNNaO2

+ [M+Na]+ 
406.0413; found 406.0423. 
 

Benzyl 2-((2-bromophenyl)ethynyl)pyrrolidine-1-carboxylate (4.2x) 

 

Starting from 4.1a (75 mg, 0.30 mmol), the crude product was purified by column chromatography 
(Pentane/Ethyl Acetate = 9:1) to afford 4.2x as colorless oil (102 mg, 0.270 mmol, 88%). 

Rf: 0.28 (Pentane/Ethyl Acetate = 9:1). 1H NMR (400 MHz, CDCl3) δ 7.56 (d, J = 8.0 Hz, 1H, CH 
Bromophenyl), 7.49 – 7.27 (m, 6H, 5 x CH benzyl + CH Bromophenyl), 7.22 (td, J = 7.6, 1.3 Hz, 
1H, CH Bromophenyl), 7.14 (q, J = 6.9, 6.4 Hz, 1H, CH Bromophenyl), 5.36 – 5.10 (m, 2H, CH2-
O), 4.92 – 4.76 (m, 1H, CH-C≡C), 3.70 – 3.56 (m, 1H, N-CH2), 3.52 – 3.36 (m, 1H, N-CH2), 2.34 
– 2.09 (m, 3H, CH + CH2), 2.04 – 1.95 (m, 1H, CH). 13C NMR (101 MHz, CDCl3)[455] δ 154.5, 

                                                             
460 Due to peaks overlap, not all C-F coupling constants could be resolved. 
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136.9, 133.5, 133.3, 132.3, 132.3, 129.4, 129.3, 128.4, 128.4, 128.0, 127.8, 127.7, 126.9, 125.9, 
125.7, 125.1, 125.0, 94.2, 94.0, 81.0, 66.9, 49.3, 48.9, 46.2, 45.7, 33.9, 33.2, 29.7, 24.6, 23.8. IR 
3064 (w), 3033 (w), 2982 (w), 2952 (w), 2881 (w), 1703 (s), 1469 (m), 1410 (s), 1356 (s), 1334 
(m), 1268 (w), 1180 (m), 1116 (m), 1089 (m), 1027 (w), 915 (w). HRMS (ESI) calcd for 
C20H18BrNNaO2

+ [M+Na]+ 406.0413; found 406.0415. 

 

Benzyl 2-(hexadec-1-yn-1-yl)pyrrolidine-1-carboxylate (4.2d) 

 

Starting from 4.1a (75 mg, 0.30 mmol) and using 1 mol% of catalyst 2.59, the crude product was 
purified by column chromatography (Pentane/Ethyl Acetate = 9:1) to afford 4.2d as colorless oil 
(87 mg, 0.204 mmol, 68%). 

Rf: 0.20 (Pentane/Ethyl Acetate = 9:1). 1H NMR (400 MHz, CDCl3)[461] δ 7.48 – 7.27 (m, 5H, Ph), 
5.31 – 5.08 (m, 2H, CH2Ph), 4.63 – 4.48 (m, 1H, CH-C≡C), 3.61 – 3.46 (m, 1H, N-CH2), 3.46 – 
3.24 (m, 1H, N-CH2), 2.24 – 1.77 (m, 4H, CH2), 1.53 – 1.38 (m, 2H, CH2), 1.38 – 1.18 (m, 24H, 
12 x CH2), 0.88 (t, J = 6.8 Hz, 3H, CH3). 13C NMR (101 MHz, CDCl3)[455] δ 154.6, 137.1, 133.2, 
129.8, 129.7, 128.4, 128.4, 127.9, 127.7, 127.5, 82.6, 66.7, 62.8, 48.8, 48.4, 46.1, 45.7, 34.2, 33.5, 
31.9, 29.72, 29.70, 29.68, 29.66, 29.6, 29.4, 29.1, 28.9, 28.7, 24.4, 23.6, 22.7, 18.7, 14.1. IR 2925 
(s), 2853 (s), 2359 (w), 1806 (w), 1766 (m), 1732 (m), 1715 (m), 1643 (w), 1511 (w), 1468 (m), 
1343 (m), 1265 (s), 1195 (m), 1139 (m), 1104 (w), 929 (m), 902 (m). HRMS (ESI) calcd for 
C28H44NO2

+ [M+H]+ 426.3367; found 426.3361. 
 
Benzyl 2-(3,3-dimethylbut-1-yn-1-yl)pyrrolidine-1-carboxylate (4.2c) 

 

Starting from 4.1a (75 mg, 0.30 mmol), the crude product was purified by column chromatography 
(Pentane/Ethyl Acetate = 9:1) to afford 4.2c as colorless oil (66 mg, 0.23 mmol, 77%). 

Rf: 0.28 (Pentane/Ethyl Acetate = 9:1). 1H NMR (400 MHz, CDCl3) δ 7.54 – 7.19 (m, 5H, Ph), 
5.39 – 4.98 (m, 2H, CH2Ph), 4.65 – 4.42 (m, 1H, CH-C≡C), 3.62 – 3.44 (m, 1H, N-CH2), 3.44 – 
3.21 (m, 1H, N-CH2), 2.19 – 1.82 (m, 4H, CH2), 1.16 (s, 9H, tBu). 13C NMR (101 MHz, CDCl3)455 
δ 154.6, 137.1, 129.8,128.4, 128.3, 127.8, 127.6, 127.4, 90.7, 78.5, 66.6, 48.8, 48.3, 46.1, 45.6, 
34.3, 33.6, 31.0, 29.7, 27.2, 24.3, 23.6. IR 2970 (m), 2875 (w), 2236 (w), 1704 (s), 1410 (s), 1357 
                                                             
461 About 95% pure by 1H NMR. 
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(s), 1335 (s), 1269 (s), 1183 (m), 1122 (m), 1095 (m), 1012 (w), 917 (w). HRMS (ESI) calcd for 
C18H23NNaO2

+ [M+Na]+ 308.1621; found 308.1620.  
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8.2.4 Further functionalization 
 

Benzyl 2-(1-benzyl-1H-1,2,3-triazol-4-yl)pyrrolidine-1-carboxylate (4.20) 

 

Following a reported procedure,462 4.2a (344 mg, 0.890 mmol, 1 equiv) was dissolved in dry THF 
(11 mL, 0.08 M) in a flame dried flask and the solution was cooled to 0 °C. Then TBAF (1.1 mL, 
1.1 mmol, 1.2 equiv, 1.0 M in hexanes) was added dropwise and the reaction left stirring for 30 
minutes. Then the reaction was quenched with sat NH4Cl solution (20 mL). The aqueous and 
organic layers were separated and the aqueous layer was extracted with ether (3x10 mL). After 
drying over MgSO4 and concentrating under vacuum, the crude product was immediately used in 
the next step. Rf: 0.30 (6:1 Pentane:EtOAc, KMnO4). 

 

Following a reported procedure, 463  benzyl 2-ethynylpyrrolidine-1-carboxylate (205 mg, 0.890 
mmol, 1 equiv), (azidomethyl)benzene (134 μL, 1.10 mmol, 1.2 equiv), sodium ascorbate (71 mg, 
0.36 mmol, 0.4 equiv), CuSO4●5H2O (45 mg, 0.18 mmol, 0.20 equiv) and tris((1-benzyl-1H-1,2,3-
triazol-4-yl)methyl)amine (24 mg, 0.045 mmol, 0.05 equiv) were dissolved a 2:1 mixture of  
tBuOH:H2O (9 mL) in an open flask and left stirring for 2 h. Then the crude product was purified 
via flash chromatography on silica (from 4:1 to 2:1 Pentane:EtOAc) to afford 4.20 (292 mg, 0.810 
mmol, 90% yield). 

Rf: 0.20 (2:1 Pentane:EtOAc).1H NMR (400 MHz, CDCl3) δ 7.55 – 7.01 (m, 11H, 2 x Ph + 
CHtriazole), 5.60 – 5.34 (m, 2H, CH2), 5.22 – 4.94 (m, 3H, CH and CH2), 3.65 – 3.44 (m, 2H, 
CH2), 2.57 – 1.87 (m, 4H, CH2). 13C NMR (101 MHz, CDCl3)[455] δ 154.9, 154.7, 150.4, 149.3, 
136.9, 136.6, 134.8, 134.7, 129.1, 128.7, 128.6, 128.4, 128.1, 127.9, 127.9, 127.8, 122.3, 121.3, 
66.8, 54.0, 53.5, 46.9, 46.6, 32.6, 30.9, 24.5, 23.4. IR 3053 (w), 2986 (w), 1697 (s), 1590 (w), 1527 
(w), 1498 (m), 1451 (m), 1414 (s), 1355 (m), 1268 (m), 1192 (m), 1176 (m), 1113 (m), 1051 (w), 
913 (w). HRMS (ESI) calcd for C21H23N4O2

+ [M+H]+ 363.1816; found 363.1811 

                                                             
462 Li, Y.; Waser, J. Angew. Chem., Int. Ed. 2015, 54, 5438. 
463 Deng, Q.-H.; Bleith, T.; Wadepohl, H.; Gade, L. H. J. Am. Chem. Soc. 2013, 135, 5356. 
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8.3 Decarboxylative cyanation 

8.3.1. Preparation of Reagents 
 

1-Acetoxy-1,2-benziodoxol-3-(1H)-one (2.91a) 

 
Following a reported procedure,397 1-hydroxy-1,2-benziodoxol-3-(1H)-one (2.106, 10.3 g, 39.1 
mmol, 1.00 equiv.) was 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 affording 2.91a 
(10.8 g, 35.3 mmol, 90%) as a white solid. 

1H NMR (CDCl3, 400 MHz): δ 8.24 (dd, 1 H, J = 7.6, 1.6 Hz, ArH), 8.00 (dd, 1 H, J = 8.3, 1.0 Hz, 
ArH), 7.92 (ddd, 1 H, J = 8.4, 7.2, 1.6 Hz, ArH), 7.71 (td, 1 H, J = 7.3, 1.1 Hz, 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. The values of the NMR spectra are in accordance with reported literature data.397 

1-Cyano-1,2-benziodoxol-3-(1H)-one (2.96a) 

 
Following a reported procedure,294 1-acetoxy-1,2-benziodoxol-3-(1H)-one (2.91a, 11.8 g, 38.6 
mmol, 1.00 eq.) was dissolved under nitrogen in dry dichloromethane (200 mL). To the clear 
colorless solution was added via syringe trimethylsilyl cyanide (TMS-CN, 10 mL, 77 mmol, 2.00 
eq.) over a five minute time period, then trimethylsilyl trifluoromethanesulfonate (TMS-OTf, 70 
μL, 0.386 mmol, 0.01 equiv.). Precipitation occurred within 5 min and the reaction mixture was 
stirred at room temperature and under nitrogen for 30 min to ensure the completion of the reaction. 
The resulting thick white suspension was diluted with hexane (5 mL) before being filtered and the 
solid was washed with hexane (3 x 20 mL) and dried in vacuo affording 2.96a (10.3 g, 37.7 mmol, 
98 %) as a white solid. 
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1H NMR (DMSO-d6, 400 MHz): δ 8.29 (d, J = 8.3 Hz, 1 H, ArH), 8.13 (dd, J = 7.4, 1.7 Hz, 1 H, 
ArH), 8.06-7.97 (m, 1 H, ArH), 7.88 (t, J = 7.3 Hz, 1 H, ArH). 13C NMR (DMSO-d6, 100 MHz): δ 
166.7, 136.5, 132.0, 131.9, 130.2, 127.8, 117.5, 87.9. IR ν 3157 (w), 3093 (w), 2160 (w), 1629 (s), 
1562 (m), 1439 (m), 1321 (s), 1298 (s), 1148 (m), 839 (m), 747 (s). The characterization data is in 
accordance with reported literature values.294 

1-Acetoxy-3,3-dimethyl-3-(1H)-1,2-benziodoxole (S3.2) 

 
Following a reported procedure,397 1-chloro-3,3-dimethyl-3-(1H)-1,2-benziodoxole464 (27, 3.10 g, 
10.5 mmol, 1.00 eq.) and silver acetate (1.83 g, 11.0 mmol, 1.05 eq.) were suspended under 
nitrogen in dry acetonitrile (30 mL). The mixture was stirred in the dark at room temperature for 
15 hours. Filtration of the precipitated silver chloride followed by solvent removal in vacuo yielded 
compound 28 (2.98 g, 9.31 mmol, 89%) as a white solid.  

1H NMR (CDCl3, 400 MHz): δ 7.79 (dd, J = 8.0, 1.3 Hz, 1 H, ArH), 7.52-7.41 (m, 2 H, ArH), 7.17 
(dd, J = 7.4, 1.6 Hz, 1 H, ArH), 2.10 (s, 3 H, COCH3), 1.52 (s, 6 H, CH3). 13C NMR (CDCl3, 100 
MHz): δ 177.4, 149.4, 130.5, 130.0, 129.9, 126.3, 115.8, 84.6, 29.3, 21.6. The characterization data 
is in accordance with reported literature values.397 

1-Cyano-3,3-dimethyl-3-(1H)-1,2-benziodoxole (2.111) 

 
To a solution consisting of 1-acetoxy-3,3-dimethyl-3-(1H)-1,2-benziodoxole (S3.2, 2.00 g, 6.25 
mmol, 1.00 equiv.) and dry dichloromethane (15 mL) was added dropwise trimethylsilyl cyanide 
(TMS-CN, 1.71 mL, 12.5 mmol, 2.00 eq.) at room temperature under nitrogen. The clear colorless 
solution was stirred at room temperature for 20 hours. Solvent removal afforded a white solid, 
which was suspended in pentane (10 mL), filtered and dried in vacuo affording pure compound 
2.111 (1.73 g, 6.03 mmol, 96%) as a white solid.  

                                                             
464 This commercially available compound can also be synthesized following the practical procedure by Togni and 
coworkers. See: Matousek, V.; Pietrasiak, E.; Schwenk, R.; Togni, A. J. Org. Chem. 2013, 78, 6763.  
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Rf (pentane:EtOAc 7:3) = 0.54. 1H NMR (CDCl3, 400 MHz): δ 8.05 (d, J = 8.3 Hz, 1 H, ArH), 7.62 
(t, J = 7.3 Hz, 1 H, ArH), 7.58-7.49 (m, 1 H, ArH), 7.33 (d, J = 7.5 Hz, 1 H, ArH), 1.48 (s, 6 H, 
CH3). 13C NMR (CDCl3, 100 MHz): δ 148.1, 131.7, 131.0, 128.3, 126.9, 111.6, 98.0, 80.4, 30.3. 
IR ν 2974 (w), 2925 (w), 2139 (w), 1461 (m), 1436 (m), 1251 (m), 1160 (s), 1003 (w), 954 (s), 869 
(m), 761 (s). The characterization data is in accordance with reported literature values.465 

5-Fluoro-1-Hydroxy-1,2-benziodoxol-3-(1H)-one (2.106c) 

 
Following a reported procedure,269b NaIO4 (760 mg, 3.55 mmol, 1.05 equiv) and 5-fluoro-2-
iodobenzoic acid (S3.3) (900 mg, 3.38 mmol, 1.00 equiv) were suspended in 30% (v:v) aq. AcOH 
(1.8 mL) / H2O (4.5 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 rt, protecting it from 
light. After 1 h, the crude product was collected by filtration, washed on the filter with ice water (3 
x 10 mL) and acetone (3 x 10 mL), and air-dried in the dark to give the pure product 2.106c (908 
mg, 3.22 mmol, 95%) as a colorless solid. 

1H NMR (400 MHz, (CD3)2SO) δ 8.25 (bs, 1 H, OH), 7.90 – 7.78 (m, 2 H, ArH), 7.75 (dd, J = 8.4, 
2.5 Hz, 1 H, ArH). 13C NMR (100 MHz, (CD3)2SO) δ 166.7 (d, J = 2.6 Hz), 164.0 (d, J = 248.3 
Hz), 134.2 (d, J = 7.5 Hz), 128.5 (d, J = 8.7 Hz), 121.98 (d, J = 23.9 Hz), 117.4 (d, J = 23.6 Hz), 
114.4. The reported values correspond to the ones in literature.269b 

5-Fluoro-1-Acetoxy-1,2-benziodoxol-3-(1H)-one (2.91c) 

 
Following a reported procedure,397 hypervalent iodine precursor 2.106c (800 mg, 2.84 mmol, 1.00 
equiv.) was suspended in acetic anhydride (2.80 mL, 29.7 mmol, 10.5 equiv) and heated to reflux 
for 30 minutes. The resulting clear, slightly yellow solution was slowly let to cool down to room 
temperature and then cooled to 0 °C for 30 minutes. The white suspension was filtered and the 

                                                             
465 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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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 
affording the corresponding OAc hypervalent iodine reagent 2.91c  (825 mg, 2.55 mmol, 90%) as 
a white solid. 

1H NMR (400 MHz, CDCl3) δ 8.01 – 7.93 (m, 2H, ArH), 7.64 (ddd, J = 9.1, 7.7, 2.9 Hz, 1H, ArH), 
2.26 (s, 3H, OC(O)Me). 13C NMR (100 MHz, CDCl3) δ 176.4, 166.7 (d, J = 2.9 Hz), 165.0 (d, J = 
254.5 Hz), 131.7 (d, J = 8.0 Hz), 131.0 (d, J = 8.1 Hz), 123.7 (d, J = 24.0 Hz), 120.0 (d, J = 24.3 
Hz), 111.2 (d, J = 2.3 Hz), 20.2.The values of the NMR spectra are in accordance with reported 
literature data, with small differences in chemical shifts for several signals.466 

5-Fluoro-1-Cyano-1,2-benziodoxol-3-(1H)-one (2.96c)  

 
Following a reported procedure,294 5-Fluoro-1-acetoxy-1,2-benziodoxol-3-(1H)-one (2.91c, 750 g, 
2.31 mmol, 1.00 equiv.) was dissolved under nitrogen in dry dichloromethane (15 mL). To the 
clear colorless solution was added via syringe trimethylsilyl cyanide (TMS-CN, 0.62 mL, 4.6 
mmol, 2.0 equiv.), over a five minute time period, then trimethylsilyl trifluoromethanesulfonate 
(TMS-OTf, 4.2 μL, 23 μmol, 0.010 equiv.). Precipitation occurred within 5 min and the reaction 
mixture was stirred at room temperature and under nitrogen for 30 min to ensure the completion of 
the reaction. The resulting thick white suspension was diluted with hexane (5 mL) before being 
filtered and the solid was washed with hexane (3 x 20 mL) and dried in vacuo affording 2.96c (610 
mg, 2.10 mmol, 91 %) as a white solid.  

Mp: 181.1 – 184.1°C (decomp). 1H NMR (400 MHz, DMSO-d6) δ 8.25 (dd, J = 8.9, 4.2 Hz, 1H, 
ArH), 7.99 – 7.75 (m, 2H, ArH). 13C NMR (100 MHz, DMSO-d6) δ 165.3 (d, J = 2.4 Hz), 164.6 
(d, J = 251.5 Hz), 133.1 (d, J = 7.7 Hz), 130.1 (d, J = 8.9 Hz), 123.8 (d, J = 24.5 Hz), 118.4 (d, J = 
24.1 Hz), 111.4, 87.4. IR (solid) 3870 (s), 3740 (s), 3686 (s), 3620 (m), 3435 (w), 3335 (w), 3227 
(w), 3109 (w), 2988 (w), 2914 (w), 2360 (m), 2162 (w), 2005 (w), 1926 (w), 1865 (w), 1739 (m), 
1702 (m), 1647 (m), 1518 (s), 1457 (m), 1419 (m), 1306 (m), 1141 (w), 1025 (s), 823 (w). HRMS 
(ESI) calcd for C8H4FINO2

+ [M+H]+ 291.9265; found 291.9270.  

2-Iodosyl-5-nitrobenzoic acid (30) and 2-iodosyl-3-nitrobenzoic acid (2.106d) 

                                                             
466 Iinuma, M.; Moriyama, K.; Togo, H. Eur. J. Org. Chem. 2014, 772. 
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Following a reported procedure,269b fuming nitric acid (3.3 mL) was added to 2-iodobenzoic acid 
(24) (5.0 g, 20 mmol, 1.0 equiv) in concentrated H2SO4 (6.7 mL). The reaction was equipped with 
a cooler and a nitrous vapor trap and was heated at 100 °C for 1 h. The reaction mixture was then 
poured in ice-water and filtered. The resulting solid was refluxed in water (50 mL) and filtered. A 
second crop of precipitate was filtered from the mother liquors. Both solids were combined, washed 
with acetone (10 mL) and dried under vacuum to afford 2.106d (2.19 g, 7.10 mmol, 36 %). The 
mother liquors were reduced to one third and then kept at 4 °C, the resulting precipitate was filtered, 
washed with acetone (10 mL) and dried under vacuum to afford S3.3 (630 mg, 2.04 mmol, 10 %).  

2.106d: 1H NMR (400 MHz, (CD3)2SO): δ 8.73 (dd, J = 8.8, 2.6 Hz, 1H, ArH), 8.58 (d, J = 2.4 Hz, 
1H, ArH), 8.54 (br s, 1H, OH), 8.11 (d, J = 8.8 Hz, 1H, ArH). S3.3: 1H NMR (400 MHz, (CD3)2SO): 
δ 7.92 (dd, J = 7.9, 1.5 Hz, 1H, ArH), 7.79 (m, 1H, ArH), 7.67 (m, 1H, ArH). The reported values 
correspond to the ones in literature.269b 

 

5-Nitro-1-Acetoxy-1,2-benziodoxol-3-(1H)-one (2.91d) 

 
Following a reported procedure,397 5-nitro-1-hydroxy-1,2-benziodoxol-3-(1H)-one (2.106d, 6.55 
g, 21.2 mmol, 1.00 eq.) was suspended in acetic anhydride (18 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 
affording 2.91d (5.88 g, 16.7 mmol, 79 %) as a white solid.  

1H NMR(400 MHz, Chloroform-d) δ 9.04 (d, J = 2.5 Hz, 1H, ArH), 8.71 (dd, J = 9.0, 2.5 Hz, 1H, 
ArH), 8.27 (d, J = 8.9 Hz, 1H, ArH), 2.30 (s, 3H, OC(O)Me).The values of the NMR spectra are 
in accordance with reported literature data.397  

5-Nitro-1-Cyano-1,2-benziodoxol-3-(1H)-one (2.96d)  
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Following a reported procedure,294 1-acetoxy-1,2-benziodoxol-3-(1H)-one (2.91d, 351 mg, 1.00 
mmol, 1.00 eq.) was dissolved under nitrogen in dry dichloromethane (7.0 mL). To the clear 
colorless solution was added via syringe trimethylsilyl cyanide (TMS-CN, 0.27 mL, 2.0 mmol, 
2.00 eq.) over a five minute time period. then trimethylsilyl trifluoromethanesulfonate (TMS-OTf, 
1.8 μL, 10 μmol, 0.01 equiv.). Precipitation occurred within 5 min and the reaction mixture was 
stirred at room temperature and under nitrogen for 30 min to ensure the completion of the reaction. 
The resulting thick white suspension was diluted with hexane (5 mL) before being filtered and the 
solid was washed with hexane (3 x 20 mL) and dried in vacuo affording 2.96d (273 mg, 0.859 
mmol, 86 %) as a white solid.  

1H NMR(400 MHz, DMSO-d6) δ 8.77 (dd, J = 8.9, 2.7 Hz, 1H, ArH), 8.64 (d, J = 2.6 Hz, 1H, 
ArH), 8.54 (d, J = 8.9 Hz, 1H, ArH). The characterization data is in accordance with reported 
literature values.294  

 

4,5-Dimethoxy-1-hydroxy-1,2-benziodoxol-3-(1H)-one (2.106e) 

 
Following a reported procedure,294 NaIO4 (840 mg, 3.95 mmol, 1.05 equiv) and 4,5-dimethoxy-2-
iodobenzoic acid (2.105e) (1.16 g, 3.76 mmol, 1.00 equiv) were suspended in 30% (v:v) aq. AcOH 
(1.8 mL in 4.5mL of H2O). The mixture was vigorously stirred and refluxed for 4 h. The reaction 
mixture was then diluted with cold water (20 mL) and allowed to cool to rt, protecting it from light. 
After 1 h, the crude product was collected by filtration, washed on the filter with ice water (3 x 10 
mL) and acetone (3 x 10 mL), and air-dried in the dark to give the pure product 2.106e (1.22 g, 
3.76 mmol, >99%) as a colorless solid. 
1H NMR (400 MHz, (CD3)2SO) δ 7.99 (bs, 1 H, OH), 7.44 (s, 1 H, ArH), 7.22 (s, 1 H, ArH), 3.88 
(bs, 6 H, OCH3); 13C NMR (100 MHz, (CD3)2SO) δ 168.6, 154.1, 150.8, 124.3, 112.5, 110.9, 107.5, 
56.2, 56.0. The reported values correspond to the ones in literature.294  
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4,5-Dimethoxyl-1-Acetoxy-1,2-benziodoxol-3-(1H)-one (2.91e) 

 
Following a reported procedure,397 4,5-dimethoxyl-1-hydroxy-1,2-benziodoxol-3-(1H)-one 
(2.106e, 115 mg, 0.355 mmol, 1.00 eq.) was suspended in acetic anhydride (1.0 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 5 mL) and dried in vacuo 
affording 2.91e (108 mg, 0.295 mmol, 83 %) as a white solid.  

1H NMR (400 MHz, (CD3)2SO) δ 7.47 (s, 1H, ArH), 7.19 (s, 1H, ArH), 3.92 (s, 3H, OMe), 3.90 
(s, 3H, OMe), 2.25 (s, 3H, OC(O)Me). 13C NMR (100 MHz, (CD3)2SO) δ 174. 5, 167.7, 155.3, 
151.2, 122.0, 112.9, 110.6, 109.2, 56.2, 56.1, 20.0. The values of the NMR spectra are in 
accordance with reported literature data.294 

 

4,5-Dimethoxy-1-Cyano-1,2-benziodoxol-3-(1H)-one (2.96e)  

 
Following a reported procedure,294 4,5-dimethoxy-1-acetoxy-1,2-benziodoxol-3-(1H)-one (2.91e, 
92 mg, 0.251 mmol, 1.00 equiv.) was dissolved under nitrogen in dry dichloromethane (2 mL). To 
the clear colorless solution was added via syringe trimethylsilyl cyanide (TMS-CN, 67 μL, 0.50 
mmol, 2.00 equiv.) over a five minute time period, then trimethylsilyl trifluoromethanesulfonate 
(TMS-OTf, 0.90 μL, 5.03 μmol, 0.02 equiv.). Precipitation occurred within 5 min and the reaction 
mixture was stirred at room temperature and under nitrogen for 30 min to ensure the completion of 
the reaction. The resulting thick white suspension was diluted with hexane (5 mL) before being 
filtered and the solid was washed with hexane (3 x 20 mL) and dried in vacuo affording 2.96e (75 
mg, 0.225 mmol, 90 %) as a white solid.  
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1H NMR (400 MHz, (CD3)2SO) δ 7.63 (s, 1H, ArH), 7.53 (s, 1H, ArH), 3.93 (s, 3H, OCH3), 3.91 
(s, 3H, OCH3). 13C NMR (101 MHz, DMSO-d6) δ 166.6, 155.2, 151.9, 123.1, 112.7, 109.2, 107.0, 
88.7, 56.2, 55.0. The characterization data is in accordance with reported literature values.294  

3,5-Di(trifluoromethyl)phenyl(cyano)iodonium triflate (2.113) 

 
Following a reported procedure,288 to a solution consisting of trifluoroacetic anhydride (TFAA, 20 
mL) and dichloromethane (25 mL) was added dropwise at -50 °C aq. 30 wt% hydrogen peroxide 
(4.0 mL). After 10 minutes of stirring at -50 °C, a solution consisting of 1-iodo-3,5-
bis(trifluoromethyl)benzene (S3.4) (1.02 g, 3.00 mmol, 1.00 eq.) and dichloromethane (5.0 mL) 
was added dropwise. The reaction mixture was gradually warmed to 15 °C over a 14 hour time 
period. Next, the mixture was concentrated in vacuo, affording the corresponding trifluoroacetate 
derivative (1.64 g, 2.90 mmol, 97%) as a white solid. The intermediate was dissolved in dry 
dichloromethane (10 mL) without additional purification and trimethylsilyl 
trifluoromethanesulfonate (TMS-OTf, 524 μL, 2.90 mmol, 1.00 eq.), followed by trimethylsilyl 
cyanide (TMS-CN, 388 μL, 2.90 mmol, 1.00 eq.), were added dropwise at room temperature. The 
resulting white suspension was diluted with dry dichloromethane (5.0 mL) and stirred at room 
temperature for 60 minutes, after which it was filtered. The white solid was washed with 
dichloromethane (2 x 10 mL), pentane (2 x 10 mL) and dried in vacuo to afford the title compound 
2.113 (1.46 g, 2.83 mmol, 98%) as a white solid.  

1H NMR (CD3CN, 400 MHz): δ 8.97 (s, 2 H, ArH), 8.45 (s, 1 H, ArH). 19F NMR (CD3CN, 376 
MHz): δ -63.6, -79.3. The values of the NMR spectra are in accordance with reported literature 
data.288 
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8.3.2. Decarboxylative cyanation 
 

General procedure for decarboxylative cyanation.  

 
Dry degassed THF (1.5 mL) was added in a flame dried 4 mL test tube containing a teflon coated 
stirring bar, the carboxylic acid 4.1 (0.30 mmol, 1.0 equiv), CBX reagent (2.96a) (123 mg, 0.450 
mmol, 1.5 equiv), CsOBz (114 mg, 0.450 mmol, 1.5 equiv), 30 mg of heterogeneous powdered 
molecular sieves (4 ångström) and Ir(dF(CF3)ppy)2(dtbbpy)PF6 (2.59) (3 mg, 0.003 mmol, 0.01 
equiv) under N2 (vaccum / N2 exchange). The reaction mixture was again degassed by bubbling 
N2 inside the test tube via syringe for 5 min before being irradiated using blue light LEDs for 4h30 
to 18 h at rt. 

After completion of the reaction, the reaction mixture was filtered over silica, eluting with DCM, 
and evaporated under reduced pressure. The crude product was then dissolved in DCM, and washed 
3 times with saturated aqueous solution of Na2CO3. The joined organic layers are then washed with 
brine, dried with MgSO4, filtered and evaporated under reduced pressure. Final purification was 
performed by column chromatography (Pentane/Ethyl Acetate) affording the corresponding nitrile. 

NB: The mentioned work-up was not applied for N-Fmoc protected amino-acids, which were 
directly submitted to column chromatography. 

Benzyl 2-cyanopyrrolidine-1-carboxylate (4.22a) 

 
Scope scale: Starting from 4.1a (75 mg, 0.30 mmol), the crude product was extracted following the 
previously described work-up prior to being purified by column chromatography (Pentane/Ethyl 
Acetate = 8:2) to afford 7a as colorless oil (61 mg, 0.27 mmol, 89%). 

1 mmol scale: Starting from 4.1a (250 mg, 1.00 mmol), using 1.1 mg of Iridium catalyst 2.59 
(0.1 mol%) and 48 h of irradiation, the crude product was extracted following the previously 
described work-up prior to being purified by column chromatography (Pentane/Ethyl Acetate = 
8:2) to afford 7a as colorless oil (138 mg, 0.599 mmol, 60%). 
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Sunlight experiment: Starting from 4.1a (75 mg, 0.30 mmol), the reaction mixture was stirred for 
4 h outdoors, under sunlight exposition instead of blue leds. The crude product was extracted 
following the previously described work-up prior to being purified by column chromatography 
(Pentane/Ethyl Acetate = 8:2) to afford 4.22a as colorless oil (62 mg, 0.27 mmol, 90%). 

 

Rf: 0.35 (Pentane/Ethyl Acetate = 6:4). 1H NMR (400 MHz, CDCl3) δ 7.47 – 7.28 (m, 5H, ArH), 
5.26 – 5.11 (m, 2H, OCH2Ph), 4.58 (ddd, J = 7.3, 2.7 Hz, 1H, NCHCN), 3.58 (tdd, J = 10.7, 7.4, 
3.4 Hz, 1H, NCH2CH2), 3.42 (ddd, J = 18.7, 9.7, 5.3 Hz, 1H, NCH2CH2), 2.34 – 1.96 (m, 4H, 
NCH2CH2CH2CHCN). 13C NMR (100 MHz, CDCl3) δ 154.2, 153.5, 135.9, 135.8, 128.5, 128.2, 
128.0, 118.8, 118.6, 67.7, 67.5, 47.4, 46.9, 46.2, 45.8, 31.6, 30.67, 24.5, 23.6. IR 3607 (w), 3524 
(w), 3410 (w), 3036 (w), 2960 (w), 2889 (w), 2244 (w), 1965 (w), 1706 (s), 1597 (w), 1540 (w), 
1493 (w), 1410 (s), 1353 (s), 1266 (w), 1186 (m), 1120 (m), 1033 (w), 982 (w), 920 (w), 876 (w). 
HRMS (ESI) calcd for C13H14N2NaO2

+ [M+Na]+ 253.0947; found 253.0962. The characterization 
data is in accordance with reported literature values.60 

NB: Mixture of 2 rotamers with almost 1:1 ratio. They are not completely resolved. 

The sunlight experiment took place in Lausanne (46°51’ Nm 6°57’ E), on April 19th 2016, from 
14:00 to 18:00 with a light intensity of 400 to 800 W/m2. Sun spectra during experiment:467 

                                                             
467 Taken from: http://www.meteolausanne.com/soleil-et-uv.html  
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tert-Butyl-2-cyanopyrrolidine-1-carboxylate (4.22b) 

 
Starting from 4.1b (65 mg, 0.30 mmol), the crude product was purified by column chromatography 
(Pentane/Ethyl Acetate = 9:1) to afford 4.22b as colorless oil (50.7 mg, 0.258 mmol, 86%).  

Rf: 0.40 (Pentane/Ethyl Acetate = 6:4). 1H NMR (400 MHz, CDCl3) δ 4.62 – 4.35 (m, 1H, 
NCHCN), 3.59 – 3.41 (m, 1H, NCH2), 3.33 (ddd, J = 20.1, 14.3, 8.2 Hz, 1H, NCH2), 2.33 – 1.90 
(m, 4H, NCH2(CH2)2), 1.47 (s, 9H, tBu). 13C NMR (100 MHz, CDCl3) δ 153.6 (m), 152.9 (major), 
119.1, 81.4 (major), 80.9 (minor), 47.1 (major), 47.0 (minor), 45.9 (minor), 45.6 (major), 31.6 
(major), 30.7 (minor), 28.2, 24.6 (minor), 23.7 (major). IR 2979 (w), 2889 (w), 2244 (w), 1703 (s), 
1454 (w), 1391 (s), 1258 (w), 1167 (s), 1125 (m), 1036 (w), 982 (w), 921 (w), 872 (w). 

The values of the NMR spectra are in accordance with reported literature data.107 

NB: Mixture of 2 rotamers (major and minor) with a 1.5:1 ratio. They are not completely resolved. 
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(9H-fluoren-9-yl)methyl-2-cyanopyrrolidine-1-carboxylate (4.22c)  

 
Starting from 4.1c (65 mg, 0.30 mmol), the crude product was purified by column chromatography 
(Pentane/Ethyl Acetate = 8:2) to afford 4.22c as colorless oil (88 mg, 0.28 mmol, 92%).  

Rf: 0.35 (Pentane/Ethyl Acetate = 8:2). 1H NMR (400 MHz, CDCl3) δ 7.78 (dd, J = 7.4, 1.1 Hz, 
2H, ArH), 7.66 (t, J = 6.8 Hz, 1H), 7.59 (t, J = 6.9 Hz, 1H), 7.41 (t, J = 7.5 Hz, 2H, ArH), 7.34 (dd, 
J = 7.4, 7.0 Hz, 2H, ArH), 4.66 – 4.55 (m, 1H, NCHCN), 4.55 – 4.35 (m, 2H, OCH2CHAr), 4.28 
(app dt, J = 20.0, 6.8 Hz, 1H, OCH2CHAr), 3.58 (dddd, J = 15.1, 9.7, 7.2, 3.1 Hz, 1H, 
NCH2(CH2)2CHCN), 3.51 – 3.31 (m, 1H, NCH2(CH2)2CHCN), 2.40 – 1.98 (m, 4H, 
NCH2(CH2)2CHCN). 13C NMR (100 MHz, CDCl3) δ 154.2, 153.7, 143.8, 143.7, 143.6, 143.5, 
141.3, 141.2, 127.8, 127.2, 127.1, 125.0, 124.9, 124.9, 120.0, 118.8, 118.6, 68.1, 67.8, 47.5, 47.1 
(probably superposition of 2 signals), 46.9, 46.3, 45.8, 31.8, 30.7, 24.6, 23.6. IR 3062 (w), 2959 
(w), 2890 (w), 2249 (w), 1707 (s), 1446 (m), 1414 (s), 1350 (m), 1263 (w), 1188 (m), 1123 (m), 
1034 (w), 985 (w), 917 (w), 876 (w). HRMS (ESI) calcd for C20H18N2NaO2

+ [M+Na]+ 341.1260; 
found 341.1271. NB: Mixture of 2 rotamers with almost 1:1 ratio. They are not completely 
resolved. 

 

1-benzylpyrrolidine-2-carbonitrile (4.22d) 

 
Starting from 4.1d (62 mg, 0.30 mmol), the crude product was purified by column chromatography 
(Pentane/Ethyl Acetate = 8:2) to afford 4.22d as colorless oil (24 mg, 0.13 mmol, 43%).  

Rf: 0.32 (Pentane/Ethyl Acetate = 8:2). 1H NMR (400 MHz, CDCl3) δ 7.39 – 7.26 (m, 5H, ArH), 
3.92 (d, J = 12.9 Hz, 1H, NCH2Ph), 3.73 – 3.63 (m, 2H, NCHCN + NCH2Ph), 2.94 (ddd, J = 9.5, 
8.1, 4.2 Hz, 1H, NCH2CH2CH2), 2.59 (td, J = 9.0, 7.6 Hz, 1H, NCH2CH2CH2), 2.24 – 2.07 (m, 2H, 
NCH2CH2CH2), 1.93 (m, 2H, NCH2CH2CH2). 13C NMR (101 MHz, CDCl3) δ 137.6, 128.8, 128.5, 
127.5, 118.0, 56.5, 53.2, 51.2, 29.5, 21.9. The values of the NMR spectra are in accordance with 
reported literature data. 468 
 

 

                                                             
468 Han, J.; Xu, B.; Hammond, G. B. Org. Lett. 2011, 13, 3450. 



  Chapter 8: Experimental Part 

286 

tert-Butyl (4R)-2-cyano-4-hydroxypyrrolidine-1-carboxylate (4.22e)  

 
Starting from 4.1e (69 mg, 0.30 mmol), the crude product was purified by column chromatography 
(Pentane/Ethyl Acetate = 6:4) to afford 4.22e as colorless solid (57 mg, 0.27 mmol, 90%, 2:1 dr). 

Major isomer: 

MP: 143.5 – 155.5°C. Rf: 0.2 (Heptane/Ethyl Acetate = 5:5) 1H NMR (400 MHz, CDCl3, mixture 
of rotamers not fully resolved, about 2:1 major/minor) δ 4.65 (d, J = 7.2 Hz, 0.4H, NCHCN + 
NCH2CHOH), 4.61 – 4.50 (m, 1.6H, NCHCN + NCH2CHOH), 3.59 (d, J = 11.9 Hz, 0.6H, 
NCH2CHOH), 3.55 – 3.45 (m, 1.4H, NCH2CHOH), 2.42 – 2.23 (m, 2H, NCH(CN)CH2), 2.18 – 
1.93 (bs, 1H, OH), 1.52 (s, 6H, tBu), 1.48 (s, 3H, tBu). 13C NMR (101 MHz, CDCl3, mixture of 
rotamers not fully resolved) δ 153.6 (minor), 153.1 (major), 119.0, 81.9 (major), 81.4 (minor), 70.7 
(minor), 69.6 (major), 54.7 (minor), 54.5 (major), 45.5 (major), 45.3 (minor), 39.3 (major), 38.8 
(minor), 28.9. IR 3452 (w), 3292 (w), 2979 (w), 2939 (w), 2249 (w), 1697 (s), 1469 (w), 1402 (s), 
1340 (w), 1260 (w), 1168 (s), 1126 (m), 1094 (w), 979 (w), 919 (w), 880 (w). HRMS (ESI) calcd 
for C10H16N2NaO3

+ [M+Na]+ 235.1053; found 235.1050. 

 

tert-Butyl 2-Cyanopiperidine-1-carboxylate (4.22f) 

 
Starting from 4.1f (69 mg, 0.30 mmol), the crude product was purified by column chromatography 
(Pentane/Ethyl Acetate = 8:2) to afford 4.22f as colorless solid (45 mg, 0.22 mmol, 72%).  

Rf: 0.4 (Pentane/Ethyl Acetate = 8:2). 1H NMR (400 MHz, CDCl3) δ 5.23 (bs, 1H, NCHCN), 4.05 
(m, 1H, NCH2), 2.93 (m, 1H, NCH2), 1.93 (m, 1H, NCHCH2), 1.86 – 1.76 (m, 1H, NCHCH2), 1.77 
– 1.61 (m, 3H, NCH2CH2 + NCH2CH2CH2), 1.47 (s, 10H, tBu + NCH2CH2CH2). 13C NMR (101 
MHz, CDCl3) δ 154.0, 117.8, 81.4, 44.0, 41.4, 28.5, 28.4, 24.5, 20.3. IR 2945 (w), 2864 (w), 2243 
(w), 1704 (s), 1455 (w), 1401 (s), 1327 (w), 1268 (m), 1165 (s), 1088 (w), 1036 (w), 993 (w), 928 
(w), 869 (w). HRMS (ESI) calcd for C11H19N2O2

+ [M+H]+ 211.1441; found 211.1442. The values 
of the NMR spectra are in accordance with reported literature data. 469 

                                                             
469 (a) Hoshikawa, T.; Yoshioka, S.; Kamijo, S.; Inoue, M. Synthesis, 2013, 45, 0874. (b) Tang, F. Y.; Qu, L. Q.; Xu, 
Y.; Ma, R.-J.; Chen, S.-H. ; Li, G. Synth. Commun. 37, 21, 3793. 
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Benzyl 3-cyano-3,4-dihydroisoquinoline-2(1H)-carboxylate (4.22g) 

 
Starting from 4.1g (93 mg, 0.30 mmol), the crude product was purified by column chromatography 
(Pentane/Ethyl Acetate = 8:2) to afford 4.22g as colorless oil (57 mg, 0.20 mmol, 65 %). 

Rf: 0.40 (Heptane/Ethyl Acetate = 8:2). 1H NMR (400 MHz, CDCl3) δ 7.44 – 7.33 (m, 5H, ArH), 
7.32 – 7.22 (m, 2H, ArH), 7.22 – 7.09 (m, 2H, ArH), 5.71 – 5.32 (m, 1H, NCHCN), 5.24 (s, 2H, 
C(O)OCH2Ph)), 4.89 (d, J = 16.6 Hz, 1H, NCH2CAr), 4.57 (d, J = 16.6 Hz, 1H, NCH2CAr), 3.26 
(dd, J = 16.1, 5.8 Hz, 1H, NCHCH2CAr), 3.16 – 3.01 (m, 1H, NCHCH2CAr). 13C NMR (101 MHz, 
CDCl3) δ 155.0, 135.6, 131.1, 129.6, 129.0, 128.6, 128.5, 128.3, 127.5, 127.3, 126.4, 117.4, 68.4, 
43.7, 42.1, 32.3. IR 3064 (w), 3037 (w), 2956 (w), 2854 (w), 2244 (w), 1967 (w), 1708 (s), 1597 
(w), 1498 (w), 1454 (w), 1409 (s), 1327 (m), 1226 (m), 1166 (w), 1123 (m), 1093 (w), 999 (m), 
910 (w), 822 (w). HRMS (ESI) calcd for C18H17N2O2

+ [M+H]+ 293.1285; found 293.1283. 

tert-Butyl (cyanomethyl)carbamate (4.22h) 

 
Starting from 4.1h (53 mg, 0.30 mmol), the crude product was purified by column chromatography 
(Pentane/Ethyl Acetate = 8:2) to afford 4.22h as colorless oil (31 mg, 0.20 mmol, 66%). 

Rf: 0.35 (Pentane/Ethyl Acetate = 8:2). 1H NMR (400 MHz, CDCl3) δ 4.92 (bs, 1H, NH), 4.06 (bd, 
J = 6.1 Hz, 2H, CH2), 1.46 (s, 9H, tBu). 13C NMR (100 MHz, CDCl3) δ 154.8, 116.5, 81.4, 34.1, 
28.1. IR 3587 (w), 3355 (w), 2983 (w), 2939 (w), 2256 (w), 1704 (s), 1517 (s), 1374 (w), 1287 (s), 
1255 (s), 1167 (s), 1052 (w), 941 (w), 859 (w). HRMS (ESI) calcd for C7H13N2O2

+ [M+H]+ 
157.0972; found 157.0970. The values of the NMR spectra are in accordance with reported 
literature data.470 

tert-Butyl-(1-cyanoethyl)carbamate (4.22i) 

 
Starting from 4.1i (57 mg, 0.30 mmol), the crude product was purified by column chromatography 
(Pentane/Ethyl Acetate = 8:2) to afford 4.22i as colorless oil (44 mg, 0.26 mmol, 86%).  

                                                             
470 (a) Sureshbabu, V. V. ; Naik, S. A.; Nagendra, G. Synth. Commun. 2009, 39, 395. (b) See also: Anderson, J. C.; 
Flaherty, A.; Swarbrick, M. E. J. Org. Chem. 2000, 65, 9152. 
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Rf: 0.29 (Pentane/Ethyl Acetate = 8:2). 1H NMR (400 MHz, CDCl3) δ 4.88 (bs, 1H, NH), 4.62 (bs, 
1H, CH), 1.54 (d, J = 7.2 Hz, 3H, CH3), 1.46 (s, 9H, tBu). 13C NMR (100 MHz, CDCl3) δ 154.1, 
119.5, 81.2, 37.6, 28.2, 19.6. IR 3668 (w), 3319 (m), 2986 (m), 2947 (m), 2906 (w), 2795 (w), 
2249 (w), 1684 (s), 1533 (s), 1451 (w), 1374 (m), 1335 (m), 1302 (m), 1259 (s), 1165 (s), 1074 
(m), 1036 (m), 913 (w), 866 (m). HRMS (ESI) calcd for C8H14N2NaO2

+ [M+Na]+ 193.0947; found 
193.0947. The values of the NMR spectra are in accordance with reported literature data.471 

tert-Butyl (2-cyanopropan-2-yl)carbamate (4.22j) 

 
Starting from 4.1j (61 mg, 0.30 mmol), the crude product was purified by column chromatography 
(Pentane/Ethyl Acetate = 8:2) to afford 4.22j as colorless oil (28 mg, 0.15 mmol, 51%).  

Rf: 0.25 (Pentane/Ethyl Acetate = 8:2). 1H NMR (400 MHz, CDCl3) δ 4.79 (s, 1H, NH), 1.66 (s, 
6H, NC(CH3)2CN), 1.48 (s, 9H, tBu). 13C NMR (100 MHz, CDCl3) δ 153.6, 121.2, 81.3, 46.8, 28.2, 
27.6. IR 3348 (m), 2982 (m), 2934 (w), 2246 (w), 1695 (s), 1515 (s), 1464 (w), 1373 (m), 1281 (s), 
1169 (s), 1088 (m), 960 (w), 861 (w). HRMS (ESI) calcd for C9H16N2NaO2

+ [M+Na]+ 207.1104; 
found 207.1107. 

tert-Butyl-(1-cyano-2-methylpropyl)carbamate (4.22k) 

 
Starting from 4.1k (65 mg, 0.30 mmol), the crude product was purified by column chromatography 
(Pentane/Ethyl Acetate = 8:2) to afford 4.22k as colorless solid (48 mg, 0.24 mmol, 80%).  

Rf: 0.35 (Pentane/Ethyl Acetate = 8:2). 1H NMR (400 MHz, CDCl3) δ 4.86 (br d, J = 9.5 Hz, 1H, 
NH), 4.46 (t, J = 7.9 Hz, 1H, BocNHCH), 2.11 – 1.91 (m, J = 6.7 Hz, 1H, CHMe2), 1.46 (s, 9H, 
tBu), 1.09 (d, J = 7.0 Hz, 3H, CHMe2), 1.07 (d, J = 7.0 Hz, 3H, CHMe2). 13C NMR (100 MHz, 
CDCl3) δ 154.4, 118.0, 81.1, 48.4, 31.8, 28.2, 18.5, 17.9. IR 3341 (m), 2976 (m), 2934 (w), 2248 
(w), 1701 (s), 1519 (s), 1374 (m), 1255 (m), 1168 (s), 1019 (w), 916 (w), 869 (w). HRMS (ESI) 
calcd for C10H18N2NaO2

+ [M+Na]+ 221.1260; found 221.1261. 
The values of the NMR spectra are in accordance with reported literature data.472 

 

                                                             
471 Zhu, J.-L.; Lee, F.-Y.; Wu, J.-D.; Kuo, C.-W.; Shia, K.-S. Synlett, 2007, 8, 1317. 
472 Mangette, J. E.; Johnson, M. R.; Le, V.-D.; Shenoy, R. A.; Roark, H.; Stier, M.; Belliotti, T.; Capiris, T.; Guzzo, 
P. R. Tetrahedron, 2009, 65, 9536. 
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(9H-fluoren-9-yl)methyl-(1-cyano-3-methylbutyl)carbamate (4.22l) 

 
Starting from 4.1l (106 mg, 0.300 mmol), the crude product was purified by column 
chromatography (Pentane/Ethyl Acetate = 10:2) to afford 4.22l as white solid (82 mg, 0.24 mmol, 
82%).  

Rf: 0.30 (Pentane/Ethyl Acetate = 8:2). 1H NMR (400 MHz, CDCl3) δ 7.77 (d, J = 7.5 Hz, 2H, 
ArH), 7.57 (d, J = 7.5 Hz, 2H, ArH), 7.41 (t, J = 7.5 Hz, 2H, ArH), 7.32 (t, J = 7.4 Hz, 2H, ArH), 
5.16 – 5.05 (m, 1H, NH), 4.72 – 4.67 (m, 0.2H, CHCN), 4.63 (dd, J = 8.0 Hz, 0.80H, CHCN), 4.49 
(d, J = 6.7 Hz, 2H, -OCH2CH), 4.21 (t, J = 6.7 Hz, 1H, -OCH2CH), 1.87 – 1.58 (m, 3H, 
CH2CHMe2), 0.97 (d, J = 6.4 Hz, 6H, CH2CHMe2) 13C NMR (100 MHz, CDCl3) δ 155.1, 143.4, 
141.3, 127.8, 127.1, 124.8, 120.0, 118.7, 67.3, 47.0, 42.0, 41.2, 24.7, 22.1, 21.8. IR 3664 (w), 3326 
(m), 3060 (w), 2961 (m), 2877 (w), 2249 (w), 1954 (w), 1918 (w), 1709 (s), 1525 (s), 1456 (m), 
1326 (m), 1252 (s), 1168 (w), 1120 (w), 1041 (m), 916 (w), 866 (w). HRMS (ESI) calcd for 
C21H22N2NaO2

+ [M+Na]+ 357.1573; found 357.1576. 

The values of the NMR spectra are in accordance with reported literature data, with small 
differences in chemical shifts.473 NB: Mixture of rotamers not completely resolved. 

Benzyl-(1-cyano-2-phenylethyl)carbamate (4.22m) 

 
Starting from 4.1m (90 mg, 0.30 mmol), the crude product was purified by column chromatography 
(Pentane/Ethyl Acetate = 10:2) to afford 4.22m as white solid (66 mg, 0.24 mmol, 78%).  

Rf: 0.37 (Pentane/Ethyl Acetate = 8:2).  1H NMR (400 MHz, CDCl3) δ 7.36 (m, 8H, ArH), 7.29 – 
7.23 (m, 2H, ArH), 5.12 (s, 3H, OCH2Ph + NH), 4.89 (dd, J = 7.3 Hz, 1H, CHCN), 3.09 (dd, J = 
13.8, 6.5 Hz, 2H, NCHCH2Ph). 13C NMR (100 MHz, CDCl3) δ 154.9, 135.5, 133.5, 129.4, 129.0, 
128.6, 128.5, 128.3, 128.0, 118.0, 67.7, 43.7, 38.9. IR 3322 (m), 3038 (w), 2963 (w), 2783 (w), 
2245 (w), 1957 (w), 1887 (w), 1810 (w), 1701 (s), 1531 (s), 1451 (w), 1260 (s), 1151 (w), 1042 
(m), 986 (w), 910 (w), 819 (w). HRMS (ESI) calcd for C17H16N2NaO2

+ [M+Na]+ 303.1104; found 
303.1113. The characterization data is in accordance with reported literature values.474 

                                                             
473 Madhu, C.; Panguluri, N. R.; Panduranga N. N.; Sureshbabu, V. V. V. Tetrahedron Lett. 2014, 55, 6831. 
474 Hoang, C. T.; Alezra, V.; Guillot, R.; Kouklovsky, C. Org. Lett. 2007, 9, 2521. 
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tert-Butyl (2-(benzyloxy)-1-cyanoethyl)carbamate (4.22n) 

 
Starting from 4.1n (89 mg, 0.30 mmol), the crude product was purified by column chromatography 
(Pentane/Ethyl Acetate = 10:2) to afford 4.22n as colorless oil (66 mg, 0.24 mmol, 80%). 

Rf: 0.45 (Pentane/Ethyl Acetate = 6:4). 1H NMR (400 MHz, CDCl3) δ 7.44 – 7.29 (m, 5H, ArH), 
5.31 (d, J = 9.0 Hz, 1H, NH), 4.81 – 4.68 (m, 1H, NCHCN), 4.62 (s, 2H, OCH2Ph), 3.72 (dd, J = 
9.8, 3.6 Hz, 1H, NCHCH2O), 3.64 (dd, J = 9.7, 4.2 Hz, 1H, NCHCH2O), 1.46 (s, 9H, tBu). 13C 
NMR (100 MHz, CDCl3) δ 154.3, 136.7, 128.6, 128.2, 127.8, 117.6, 81.3, 73.6, 69.0, 42.5, 28.2. 
IR 3659 (w), 3337 (w), 2979 (m), 2935 (w), 2875 (w), 2252 (w), 1711 (s), 1506 (s), 1464 (w), 1366 
(m), 1289 (m), 1253 (m), 1165 (s), 1114 (m), 1022 (w), 913 (w), 871 (w). HRMS (ESI) calcd for 
C15H20N2NaO3

+ [M+Na]+ 299.1366; found 299.1372. 

The characterization data is in accordance with reported literature values.468 
 

tert-Butyl 4-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-cyanobutanoate (4.22o) 

 

Starting from 4.1o (128 mg, 0.300 mmol), the crude product was purified by column 
chromatography (Pentane/Ethyl Acetate = 8:2) to afford 4.22o as white solid (80 mg, 0.20 mmol, 
66%).  

Mp: 74-76°C. Rf: 0.25 (Pentane/Ethyl Acetate = 8:2). 1H NMR (400 MHz, CDCl3) δ 7.77 (dt, J = 
7.6, 0.9 Hz, 2H, ArH), 7.57 (d, J = 7.5 Hz, 2H, ArH), 7.45 – 7.36 (m, 2H, ArH), 7.36 – 7.28 (m, 
2H, ArH), 5.66 (d, J = 8.4 Hz, 1H, NH), 4.68 (app q, J = 7.5 Hz, 1H, NCHCN), 4.47 (m, 2H, 
OCH2CHAr), 4.21 (t, J = 7.0 Hz, 1H, OCH2CHAr), 2.45 (m, 2H, BocCH2CH2), 2.12 (app q, J = 
6.9 Hz, 2H, BocCH2CH2), 1.46 (s, 9H, tBu). 13C NMR (100 MHz, CDCl3) δ 171.5, 155.6, 143.4, 
141.3, 127.8, 127.1, 124.9, 120.0, 118.0, 81.7, 67.4, 47.0, 42.3, 31.1, 28.0, 27.9. IR 3331 (w), 2978 
(w), 2253 (w), 1721 (s), 1524 (m), 1452 (m), 1374 (w), 1327 (w), 1250 (s), 1157 (s), 1047 (w), 952 
(w), 913 (w), 849 (w). HRMS (ESI) calcd for C24H26N2NaO4

+ [M+Na]+ 429.1785; found 429.1798. 
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Benzyl (1-cyano-3-(methylthio)propyl)carbamate (4.22p)  

 
Starting from 4.1p (85 mg, 0.30 mmol), the crude product was purified by column chromatography 
(Pentane/Ethyl Acetate = 8:2) to afford 4.22p as white solid (47 mg, 0.18 mmol, 59%).  

Mp: 57-58°C Rf: 0.15 (Pentane/Ethyl Acetate = 8:2). 1H NMR (400 MHz, CDCl3) δ 7.43 – 7.31 
(m, 5H, ArH), 5.37 (s, 1H, NH), 5.15 (s, 2H, OCH2Ph), 4.85 (dd, J = 8.1, 7.7 Hz, 1H, NCHCN), 
2.66 (t, J = 6.9 Hz, 2H, NCHCH2CH2S), 2.11 (m, 5H, NCHCH2CH2S + SMe).13C NMR (100 MHz, 
CDCl3) δ 155.0, 135.5, 128.6, 128.5, 128.3, 118.0, 67.8, 41.9, 32.1, 29.6, 15.5. IR 3321 (m), 3038 
(w), 2924 (w), 2349 (w), 2250 (w), 1963 (w), 1712 (s), 1522 (s), 1444 (w), 1331 (w), 1250 (s), 
1142 (w), 1053 (m), 974 (w), 914 (w). HRMS (ESI) calcd for C13H17N2O2S+ [M+H]+ 265.1005; 
found 265.1009. 
 

Benzyl tert-butyl (1-cyanopentane-1,5-diyl)dicarbamate (4.22q) 

 
Starting from 4.1q (114 mg, 0.300 mmol), the crude product was purified by column 
chromatography (Pentane/Ethyl Acetate = 6:2) to afford 4.22q as white solid (90 mg, 0.25 mmol, 
83%).  

Rf: 0.3 (Pentane/Ethyl Acetate = 6:2). 1H NMR (400 MHz, CDCl3) δ 7.40 – 7.28 (m, 5H, ArH), 
5.16 (d, J = 8.6 Hz, 1H, BocNH), 5.09 (s, 2H, OCH2Ar), 4.90 (bs, J = 6.2 Hz, 1H, CbzNH), 4.50 
(app q, J = 7.9 Hz, 1H, BocNHCHCN), 3.20 (m, 2H, CbzNHCH2), 1.81 (m, 2H, 
CbzNHCH2(CH2)2CH2), 1.53 (m, 4H, CbzNHCH2(CH2)2), 1.45 (s, 9H, tBu). 13C NMR (100 MHz, 
CDCl3) δ 156.6, 154.4, 136.4, 128.8, 128.5, 128.1, 118.8, 81.1, 66.7, 42.0, 40.1, 32.5, 29.1, 28.2, 
22.2. IR 3665 (w), 3327 (w), 2975 (w), 2941 (w), 2876 (w), 2248 (w), 1698 (s), 1523 (s), 1455 (w), 
1368 (w), 1252 (s), 1165 (m), 1020 (w), 913 (w), 863 (w). HRMS (ESI) calcd for C19H27N3NaO4

+ 
[M+Na]+ 384.1894; found 384.1896. The values of the NMR spectra are in accordance with 
reported literature data.473 
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Benzyl (2-(2-cyanopyrrolidin-1-yl)-2-oxoethyl)carbamate (4.22r)  

 

Starting from 4.1r (92 mg, 0.30 mmol), the crude product was purified by column chromatography 
(Full DCM to DCM/Acetone = 92:8) to afford 4.22r as yellowish oil (49 mg, 0.17 mmol, 56%).  

Rf: 0.22 (DCM/Acetone = 95:5). 1H NMR (400 MHz, CDCl3, mixture of rotamers (major/minor)) 
δ 7.39 – 7.27 (m, 5H, ArH), 5.80 (s, 0.9H, NH (major)), 5.60 (s, 0.1H, NH (minor)), 5.14 (s, 0.2H, 
OCH2Ph (minor)), 5.11 (s, 1.8H, OCH2Ph (major)), 4.80 – 4.69 (m, 0.9H, NCHCN (major)), 4.66 
(m, 0.1H, NCHCN (minor)), 4.18 (m, 0.1H, NC(O)CH2NHCbz (minor)), 4.11 – 3.87 (m, 1.9H, 
NC(O)CH2NHCbz, (major+minor)), 3.73 – 3.63 (m, 0.1H, NCH2(CH2)2CHCN (minor)), 3.63 – 
3.54 (m, 0.9H, NCH2(CH2)2CHCN (major)), 3.49 (m, 0.1H, NCH2(CH2)2CHCN (minor)), 3.41 (m, 
0.9H, NCH2(CH2)2CHCN (major)), 2.37 (m, 0.2H, NCH2(CH2)2CHCN (minor)), 2.34 – 2.04 (m, 
3.8H, NCH2(CH2)2CHCN (minor+ major)). 13C NMR (100 MHz, CDCl3, only major rotamer) δ 
167.5, 156.3, 136.2, 128.4, 128.1, 127.9, 117.9, 66.9, 46.5, 45.4, 43.4, 29.8, 25.0. IR 3334 (w), 
3037 (w), 2956 (w), 2885 (w), 2245 (w), 1722 (s), 1664 (s), 1529 (m), 1442 (s), 1330 (w), 1250 
(s), 1168 (w), 1055 (m), 992 (w), 916 (w), 832 (w). HRMS (ESI) calcd for C15H17N3NaO3

+ 
[M+Na]+ 310.1162; found 310.1167. 

The values of the NMR spectra are in accordance with reported literature data. 475 

NB: Mixture of rotamers, NMR ratio of 10:1.  

 

Benzyl ((2R)-1-(2-cyanopyrrolidin-1-yl)-1-oxo-3-phenylpropan-2-yl)carbamate (4.22s)  

 
Starting from 4.1s (119 mg, 0.300 mmol), the crude product was purified by column 
chromatography (Full DCM to DCM/Acetone = 92:8) to afford 4.22s as colorless oil (62 mg, 0.16 
mmol, 55%; obtained as a mixture of diastereoisomers (Major:minor = 1.2:1). The major 

                                                             
475 Lawandi, J.; Toumieux, S.; Seyer, V.; Campbell, P.; S. Thielges, S.; Juillerat-Jeanneret, L.; Moitessier, N. J. Med. 
Chem. 2009, 52, 6672. 
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diastereoisomer was generated as a mixture of inseparable rotamers (ratio: 56 : 44). The minor 
product could be partially isolated in ca. 95% purity). 

Rf: 0.22 (major) 0.20 (minor) (DCM/Acetone = 95:5). 1H NMR (400 MHz, CDCl3.) δ 7.37-7.29 
(m, 5 H, (minor+major), ArH), 7.25 (m, 3.5 H, (minor + major), ArH), 7.21-7.14 (m, 1.5 H, (minor 
+ major)), 5.69 (d, J = 8.5 Hz, 0.75 H, NH, (minor + major)), 5.45 (d, J = 7.8 Hz, 0.25 H, NH, 
major (rotamer 1)), 5.32 (d, J = 6.8 Hz, 0.25 H, major (rotamer 2)), 5.11 (m, 1.5 H, (minor + 
major)), 5.04-4.94 (m, 0.25 H, major), 4.68-4.62 (m, 1 H, (minor + major)), 4.58 (m, 0.25 H, 
(minor)), 4.50 (dd, J = 7.8, 2.1 Hz, 0.75 H, major), 3.60-3.50 (m, 0.75 H, major), 3.35 (m, 0.25 H, 
minor), 3.24 (dd, J = 14.0, 5.1 Hz, 0.25 H, major), 3.10-3.05 (m, 1 H, (minor + major)), 2.96 (m, 
0.75 H, major), 2.58 (m, 0.25 H, minor), 2.50 (m, 0.75 H, major), 2.38-2.22 (m, 0.25 H, major), 
2.18-2.07 (m, 1.25 H, (minor + major)), 2.00 (m, 1 H, (minor + major)), 1.94-1.87 (m, 0.25 H, 
minor), 1.82-1.68 (m, 1.25 H (minor + major) (overlap with impurity)). 13C NMR (101 MHz, 
Chloroform-d, signals are not fully resolved) δ 171.1, 170.6, 170.4, 156.2, 155.6, 155.5, 136.1, 
135.8, 135.4, 129.5, 129.4, 129.3, 128.8, 128.7, 128.5, 128.1, 128.0, 127.8, 127.3, 127.2, 127.1, 
118.6, 117.8, 117.5, 67.1, 67.0, 54.2, 54.1, 47.4, 46.3, 46.1, 46.1, 46.0, 40.0, 38.0, 32.2, 29.8, 29.7, 
24.9, 24.6, 23.0. IR 3516 (w), 3307 (m), 3060 (w), 3033 (w), 2956 (w), 2887 (w), 2249 (w), 1961 
(w), 1713 (s), 1651 (s), 1522 (m), 1439 (s), 1335 (m), 1249 (s), 1151 (w), 1053 (m), 914 (m). 
HRMS (ESI) calcd for C22H23N3NaO3

+ [M+Na]+ 400.1632; found 400.1632. 

Characterization data for the minor diastereoisomer: 
1H NMR (400 MHz, Chloroform-d) δ 7.34 (m, 7H, ArH), 7.30 – 7.16 (m, 3H, ArH), 5.69 (d, J = 
8.6 Hz, 1H, NH), 5.19 – 5.00 (m, 2H, OCH2Ph), 4.67 (dd, J = 7.9, 3.0 Hz, 1H, NCHCN), 4.58 (m, 
1H, NC(O)CHNHCbz), 3.36 (td, J = 9.2, 6.9 Hz, 1H, NCH2(CH2)2CHCN), 3.11 – 2.99 (m, 2H, 
NHCHCH2Ph), 2.59 (m, 1H, NCH2(CH2)2CHCN), 2.17 – 1.95 (m, 2H, NCH2CH2CH2CHCN), 
1.95 – 1.71 (m, 2H, NCH2CH2CH2CHCN). 13C NMR (100 MHz, Chloroform-d) δ 170.6, 155.6, 
136.1, 135.4, 129.5, 128.8, 128.5, 128.2, 128.0, 127.3, 117.5, 67.0, 54.1, 46.2, 46.0, 40.1, 29.7, 
24.9. IR 3534 (w), 3304 (w), 3060 (w), 3034 (w), 2957 (w), 2887 (w), 2249 (w), 1962 (w), 1714 
(s), 1651 (s), 1526 (m), 1442 (s), 1335 (m), 1249 (s), 1154 (w), 1050 (m), 914 (w). 
2,3-Dihydrobenzo[b][1,4]dioxine-2-carbonitrile (4.26a) 

 
Starting from 4.11a (54 mg, 0.30 mmol), the crude product was purified by column 
chromatography (Pentane/Ethyl Acetate = 9:1) to afford 4.26a as colorless solid (34 mg, 0.21 
mmol, 70%).  
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Rf: 0.4 (Pentane/Ethyl Acetate = 8:2). 1H NMR (400 MHz, CDCl3) δ 7.00 – 6.89 (m, 4H, ArH), 
5.12 (dd, J = 3.7, 2.5 Hz, 1H, CHCN), 4.42 (dd, J = 11.8, 3.7 Hz, 1H, OCH2CHCN), 4.35 (dd, J = 
11.8, 2.6 Hz, 1H, OCH2CHCN). 13C NMR (100 MHz, CDCl3) δ 142.3, 140.4, 123.2, 122.6, 117.8, 
117.7, 114.7, 64.6, 61.8. IR 3656 (w), 3053 (w), 2980 (w), 2934 (w), 2885 (w), 2224 (w), 1764 
(w), 1600 (w), 1496 (s), 1312 (m), 1260 (s), 1190 (w), 1118 (w), 1083 (s), 1018 (w), 931 (w), 883 
(w), 832 (w).The values of the NMR spectra are in accordance with reported literature data. 476 

Gram scale reaction 

Starting from 4.11a (1.0 g, 5.6 mmol), the reaction was irradiated for 36h. Then the crude product 
was extracted following the previously described work-up prior to being purified by column 
chromatography (twice, Pentane/Ethyl Acetate = 9:1) to afford 4.26a as colorless solid (395 mg, 
2.45 mmol, 44%).  

 

2-(Benzyloxy)propanenitrile (4.26b)  

 
Starting from 4.11b (54 mg, 0.30 mmol), the crude product was purified by column 
chromatography (Pentane/Ethyl acetate = 8:2) to afford 4.26b as colorless liquid (32 mg, 0.20 
mmol, 66%).  

Rf: 0.45 (Pentane/Ethyl Acetate = 8:2). 1H NMR (400 MHz, CDCl3) δ 7.47 – 7.29 (m, 5H, ArH), 
4.85 (d, J = 11.6 Hz, 1H, OCH2Ph), 4.54 (d, J = 11.5 Hz, 1H, OCH2Ph), 4.26 (q, J = 6.8 Hz, 1H, 
OCHCN), 1.59 (d, J = 6.8 Hz, 3H, Me). 13C NMR (100 MHz, CDCl3) δ 135.9, 128.6, 128.4, 128.2, 
118.8, 72.1, 63.2, 19.8. IR 3068 (w), 3035 (w), 2998 (w), 2938 (w), 2875 (w), 2241 (w), 1967 (w), 
1889 (w), 1754 (w), 1599 (w), 1498 (w), 1456 (w), 1386 (w), 1330 (w), 1259 (w), 1212 (w), 1115 
(s), 1071 (m), 1017 (m), 911 (w), 876 (w). 

The values of the NMR spectra are in accordance with reported literature data. 477 

 

2-(4-(tert-Butyl)phenoxy)acetonitrile (4.26c) 

 

                                                             
476 Bolchi, C.; Valoti, E.; Straniero, V.; Ruggeri, P.; Pallavicini, M. J. Org. Chem. 2014, 79, 6732. 
477 Lu, C.; Su, X.; Floreancig, P. E. J. Org. Chem. 2013, 78, 9366. 
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Starting from 4.11c (62 mg, 0.30 mmol), the crude product was purified by column 
chromatography (Pentane/Ethyl Acetate = 8:2) to afford 4.26c as colorless oil (21 mg, 0.11 mmol, 
37%).  

Rf: 0.25 (Pentane/Ethyl Acetate = 9:1). 1H NMR (400 MHz, CDCl3) δ 7.36 (d, J = 8.9 Hz, 2H, 
ArH), 6.92 (d, J = 8.9 Hz, 2H, ArH), 4.75 (s, 2H, OCH2CN), 1.31 (s, 9H, tBu). 13C NMR (100 
MHz, CDCl3) δ 154.3, 146.0, 126.7, 115.3, 114.5, 53. 8, 34.2, 31.4. The values of the NMR spectra 
are in accordance with reported literature data.478 

Side product obtained in presence of water: 

Benzyl 2-hydroxypyrrolidine-1-carboxylate (4.24) 

 
Isolated from the reaction mixture during the optimization (0.10 mmol scale). Reaction without 
molecular sieves furnished this side product in various amounts depending on the dryness of the 
reagents and the solvent. Purification by preparative TLC (Heptane/Ethyl Acetate = 6:4) afforded 
4.24 as a colorless oil (10 mg, 90% purity, 0.041 mmol, 41%).  

Rf: 0.20 (Heptane/Ethyl Acetate = 8:2). 1H NMR (400 MHz, Chloroform-d, mixture of rotamers 
partially resolved, 2:1 ratio) δ 7.42 – 7.29 (m, 5H, ArH), 5.52 (m, 1H, NCHOH), 5.17 (m, 2H, 
OCH2Ph), 3.60 (m, 1H, NCH2(CH2)2), 3.35 (m, 1H, NCH2(CH2)2), 2.23 – 1.73 (m, 4H, 
NCH2(CH2)2). 13C NMR (101 MHz, Chloroform-d) δ 155.8, 155.4, 136.4, 128.5, 128.1, 127.9, 
82.2, 81.3, 67.1, 67.0, 46.2, 45.8, 33.6, 32.7, 22.8, 22.0. HRMS (ESI) calcd for C12H15NO3Na: 
[M+Na] = 244.0950, found 244.0951. The values of the NMR spectra are in accordance with 
reported literature data.479 
Labelling experiment with 18O-water (18O-labelled-4.23) 

 

Dry degassed THF (1.0 mL) was added in a flame dried 4 mL test tube containing a teflon coated 
stirring bar, the Cbz-Pro-OH 4.1a (50 mg, 0.20 mmol, 1.0 equiv), CBX reagent (82 mg, 0.30 mmol, 
1.5 equiv), CsOBz (76 mg, 0.30 mmol, 1.5 equiv) and Ir(dF(CF3)ppy)2(dtbbpy)PF6 (2.59)  (2.2 mg, 
0.0020 mmol, 0.01 equiv) under N2 (vaccum / N2 exchange). At this time, 36 μL of 18O-water (10 
equiv, 97% atom 18O) was added by Hamilton syringe. The reaction mixture was degassed by 

                                                             
478 Barkin, J. L.; Faust Jr., M. D.; Trenkle, W. C. Org. Lett. 2003, 5, 3333. 
479 Piperno, A.; Carnovale, C.; Giofrè, S. V.; Iannazzo, D. Tetrahedron Lett. 2011, 52, 6880. 
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freeze-pump-thaw cycle (3 times) before being irradiated using blue light LEDs for 10 h at rt. After 
completion of the reaction, the reaction mixture was filtered using HPLC filter. An HRMS sample 
was diluted with dry acetonitrile. Caution: classical filtration using silica gel leads to fast isotopic 
exchange of the hemiaminal. The labelled product was only observed when the reaction mixture 
was filtered using dry HPLC filter. NMR analysis showed formation of this side product in a 1:0.08 
ratio in favor of nitrile 4.22a. 

HRMS (ESI): calcd for C12H15N[16O]2[18O]Na: [M+Na] = 246.0992, found 246.0988. 

According to the HRMS spectra, the distribution between 4.23 and 18O-labelled-4.23 is 23:77, 
meaning incorporation is 77%. 

THF-2-carbonitrile (4.24) 

 

Observed as side product when reaction is performed in THF. For most of the reaction, a 10:1 
NMR ratio between the nitrile product 7 and THF-2-carbonitrile (4.24) is observed in the crude 
mixture at the end of the reaction.  

1H NMR (400 MHz, Chloroform-d) δ 4.70 (dd, J = 6.8, 4.9 Hz, 1H, CHOCN), 4.07 – 3.88 (m, 2H, 
CH2O), 2.29-2.23 (m, 2H, CH2), 2.08-1.92 (m, 2 H, CH2). The values of the 1H NMR spectra are 
in accordance with reported literature data.[480] The crude reaction spectrum is added in the spectra 
section. 

5-Methyl-3-phenyloxazolidine-2,4-dione (4.68) 

 

Starting from 4.68 (63 mg, 0.30 mmol), the crude product was purified by column chromatography 
(Pentane/Ethyl Acetate = 8:2 to 1:1) to afford 4.68 as white solid (44 mg, 0.23 mmol, 77%).  

Rf: 0.20 (Heptane/Ethyl Acetate = 1:1). 1H NMR (400 MHz, Chloroform-d) δ 7.55 – 7.38 (m, 5H, 
ArH), 5.02 (q, J = 7.0 Hz, 1H, OCHMe), 1.71 (d, J = 7.0 Hz, 3H, Me).13C NMR (101 MHz, 
Chloroform-d) δ 172.3, 153.9, 130.8, 129.3, 128.9, 125.5, 75.9, 16.8. HRMS (ESI) calcd for 
C10H10NO3

+ [M+H]+ 192.0661; found 192.0676. The values of the NMR spectra are in accordance 
with reported literature data.481  

                                                             
480 Hoshikawa, T.; Yoshioka, S.; Kamijo, S.; Inoue, M. Synthesis 2013, 45, 874. 
481 Schick, B.; Moza, P. N.; Hustert, K.; Kettrup, A. Pestic. Sci. 1999, 55, 1116. 
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8.3.3. Derivatization: Synthesis of a Vildagliptin precursor 
 

(2-Chloroacetyl)-L-proline (4.1x) 

 
Following a reported procedure,482 In a 250 mL double-neck round bottom flask, the L-Proline 
(S3.5) (10.0 g, 87.0 mmol) was dissolved in THF (100 mL),and chloroacetyl chloride (10.5 mL, 
132 mmol) was slowly added for 15 min in ice-bath. After the addition, the reaction mixture was 
heated to 90 °C stirring for 2.5 h. After full conversion (controlled by TLC (25% MeOH-CH2Cl2)) 
the reaction was quenched with water (30 mL) and stirred for additional 20 min. Saturated brine 
(30 mL) and ethyl acetate (50 mL) were added and the organic layer was collected. The aqueous 
layer was extracted again with ethyl acetate (3x20 mL). The combined organic extracts were dried 
over anhydrous Na2SO4 and concentrated under vacuum. The honey-like residue was recrystallized 
in diisopropyl ether (30 mL) for 0.5 h at room temperature and the mixture was then cooled to 0 
°C for 24 h. The precipitated crystalline white solid was filtered, washed with cold diisopropyl 
ether and dried at 50 °C under vacuum to obtain compound 4.1x (14.1 g, 73.4 mmol, 85 %). 

1H NMR (400 MHz, CDCl3) δ 8.07 (bs, 1H, COOH), 4.58 (dd, J = 7.9, 3.6 Hz, 1H, NCHCOOH), 
4.14 – 4.05 (m, 2H, CH2Cl), 3.74 – 3.60 (m, 2H, NCH2), 2.40 – 1.79 (m, 4H, 
NCH2(CH2)2CHCOOH). The values of the NMR spectra are in accordance with reported literature 
data.482 

1-(2-Chloroacetyl)pyrrolidine-2-carbonitrile (4.22x) 

 
Dry degassed THF (1.5 mL) was added in a flame dried 4 mL test tube containing a teflon coated 
stirring bar, the carboxylic acid 4.1x (57 mg, 0.30 mmol, 1.0 equiv), CBX reagent (123 mg, 0.450 
mmol, 1.5 equiv), KOBz (72 mg, 0.45 mmol, 1.5 equiv), 30 mg of heterogeneous powdered 
molecular sieves (4 ångström) and Ir(dF(CF3)ppy)2(dtbbpy)PF6 (2.59)  (7 mg, 0.006 mmol, 0.02 
equiv) under N2 (vaccum / N2 exchange). The reaction mixture was again degassed by bubbling 
                                                             
482 Haibo, W.; Guangjun, S.; Xinmiao, L.; Yanxiong, K. Chin. J. Chem. 2012, 30, 2791. 



  Chapter 8: Experimental Part 

298 

N2 inside the test tube via syringe for 5 min before being irradiated using blue light LEDs for 6 h 
at rt. After completion of the reaction, the reaction mixture was filtered over silica, eluting with 
DCM, and evaporated under reduced pressure. Final purification was performed by column 
chromatography (Pentane/Ethyl Acetate = 1:1) affording the corresponding nitrile 4.22x (22 mg, 
0.13 mmol, 42%). 

Rf: 0.20 (Pentane/Ethyl Acetate = 1:1). 1H NMR (400 MHz, CDCl3) δ 4.86 (dd, J = 7.7, 2.2 Hz, 
0.15H, NCHCN), 4.81 – 4.71 (m, 0.85H, NCHCN), 4.27 – 4.10 (m, 0.3H, CH2Cl), 4.06 (d, J = 1.7 
Hz, 1.7H, CH2Cl), 3.76 – 3.74 (m, 0.15H, NCH2(CH2)2), 3.74 – 3.68 (m, 0.85H, NCH2(CH2)2), 
3.66 – 3.55 (m, 0.85H, NCH2(CH2)2), 3.57 – 3.47 (m, 0.15H, NCH2(CH2)2), 2.42 (m, 0.15H, 
NCH2(CH2)2), 2.37 – 2.26 (m, 1.85H, NCH2(CH2)2), 2.26 – 2.17 (m, 1.85H, NCH2(CH2)2), 2.17 – 
2.08 (m, 0.15H, NCH2(CH2)2). 13C NMR (100 MHz, CDCl3) δ 165.2 (major), 164.8 (minor), 117.8 
(not resolved), 47.0 (minor), 46.9 (major), 46.8 (minor), 46.5 (major), 41.5 (not resolved), 32.5 
(minor), 30.0 (major), 25.2 (major), 22.8 (minor). IR 3513 (w), 2993 (w), 2959 (w), 2887 (w), 2247 
(w), 1668 (s), 1421 (s), 1341 (w), 1274 (w), 1193 (w), 1155 (w), 1104 (w), 1048 (w), 1009 (w), 
920 (w), 877 (w), 841 (w). HRMS (ESI) calcd for C7H10ClN2O+ [M+H]+: 173.0476; found: 
173.0474. 

NB: Mixture of rotamers (major/minor ratio 1:0.2), which are not completely resolved. 

The values of the NMR spectra are in accordance with reported literature data.336 

 

8.3.4 Mechanism investigations. 
 

Procedure for radical trap experiment in the decarboxylative cyanation  

 
Dry degassed THF (0.5 mL) was added in a flame dried 1.5 mL test tube containing a teflon coated 
stirring bar, the carboxylic acid 4.1a (0.10 mmol, 1.0 equiv), CBX reagent 2.96a (0.15 mmol, 1.5 
equiv), CsOBz (0.15 mmol, 1.5 equiv), TEMPO (0.60 mmol, 4.0 equiv) and 
Ir(dF(CF3)ppy)2(dtbbpy)PF6 (2.59) (0.030 mmol, 0.30equiv) under N2. The reaction mixture was 
again degassed by bubbling N2 inside the test tube via syringe for 5 min before being irradiated 
using blue light LEDs for 5 h at rt. 
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Then a small amount was filtered several time through HPLC filter, before being submitted to MS 
analysis. Nitrile was not found. TEMPO adduct 4.63 was found by mass. 

Calculated for: [M+H] = 361.2475, found 361.2445. 

 

Procedure for cyclic voltammetry  

Cyclic voltammetric measurements were recorded in a glove box by a CHI760E electrochemical 
workstation that was connected to a glassy carbon working electrode (surface area = 0.07 cm2), a 
platinum wire auxiliary electrode, and an Ag/AgNO3 (0.01 M) reference electrode filled with 
acetonitrile and [n-Bu4] [PF6] (0.1 M). All potentials were referenced to Fc/Fc+ as internal standard. 

 
Cyclic voltammogram of CBX (2.96a) (4 mM) recorded in CH3CN solution at scan rate of 100 
mV·s-1; the potential is referenced to the ferrocene/ferrocenium couple 
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Cyclic voltammogram of TIPS-EBX (2.95a) (4 mM) recorded in CH3CN solution at scan rate of 
100 mV·s-1; the potential is referenced to the ferrocene/ferrocenium couple 

 

Procedure for 13C-labelling experiment  

Dry degassed THF (1.5 mL) was added in a flame dried 4 mL test tube containing a teflon coated 
stirring bar, Cbz-protected L Proline (4.1a) (0.30 mmol, 1.0 equiv), CBX reagent (2.96a) (123 mg, 
0.450 mmol, 1.5 equiv), K13CN (39 mg, 0.60 mmol, 2.0 equiv), CsOBz (114 mg, 0.450 mmol, 1.5 
equiv), 30 mg of heterogeneous powdered molecular sieves (4 ångström) and 
Ir(dF(CF3)ppy)2(dtbbpy)PF6 (2.59) (3 mg, 0.003 mmol, 0.01 equiv) under N2 (vaccum / N2 
exchange). The reaction mixture was again degassed by bubbling N2 inside the test tube via syringe 
for 5 min before being irradiated using blue light LEDs for 4h30 at rt. 

After completion of the reaction, the orange reaction mixture was filtered over silica, eluting with 
DCM, and evaporated under reduced pressure. The crude product was then dissolved in DCM, and 
washed 3 times with saturated aqueous solution of Na2CO3. The joined organic layers are then 
washed with brine, dried with MgSO4, filtered and evaporated under reduced pressure. Final 
purification was performed by column chromatography (Pentane/Ethyl Acetate = 8:2 to 6:4) 
affording the corresponding 13C-labelled nitrile 4.22a (30 mg, 0.13 mmol, 43%). Incorporation was 
calculated by 13C NMR integration (using peak at 135.9 ppm as internal standard), to be 2.2%. 
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Control experiment:  

Dry degassed THF (1.5 mL) was added in a flame dried 4 mL test tube containing a teflon coated 
stirring bar, CBX reagent (2.96a) (123 mg, 0.450 mmol, 1.5 equiv) and K13CN (39 mg, 0.60 mmol, 
2.0 equiv), under N2 (vaccum / N2 exchange). The reaction mixture was again degassed by 
bubbling N2 inside the test tube via syringe for 5 min before being stirred in the dark for 4h30 at 
rt. Then, filtration led to the isolation of 140 mg of 13C-labelled reagent (unpure, some 
decomposition occurred, and still KCN and 13C-KCN remaining). Incorporation was calculated by 
13C NMR integrations (using peak at 118.5 as internal standard) to be 14.3%. 

 

Procedure for radical clock experiments  

 

1-bromo-2-(hex-5-en-1-yn-1-yl)benzene (17) 

 
Dry degassed DCE (1.0 mL) was added in a flame dried 4 mL test tube containing a teflon coated 
stirring bar, cyclopropyl acetic acid 4.57 (19 μL, 0.20 mmol, 1.0 equiv), EBX reagent 2.95i (128 
mg, 0.300 mmol, 1.5 equiv), CsOBz (152 mg, 0.600 mmol, 3.0 equiv), and 
Ir(dF(CF3)ppy)2(dtbbpy)PF6 (2.59) (6.7 mg, 6.0 μmol, 0.03 equiv) under N2 (vaccum / N2 
exchange). The reaction mixture was again degassed by bubbling N2 inside the test tube via syringe 
for 5 min before being irradiated using blue light LEDs for 22 h at rt. 

The reaction mixture was filtered over silica, eluting with ethyl acetate, and evaporated under 
reduced pressure (Crude NMR ratio 1:1 product remaining starting material). Then preparative 
TLC using heptane led to the isolation of 10 mg (about 21% yield, 90% pure) of the open product 
17 as a colorless oil and no detection of the product formed after direct alkynylation. 

1H NMR (400 MHz, Chloroform-d) δ 7.55 (dd, J = 8.0, 1.2 Hz, 1H, ArH), 7.42 (dd, J = 7.7, 1.7 
Hz, 1H, ArH), 7.22 (td, J = 7.6, 1.3 Hz, 1H, ArH), 7.12 (td, J = 7.8, 1.7 Hz, 1H, ArH), 5.97 (ddt, J 
= 16.8, 10.2, 6.5 Hz, 1H, ArCH2CH2CHCH2), 5.15 (dd, J = 17.1, 1.7 Hz, 1H, ArCH2CH2CHCH2), 
5.07 (dd, J = 10.2, 1.6 Hz, 1H, ArCH2CH2CHCH2), 2.56 (t, J = 7.1 Hz, 2H, ArCH2CH2CHCH2), 
2.40 (m, 2H, ArCH2CH2CHCH2). 



  Chapter 8: Experimental Part 

302 

The values of the NMR spectra are in accordance with reported literature data.[483] 

 

6-(2-Bromophenyl)hex-5-ynal (4.60) 

 
Dry degassed DCE (1.0 mL) was added in a flame dried 4 mL test tube containing a teflon coated 
stirring bar, cyclopropyl acetic acid 4.59 (43 mg, 0.20 mmol, 1.0 equiv), EBX reagent 2.95i (128 
mg, 0.300 mmol, 1.5 equiv), CsOBz (152 mg, 0.600 mmol, 3.0 equiv), and 
Ir(dF(CF3)ppy)2(dtbbpy)PF6 (2.59) (4.5 mg, 4.0 μmol, 0.02 equiv) under N2 (vaccum / N2 
exchange). The reaction mixture was again degassed by bubbling N2 inside the test tube via syringe 
for 5 min before being irradiated using blue light LEDs for 22 h at rt. 

The reaction mixture was filtered over silica, eluting with ethyl acetate, and evaporated under 
reduced pressure. Then preparative TLC using heptane/diethyl ether (6:4) led to the isolation of 10 
mg (20% yield) of the open product 4.60 as a colorless oil and the direct alkynylation product was 
not detected.  

1H NMR (400 MHz, Chloroform-d) δ 9.86 (t, J = 1.4 Hz, 1H, CHO), 7.56 (dd, J = 8.1, 1.4 Hz, 1H, 
ArH), 7.42 (dd, J = 7.7, 1.7 Hz, 1H, ArH), 7.22 (td, J = 7.6, 1.3 Hz, 1H, ArH), 7.13 (td, J = 7.7, 1.7 
Hz, 1H, ArH), 2.73 (td, J = 7.3, 1.4 Hz, 2H, ArCCH2CH2CH2), 2.56 (t, J = 6.8 Hz, 2H, 
ArCCH2CH2CH2), 1.97 (p, J = 7.0 Hz, 2H, ArCCH2CH2CH2). 13C NMR (100 MHz, CDCl3) δ 
201.9, 133.3, 132.3, 128.9, 127.0, 125.6, 125.4, 93.8, 80.4, 42.7, 20.9, 18.9. IR 3677 (w), 3361 
(w), 3064 (w), 2930 (w), 2853 (w), 2720 (w), 2239 (w), 1725 (s), 1676 (w), 1587 (w), 1511 (w), 
1464 (m), 1432 (w), 1365 (w), 1251 (w), 1169 (w), 1112 (w), 1053 (w), 1028 (w), 916 (w), 866 
(w). HRMS (ESI) calcd for C12H12BrO+ [M+H]+ 251.0066; found 251.0068. 

  

                                                             
483 Horino, Y.; Nakashima, Y.; Hashimoto, K.; Kuroda, S. Synlett 2010, 19, 2879. 
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Procedure for competitive experiment between CBX (2.96a) and TIPS-EBX (2.95a) 

 

Using optimized conditions found for the decarboxylative alkynylation: 

Dry degassed DCE (1.5 mL) was added in a flame dried 4 mL test tube containing a teflon coated 
stirring bar, Cbz-protected L Proline (4.1a) (75 mg, 0.30 mmol, 1.0 equiv), TIPS-EBX (2.95a) 
(96.0 mg, 0.225 mmol, 0.75 equiv), CBX (2.96a) (61.4 mg, 0.225 mmol, 0.75 equiv), CsOBz (0.23 
g, 0.90 mmol, 3.0 equiv), and Ir(dF(CF3)ppy)2(dtbbpy)PF6 (2.59) (3.4 mg, 3.0 μmol, 0.01 equiv) 
and under N2 (vaccum / N2 exchange). The reaction mixture was again degassed by bubbling N2 
inside the test tube via syringe for 5 min before being irradiated using blue light LEDs for 4h30 at 
rt. 

The reaction mixture was filtered over silica, eluting with ethyl acetate, and evaporated under 
reduced pressure (Crude NMR showed remaining starting material, full conversion was not 
reached). Then purification by column chromatography starting from 9:1 to 6:4 heptane/ethyl 
acetate led to the isolation of the alkynylated product 4.2a (12 mg, 0.031 mmol, 10 % yield based 
on Cbz-Pro-OH (4.1a)) and the cyanated product 4.22a (17 mg, 0.074 mmol, 25% yield based on 
Cbz-Pro-OH (4.1a)). 

 

Using optimized conditions found for the decarboxylative cyanation: 

Dry degassed THF (1.5 mL) was added in a flame dried 4 mL test tube containing a teflon coated 
stirring bar, Cbz-protected L Proline (4.1a) (75 mg, 0.30 mmol, 1.0 equiv), TIPS-EBX (2.95a) 
(96.0 mg, 0.225 mmol, 0.75 equiv), CBX (2.96a) (61.4 mg, 0.225 mmol, 0.75 equiv), CsOBz (0.11 
g, 0.45 mmol, 1.5 equiv), and Ir(dF(CF3)ppy)2(dtbbpy)PF6 (2.59) (3.4 mg, 3.0 μmol, 0.01 equiv) 
and 4A molecular sieves (30 mg) under N2 (vaccum / N2 exchange). The reaction mixture was 
again degassed by bubbling N2 inside the test tube via syringe for 5 min before being irradiated 
using blue light LEDs for 4h30 at rt. 

The reaction mixture was filtered over silica, eluting with ethyl acetate, and evaporated under 
reduced pressure (Crude NMR showed remaining starting material, full conversion was not 
reached). Then purification by column chromatography starting from 9:1 to 6:4 heptane/ethyl 
acetate led to the isolation of the alkynylated product 4.2a (16 mg, 0.041 mmol, 14 % yield based 
on Cbz-Pro-OH (4.1a)) and the cyanated product 4.22a (39 mg, 0.17 mmol, 57% yield based on 
Cbz-Pro-OH (4.1a)). 

 

 



  Chapter 8: Experimental Part 

304 

Benzyl 2-((triisopropylsilyl)ethynyl)pyrrolidine-1-carboxylate (4.2a) 

 
Rf: 0.28 (Pentane/Ethyl Acetate = 9:1). 1H NMR (400 MHz, CDCl3) δ 7.46 – 7.27 (m, 5H, Ph), 
5.16 (d, J = 3.2 Hz, 2H, CH2-O), 4.67 – 4.51 (m, 1H, CH-C≡C), 3.64 – 3.49 (m, 1H, CH2), 3.47 – 
3.30 (m, 1H, CH2), 2.21 – 1.98 (m, 3H, CH2), 1.99 – 1.87 (m, 1H, CH2), 1.11 – 0.93 (m, 21H, 
TIPS). 13C NMR (101 MHz, CDCl3)484 δ 154.6, 136.9, 128.4, 127.8, 127.8, 127.6, 107.9, 82.6, 66.9, 
66.7, 49.3, 48.8, 46.0, 45.5, 34.3, 33.4, 24.4, 23.6, 18.6, 11.1. IR 2943 (m), 2865 (m), 2170 (w), 
1709 (s), 1464 (w), 1410 (s), 1356 (m), 1184 (m), 1119 (m), 1092 (m), 996 (w), 883 (m). HRMS 
(ESI) calcd for C23H35NNaO2Si+ [M+Na]+ 408.2329; found 408.2334. 

 

Actinometry / Quantum yield 

 

For this experiment, our light reactor gave only a very approximate value of the quantum yield 
because it is circular and therefore more difficult to calculate the amount of incident photons. For 
this purpose, a Kessil blue LED (40W) was used as light source, furnishing blue light from only 
one direction. Incident photon flux was measured using a calibrated photodiode from Thorlabs 
(S120VC), assuming all photons at the peak wavelength of the blue LED (465 nm). The latter was 
measured with a spectrometer from Ocean Optics (USB2000+XR1-ES). 

 

Dry degassed THF (1.5 mL) was added in a flame dried 4 mL test tube containing a teflon coated 
stirring bar, Cbz-Pro-OH  4.1a (75 mg, 0.30 mmol, 1.0 equiv), CBX reagent (123 mg, 0.450 mmol, 
1.5 equiv), CsOBz (114 mg, 0.450 mmol, 1.5 equiv), 30 mg of heterogeneous powdered molecular 
sieves and Ir(dF(CF3)ppy)2(dtbbpy)PF6 (3.3 mg, 3.0 μmol, 0.01 equiv) under N2 (vaccum / N2 
exchange). The reaction mixture was again degassed by bubbling N2 inside the test tube via syringe 
for 5 min before being irradiated using blue light Kessil LED (40W) for 40 min at rt. Air flow was 
used to keep the flask at room temperature during the irradiation. The reaction mixture was filtered 
over silica, eluting with DCM, and evaporated under reduced pressure. Then purification of the 
crude material leads to the isolation of 38 mg of the pure nitrile 4.22a (0.17 mmol, 55% yield). 

 

Dry degassed DCE (1.5 mL) was added in a flame dried 4 mL test tube containing a teflon coated 
stirring bar, Cbz-Pro-OH 4.1a (75 mg, 0.30 mmol, 1.0 equiv), EBX reagent 2.95a (193 mg, 0.450 
mmol, 1.5 equiv), CsOBz (229 mg, 0.900 mmol, 3.0 equiv), and Ir(dF(CF3)ppy)2(dtbbpy)PF6 

                                                             
484 Mixture of two rotamers, which are not completely resolved. 



  Chapter 8: Experimental Part 

305 

(2.59) (3.3 mg, 3.0 μmol, 0.01 equiv) under N2 (vaccum / N2 exchange). The reaction mixture was 
again degassed by bubbling N2 inside the test tube via syringe for 5 min before being irradiated 
using blue light Kessil LED (40W) for 40 min at rt. Air flow was used to keep the flask at room 
temperature during the irradiation. The reaction mixture was filtered over silica, eluting with DCM, 
and evaporated under reduced pressure. Then purification of the crude material leads to the 
isolation of 57 mg of the pure alkyne 4.2a (0.15 mmol, 49% yield).  

 

Using Planck-Einstein relation: 

Photon energy at wavelength λ = 465 nm : E = h * c / λ  
                                                  = 6.626 * 10-34 * 2.998 * 108 / (465 * 10-9)  
                                                  = 4.27 * 10-19 [J] 

Where h is Planck constant, c is the speed of light and λ is the wavelength of the LED. 

 

Power density =   light intensity measured / photodiode area  

                        = 0.0065 / (pi * (0.95/2)2) = 0.00917 [J s-1 cm-2] 

 

Photon density = Power density / Photon energy at wavelength λ=465 nm  

                         =0.00917 / 4.27 * 10-19  

                         = 2.14758 * 1016 [photons s-1 cm-2] 

Error margin +/- 4 % 

 

Finally quantum yield is calculated according to the following equation: 

Φcyanation = (mol products) / (mol incident photons) 
              = (mol products) / (photon density * t * f * area / NA) 

              = 0.166 * 10-3 / (2.14758 * 1016 * 2400 * 0.9999 * 2.2 / 6.022 * 1023) 
              = 0.88 

Φalkynylation = (mol products) / (photon density * t * f * area / 6.022 * 1023) 

                   = 0.148 * 10-3 / (2.14758 * 1016 * 2400 * 0.9999 * 2.2 / 6.022 * 1023) 
                   = 0.79 

Where t is time of the irradiation in seconds (40 min = 2400 s); f = 1-10A where A is absorbance. 
At 465 nm, absorbance was saturated at 1μM and about 0.31 at 5 nM. Concentration of 
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photocatalyst under reaction conditions is 2.0 mM, meaning all the incident light is assumed to be 
absorbed by the photocatalyst Ir(dF(CF3)ppy)2(dtbbpy)PF6 (f > 0.9999). And the irradiated test 
tube area can be calculated as a rectangle of 1cm wide and 2.2 cm high. Therefore the area is 2.2 
cm2. And NA is Avogadro number. 

 

Luminescence Quenching Experiments (Stern-Volmer Studies) 

Luminescence intensities were recorded using a Cary Eclipse SW fluorescence spectrophotometer 
from Varian. 

All solutions were excited at 380 nm and the emissions were detected at the 476 nm. Dry THF was 
degassed by three freeze-pump-thaw cycles. Samples were prepared as follow: to a degassed (N2 / 
Vacuum, 3 cycles) glass cuvette capped with septa, was introduced stock solutions of photocatalyst 
and quencher (CBX or Z-Pro-OH) using Hamilton syringes, and the corresponding volume of THF 
to get a total volume of 1.0 mL. The concentration of Ir(dF(CF3)ppy)2(dtbbpy)PF6 was 4.96 x 10-6 
M. As shown below, the cesium carboxylate is a good quencher whereas CBX doesn’t quench the 
excited state of the photocatalyst.  

 
 

Determination of the enantiomeric excess of 4.2a and 4.22a 

Samples were prepared in a 80/20 hexane/isopropanol mixture, before being submitted in chiral 
HPLC. 

HPLC conditions for the alkyne 4.2a: Racemic mixture. Chiralcel IA, 99:1 Hexane/iPrOH, 
1mL/min, 61min. tR1 = 9.6 min. tR2 = 10.1 min. λ = 254 nm. 

y = 1908.1x + 1.0423
R² = 0.9968
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HPLC conditions for the nitrile 4.22a: Racemic mixture. Chiralcel IA, 95:5 Hexane/iPrOH, 

1mL/min, 61min. tR1 = 19.0 min. tR2 = 21.6 min. λ = 254 nm. 
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8.3.5. Computational Details 
 

The Cartesian coordinates of the structures are given in separate files available on the online 
publication: see Le Vaillant, F.; Wodrich, M. D.; Waser, J. Chem. Sci. 2017, 8, 1790. 

 

Table S1. Electronic energies, free energy corrections, and solvation corrections for relevant 
species for the TIPS-EBX (2.95a) reaction pathways. PBE0-dDsC/TZ2P electronic energies485 
were obtained from single point computations on M06/def2-SVP geometries. COSMO-RS 
solvation corrections were obtained at the PBE0-dDsC/TZ2P level in dichloroethane. 

Compound 
M06/def2-SVP 

Electronic Energy 
(hartree) 

M06/def2-SVP Free 
Energy Correction 

(hartree) 

PBE0-dDsC/TZ2P 
Electronic Energy 

(hartree) 

COSMO-RS 
Solvation Energy 

(kcal/mol) 
Path b     
TIPS-EBX 
(2.95a) 
(neutral) 

-1437.25862 0.32433 -12.11996 -19.820 

NCp-Cbz 
(Radical II) -669.94287 0.19434 -8.10368 -10.068 

b0/c0 -2107.22210 0.54583 -20.24351 -26.544 
bTS1 -2107.21410 0.55072 -20.23510 -25.573 
4.2a -1390.52978 0.47166 -16.17122 -17.103 
Radical III -716.74487 0.05638 -4.12540 -10.957 
Path c     
TIPS-EBX 
(2.95a) 
(neutral) 

-1437.25862 0.32433 -12.11996 -19.820 

NCp-Cbz 
(Radical II) -669.94287 0.19434 -8.10368 -10.068 

cTS1 -2107.21080 0.54988 -20.23315 -26.679 
c1 -2107.25218 0.55426 -20.27345 -26.772 
cTS2 -2107.23204 0.54933 -20.25476 -26.531 
4.2a -1390.52978 0.47166 -16.17122 -17.103 
Radical III -716.74487 0.05638 -4.12540 -10.957 
Path d     
TIPS-EBX 
(2.95a) 
(neutral) 

-1437.25862 0.32433 -12.11996 -19.820 

NCp-Cbz 
(Radical II) -669.94287 0.19434 -8.10368 -10.068 

TIPS-EBX 
(radical anion) -1437.37429 0.31762 -12.18649 -58.354 

NCp-Cbz 
(cation) -669.80125 0.19867 -7.88846 -52.010 

Alkyne-TIPS 
(anion) -720.58648 0.24398 -7.99591 -56.259 

Radical III -716.74487 0.05638 -4.12540 -10.957 
2.95a -1390.52978 0.47166 -16.17122 -17.103 

                                                             
485 Note that ADF computes energies relative to atom fragments, which accounts for the magnitude differences 
between M06 and PBE0-dDsC electronic energies. 
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Table S2. Electronic energies, free energy corrections, and solvation corrections for relevant 
species for the CBX (2.96a) reaction pathways. PBE0-dDsC/TZ2P electronic energies1 were 
obtained from single point computations on M06/def2-SVP geometries. COSMO-RS solvation 
corrections were obtained at the PBE0-dDsC/TZ2P level in tetrahydrofuran. 

Compound 
M06/def2-SVP 

Electronic Energy 
(hartree) 

M06/def2-SVP 
Free Energy 
Correction 
(hartree) 

PBE0-dDsC/TZ2P 
Electronic Energy 

(hartree) 

COSMO-RS 
Solvation Energy 

(kcal/mol) 

Path b     
CBX-Reagent 
(2.96a) -809.44026 0.06297 -4.86788 -13.481 

NCp-Cbz (Radical 
II) -669.94287 0.19434 -8.10368 -10.068 

b0 -1479.40086 0.28310 -12.99159 -19.417 
bTS1 -1479.39325 0.28461 -12.98212 -19.748 
4.22a -762.71290 0.20919 -8.92005 -13.322 
Radical III -716.74487 0.05638 -4.12540 -10.957 
Path c     
CBX-Reagent 
(2.96a) -809.44026 0.06297 -4.86788 -13.481 

NCp-Cbz (Radical 
II) -669.94287 0.19434 -8.10368 -10.068 

c0 -1479.40317 0.28148 -12.99568 -18.632 
cTS1 -1479.38777 0.28425 -12.97636 -21.065 
c1 -762.68197 0.20597 -8.88777 -12.962 
NCp-Cbz (cation) -669.80125 0.19867 -7.88846 -52.010 
CN (anion) -92.79923 -0.01405 -0.76633 -59.158 
4.22a -762.71290 0.20919 -8.92005 -13.322 
Radical III -716.74487 0.05638 -4.12540 -10.957 
Path d     
CBX-Reagent 
(neutral, 2.96a) -809.44026 0.06297 -4.86788 -13.481 

NCp-Cbz (Radical 
II) -669.94287 0.19434 -8.10368 -10.068 

CBX-Reagent 
(radical anion) -809.56268 0.05576 -4.95003 -48.692 

NCp-Cbz (cation) -669.80125 0.19867 -7.88846 -52.010 
CN (anion) -92.79923 -0.01405 -0.76633 -59.158 
Radical III -716.74487 0.05638 -4.12540 -10.957 
4.22a -762.71290 0.20919 -8.92005 -13.322 

 

Determination of computed reduction potentials. Reported reduction potentials were 
determined using the Born-Haber cycle given in Scheme S1. Geometries of the different species 
were determined by optimization at the M06/def2-TZVPP level in implicit THF solvent using the 
SMD solvation model. Gas phase free energies were obtained from single point energy 
computations followed by frequency computations, as is standard procedure.486 The reduction 
potential is determined as: 
                                                             
486 Demissie, T. B.; Ruud, K.; Hansen, J. H. Organometallics 2015, 34, 4218. 
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. The standard redox potential (E0) is then obtained as:  

where Z is the number of electrons transferred (one in this case) and F is Faraday’s constant (23.061 
kcal per volt gram equivalent). The reference value of the SCE was taken as 4.522 V.487  

 

Scheme S1. Born-Haber cycle to calculate the reduction potential of radical species. 

 

 

Table S3. Computed free energies (at the M06/def2-TZVPP level) used to determine reduction 
potentials. 

Species Gas Phase Solution Phase 
Radical III -717.149821 -717.168794 
Anion III -717.269068 -717.344168 
Benzoyl Radical -419.962563 -419.975128 
Benzoyl Anion -420.086894 -420.165561 

 

Table S4. Absolute and relative (to SCE) reduction potentials. SCE value taken as 4.522V.  

Species Absolute Reduction 
Potential (E0) 

Reduction Potential 
Relative to SCE 

Radical III 4.772 0.250 
Benzoyl Radical 5.182 0.660 

                                                             
487 Isse, A. A.; Gennaro, A. J. Phys. Chem. B 2010, 114, 7894. 

Radical (gas) + e- (gas) Anion (gas)

Radical (soln) + e- (gas) Anion (soln)

G0(gas, redox)

G0(soln, redox)

G0(solv, radical) G0(solv, anion)
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8.4 Hydantoins 

8.4.1 Synthesis of reagents 
 

4-tert-Butyl-2-iodobenzoic acid (2.105b) 

 

From a modification of known procedures,397 to the solution of 4-tert-butyl-2-iodo-1-
methylbenzene S4.1 (6.8 g, 25 mmol, 1 equiv) in H2O/pyridine (85 ml : 106 ml), was added KMnO4 
(15.6 g, 99.0 mmol, 4 equiv) and nBuN4I (137 mg, 0.371 mmol, 1.5 mol %). The purple mixture 
was heated to reflux for 4 days. It was then allowed to cool down to room temperature and the 
solids were filtered off through a pad of celite, which was then washed with aq. NaOH (2.0 M). 
Most of the pyridine was removed from the filtrate by evaporation under reduced pressure. The 
aqueous residue was washed with diethyl ether (3 x 100 mL) and it then acidified until pH < 2 by 
careful addition of aq. HCl (37% v/v). The aqueous layer was extracted with DCM (3 x 100 mL) 
and the combined organic extracts were dried over MgSO4, filtered and concentrated under vacuum 
to provide the 4-(tert-butyl)-2-iodobenzoic acid 2.105b (3.88 g, 12.8 mmol, 52%) as a yellowish 
solid.  

1H-NMR (400 MHz, CDCl3): δ 8.04 (d, J = 1.8Hz, 1H, ArH), 7.97 (d, J = 8.2Hz, 1H, ArH), 7.45 
(dd, J = 8.2, 1.8Hz, 1H, ArH), 1.31 (s, 9H, CH3). 13C-NMR (100 MHz, CDCl3): δ 171.6, 158.0, 

139.6, 132.3, 130.2, 125.5, 95.5 35.1, 31.1. The characterization data is in accordance with 

reported literature values.294 

4-tert-Butyl -1-hydroxy-1,2-benziodoxol-3-(1H)-one (2.106b) 

 

Following a reported procedure,294 NaIO4 (2.67 g, 12.5 mmol, 1.05 equiv) and 4-(tert-butyl)-2-
iodobenzoic acid (2.105b) (3.80 g, 12.5 mmol, 1.00 equiv) were suspended in 30% (v:v) aq. AcOH 
(24 mL). The mixture was vigorously stirred and refluxed (140 °C) for 4 h. The reaction mixture 
was then allowed to cool to room temperature, protecting it from light. The bottom of the flask was 
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scratched with a spatual in order to induce the crystallization. The flask was then cooled to -18 °C 
(by transferring it into a freezer) and kept at this temperature for 3 hours. The precipitated white 
crystalline solid was then collected by filtration and washed with several portions of pentane to 
provide 2.106b (3.47 g, 10.8 mmol, 87%) as a white solid.  

1H-NMR (400 MHz, DMSO): δ 8.00 (s, 1H, OH), 7.92 (d, J = 7.8Hz, 1H, ArH), 7.81 (s, 1H, ArH), 
7.74 (d, J = 7.8Hz, 1H, ArH), 1.35 (s, 9H, CH3). 13C-NMR (100 MHz, DMSO): δ 168.6, 158.8, 
131.8, 130.0, 128.8, 123.3, 121.5, 36.5, 31.8. The reported values correspond to the ones in 
literature.294 

4-tert-Butyl-1-acetoxy-1,2-benziodoxol-3-(1H)-one (2.91b) 

 

Following a reported procedure,397 1-hydroxy-6-(tert-butyl)-1,2-benziodoxol-3-(1H)-one (2.106b, 
3.47 g, 10.8 mmol, 1.00 equiv.) was suspended in acetic anhydride (10 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 10 mL) and dried in vacuo 
affording 2.91b (2.95 g, 8.15 mmol, 75%) as a white solid.  

1H-NMR (400 MHz, CDCl3): δ 8.14 (d, J = 8Hz, 1H, ArH), 7.94 (d, J = 1.6Hz, 1H, ArH), 7.71 (dd, 
J = 1.6, 8Hz, 1H, ArH), 2.26 (s, 3H, OCOCH3), 1.41(s, 9H, CH3). 13C-NMR (100 MHz, CDCl3): 
δ 176.4, 168.5, 161.2, 133.0, 129.1, 126.4, 125.8, 119.2, 36.4, 31.3, 20.5. The values of the NMR 
spectra are in accordance with reported literature data.294 

4-tert-Butyl-1-acetoxy-1,2-benziodoxol-3-(1H)-one (2.96b) 

 

Following a reported procedure,294 1-acetoxy-4-tert-butyl-1,2-benziodoxol-3-(1H)-one (2.91b, 2.8 
g, 7.7 mmol, 1.00 eq.) was dissolved under nitrogen in dry dichloromethane (77 mL). To the clear 
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colorless solution was added via syringe trimethylsilyl cyanide (TMS-CN, 1.93 mL, 15.4 mmol, 
2.00 eq.) over a five minute time period, then trimethylsilyl trifluoromethanesulfonate (TMS-OTf, 
14 μL, 0.077 mmol, 0.01 equiv.). Precipitation occurred within 5 min and the reaction mixture was 
stirred at room temperature and under nitrogen for 30 min to ensure the completion of the reaction. 
The resulting thick white suspension was diluted with pentane (5 mL) before being filtered and the 
solid was washed with pentane (3 x 20 mL) and dried in vacuo affording 2.96b (2.48 g, 7.53 mmol, 
97%) as a white solid.  

1H-NMR (400 MHz, CDCl3): δ 8.46 (s, 1H, ArH), 8.25 (d, J = 7.6Hz, 1H, ArH), 7.84 (d, J = 8.0Hz, 
1H, ArH), 1.44 (s, 9H, CH3). 13C-NMR (100 MHz, CDCl3): δ 168.7, 162.1, 132.9, 130.0, 127.5, 
124.9, 117.4, 85.6, 36.7, 31.3. HRMS (ESI+) calced for [C12H13O2NI]+: 329.9986, found: 
329.9982. The characterization data is in accordance with reported literature values.294  

1-Hydroxy-1,2-naphthiodoxol-3-(1H) (2.106f) 

 

Following a reported procedure,294 NaIO4 (1.9 g, 8.8 mmol, 1.05 equiv) and 3-iodo-2-naphthoic 
acid (2.105f) (2.5 g, 8.4 mmol, 1.00 equiv) were suspended in 30% (v:v) aq. AcOH (27 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 rt, protecting it from light. After 1 h, the crude product 
was collected by filtration, washed on the filter with ice water (3 x 8 mL) and acetone (3 x 8 mL), 
and air-dried in the dark to give the pure product 2.106f (2.2 g, 6.9 mmol, 82%) as a colorless solid.  

1H-NMR (400 MHz, DMSO): δ 8.67 (s, 1H, OH), 8.38 (s, 1H, ArH), 8.28 (d, J = 8.0Hz, 1H, ArH), 
8.18-8.20 (m, 2H, ArH), 7.71-7.78 (m, 2H, ArH). 13C-NMR (100 MHz, CDCl3): δ168.5, 136.6, 
133.5, 132.5, 130.0, 129.6, 128.8, 128.7, 128.6, 127.1, 116.6. The reported values correspond to 
the ones in literature.294 

1-Acetoxy-1,2-naphthiodoxol-3-(1H)-one (2.91f) 

 

Following a reported procedure,294 1-hydroxy-1,2-naphthiodoxol-3-(1H)-one  (2.106f, 1.57 g, 5.00 
mmol, 1.00 equiv.) was suspended in acetic anhydride (5 mL) and heated to reflux for 30 minutes. 
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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 5 mL) and dried in vacuo affording 2.91f 
(1.48 g, 4.17 mmol, 83%) as a white solid.  

1H-NMR (400 MHz, CDCl3): δ 8.72 (s, 1H, ArH), 8.35 (s, 1H, ArH), 8.05 (d, J = 8.0Hz, 1H, ArH), 
7.96 (d, J = 8.0Hz, 1H, ArH), 7.68-7.77 (m, 2H, ArH), 2.31 (s, 3H, CH3). 13C-NMR (100 MHz, 
CDCl3): δ 176.7, 168.6, 137.7, 134.5, 133.6, 130.0, 129.9, 129.8, 129.2, 128.4, 124.6, 112.7, 20.7. 

The values of the NMR spectra are in accordance with reported literature data.294 

 

1-Cyano-1,2-napthiodoxol-3-(1H)-one (2.96f) 

 

Following a reported procedure,294 1-acetoxy-1,2-napthiodoxol-3-(1H)-one (2.91f, 500 mg, 1.40 
mmol, 1.00 eq.) was dissolved under nitrogen in dry dichloromethane (14 mL). To the clear 
colorless solution was added via syringe trimethylsilyl cyanide (TMS-CN, 0.35 mL, 2.8 mmol, 
2.00 eq.) over a five minute time period, then trimethylsilyl trifluoromethanesulfonate (TMS-OTf, 
2.5 μL, 0.014 mmol, 0.01 equiv.). Precipitation occurred within 5 min and the reaction mixture 
was stirred at room temperature and under nitrogen for 30 min to ensure the completion of the 
reaction. The resulting thick white suspension was diluted with hexane (5 mL) before being filtered 
and the solid was washed with hexane (3 x 20 mL) and dried in vacuo affording 2.96f (421 mg, 
1.30 mmol, 93 %) as an off-white solid.  

1H-NMR (400 MHz, DMSO): δ 8.73 (d, J = 12.0 Hz, 2H, ArH), 8.27 (d, J = 7.6Hz, 1H, ArH), 8.19 
(d, J = 7.6Hz, 1H, ArH), 7.75-7.82(m, 2H, ArH). 13C-NMR (100 MHz, DMSO): δ 167.4, 137.5, 
134.3, 133.4, 130.3, 130.2, 129.6, 128.8, 128.3, 126.7, 113.8, 88.8. The characterization data is in 
accordance with reported literature values.294 
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8.4.2. Hydantoin synthesis 
 

General procedure for hydantoin synthesis: 

 

Dry THF (0.75 mL) was added in a flame dried 1 mL test tube containing a teflon coated stirring 
bar, the amino acid 4.1 (0.15 mmol, 1.0 equiv), CBX reagent (2.96a) (61 mg, 0.23 mmol, 1.5 equiv) 
and DMAP (23.0 mg, 0.188 mmol, 1.25 equiv) under N2 (vaccum / N2 exchange). The resulting 
mixture was stirred for 16 h at rt. After completion of the reaction, the reaction mixture was 
concentrated under reduced pressure. Purification was performed by preparative TLC 
(Heptane/Ethyl Acetate) affording the corresponding hydantoin 4.34. 

 

Benzyl (S)-5-methyl-2,4-dioxoimidazolidine-1-carboxylate (4.34f) 

 

Starting from 4.1e (33 mg, 0.15 mmol), the crude product was purified by preparative TLC 
(Heptane/Et2O = 25:75) to afford 4.34f as white solid (33 mg, 0.13 mmol, 85%).  

Rf: 0.40 (Heptane/Et2O = 25:75). MP: 117 °C. 1H NMR (400 MHz, CDCl3) δ 8.01 (s, 1H, NH), 
7.46 - 7.34 (m, 5H, ArH), 5.33 (dd, J = 11.9 Hz, 2H, CH2Ar), 4.50 (q, J = 6.9 Hz, 1H, NCHCH3), 
1.60 (d, J = 6.9 Hz, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 171.2, 150.6, 149.6, 134.4, 128.6, 
128.6, 128.2, 68.8, 57.1, 16.5. IR (νmax, cm-1) 3248 (w), 2751 (w), 2255 (w), 1816 (m), 1755 (s), 
1626 (w), 1499 (w), 1453 (w), 1385 (s), 1340 (s), 1306 (s), 1268 (m), 1211 (m), 1189 (m), 1105 
(m), 1062 (w), 1002 (m), 943 (w), 913 (m), 845 (w), 776 (m), 740 (m). HRMS (ESI) calcd for 
C12H12N2NaO4

+ [M+Na]+ 271.0689; found 271.0693. [α]D
20 = + 21.3 (c = 1.00, CHCl3). Chiral 

HPLC conditions: ee = 96% ; Chiralpak ID 85:15 Hexane/iPrOH, 1.0 mL/min, 60 min. tr = 27.3 
min, λ = 210 cm-1. 
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(S)-tert-Butyl 5-methyl-2,4-dioxoimidazolidine-1-carboxylate (4.34d) 

 

Starting from S4.2 (28 mg, 0.15 mmol), the crude product was purified by preparative TLC 
(Heptane/Et2O = 25:75) to afford 4.34d as colorless sticky solid (27 mg, 0.13 mmol, 85%).  

Rf: 0.38 (Heptane/Et2O = 25:75). 1H NMR (400 MHz, CDCl3) δ 8.02 (s, 1H, NH), 4.43 (q, J = 6.9 
Hz, 1H, NCHCH3), 1.60 (d, J = 6.9 Hz, 3H, CH3), 1.56 (s, 9H, OC(CH3)3). 13C NMR (101 MHz, 
CDCl3) δ 171.6, 151.4, 148.4, 84.7, 57.3, 28.2, 17.0. IR (νmax, cm-1) 3666 (m), 2988 (s), 2969 (s), 
2901 (s), 2256 (w), 1936 (w), 1809 (w), 1761 (w), 1722 (w), 1477 (w), 1450 (w), 1404 (m), 1377 
(m), 1347 (w), 1317 (w), 1251 (m), 1228 (m), 1196 (w), 1160 (w), 1073 (s), 1054 (s), 908 (m), 874 
(w), 826 (w), 803 (w), 780 (w), 737 (m). HRMS (ESI) calcd for C9H14N2NaO4

+ [M+Na]+ 237.0846; 
found 237.0852. [α]D

20 = + 34.7 (c = 0.29, CHCl3). 

 

(S)-(9H-Fluoren-9-yl)methyl 5-methyl-2,4-dioxoimidazolidine-1-carboxylate (4.34g) 

 

Starting from S4.3 (46.7 mg, 0.150 mmol), the crude product was purified by preparative TLC 
(Heptane/Et2O = 25:75) to afford 4.34g as white sticky solid (27 mg, 80 μmol, 54%).  

Rf: 0.35 (Heptane/Et2O = 25:75). 1H NMR (400 MHz, CDCl3) δ 8.49 (s, 1H, NH), 7.78 (d, J = 7.5 
Hz, 2H, ArH), 7.69 (dd, J = 7.5, 1.3 Hz, 2H, ArH), 7.42 (t, J = 7.4 Hz, 2H, ArH), 7.34 (t, J = 7.5 
Hz, 2H, ArH), 4.72 – 4.57 (m, 2H, CH2Ar), 4.35 – 4.23 (m, 2H, NCHCH3, CH Fmoc), 1.38 (d, J = 
6.9 Hz, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 171.7, 151.2, 150.0, 143.2, 141.5, 128.2, 127.5, 
125.1, 120.2, 69.1, 57.4, 46.7, 16.4. IR (νmax, cm-1) 3666 (m), 2988 (s), 2902 (s), 2255 (w), 1934 
(w), 1760 (w), 1719 (w), 1475 (w), 1450 (w), 1404 (m), 1388 (m), 1345 (w), 1313 (w), 1256 (m), 
1230 (m), 1071 (s), 1050 (s), 909 (m), 872 (w), 733 (s). HRMS (ESI) calcd for C19H16N2NaO4

+ 
[M+Na]+ 359.1002; found 359.1000. [α]D

20 = + 18.3 (c = 1.00, CHCl3).  
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(S)-1-Acetyl-5-isopropylimidazolidine-2,4-dione (4.34h) 

 

Starting from S4.4 (20 mg, 0.15 mmol), 30% NMR yield could be observed for acetyl protected 
hydantoin 4.34h. The crude product could not be purified. 

(S)-Benzyl 5-isopropyl-2,4-dioxoimidazolidine-1-carboxylate (4.34k) 

 

Starting from S4.5 (37.7 mg, 0.150 mmol), the crude product was purified by preparative TLC 
(Heptane/Et2O = 25:75) to afford 4.34k as colorless sticky solid (31 mg, 0.11 mmol, 75%).  

Rf: 0.50 (Heptane/Et2O = 25:75). 1H NMR (400 MHz, CDCl3) δ 8.56 (s, 1H, NH), 7.46 – 7.32 (m, 
5H, ArH), 5.39 – 5.25 (m, 2H, CH2Ar), 4.39 (d, J = 3.4 Hz, 1H, NCHCH(CH3)2), 2.49 (ddh, J = 
10.9, 7.0, 3.4 Hz, 1H, NCHCH(CH3)2), 1.17 (d, J = 7.0 Hz, 3H, CH3), 0.91 (d, J = 6.9 Hz, 3H, 
CH3). 13C NMR (101 MHz, CDCl3) δ 169.9, 151.5, 149.8, 134.5, 128.5, 128.4, 128.0, 68.7, 65.4, 
29.5, 17.7, 15.4. IR (νmax, cm-1) 3671 (m), 2983 (s), 2972 (s), 2901 (s), 2256 (w), 1927 (w), 1795 
(w), 1745 (w), 1450 (w), 1388 (m), 1310 (w), 1249 (m), 1228 (m), 1070 (s), 1052 (s), 908 (s), 872 
(w), 735 (s). HRMS (ESI) calcd for C14H16N2NaO4

+ [M+Na]+ 299.1002; found 299.1007. [α]D
20 = 

+ 26.5 (c = 1.00, CHCl3). 

Benzyl (S)-5-isobutyl-2,4-dioxoimidazolidine-1-carboxylate (4.34l) 

 

Starting from S4.6 (40 mg, 0.15 mmol), the crude product was purified by preparative TLC 
(Heptane/Et2O = 25:75) to afford 4.34l as colorless sticky solid (24 mg, 83 μmol, 55%).  

Rf: 0.45 (Heptane/Et2O = 25:75). 1H NMR (400 MHz, CDCl3) δ 8.57 (s, 1H, NH), 7.50 – 7.31 (m, 
5H, ArH), 5.42 – 5.21 (m, 2H, CH2Ar), 4.47 (dd, J = 7.3, 3.8 Hz, 1H, NCHCH2), 1.95 – 1.76 (m, 
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3H, CH2CH(CH3)2), 0.88 (dd, J = 8.9, 5.9 Hz, 3H, CH3), 0.87 (d, J = 9 Hz, 3H, CH3).. 13C NMR 
(101 MHz, CDCl3) δ 171.6, 151.6, 149.9, 134.7, 128.9, 128.8, 128.6, 69.0, 59.9, 39.2, 24.1, 23.4, 
22.1. IR (νmax, cm-1) 3257 (w), 2962 (w), 2254 (w), 1815 (m), 1745 (m), 1498 (w), 1463 (w), 1386 
(m), 1333 (w), 1304 (m), 1269 (w), 1210 (w), 1112 (w), 1029 (w), 910 (s), 776 (w), 735 (s). HRMS 
(ESI) calcd for C15H18N2NaO4

+ [M+Na]+ 313.1159; found 313.1160. [α]D
20 = + 39.3 (c = 1.00, 

CHCl3). 

(2S,3S)-2-(((Benzyloxy)carbonyl)amino)-3-methylpentanoic acid (4.34m)  

 

Starting from S4.7 (39.8 mg, 0.150 mmol), the crude product was purified by preparative TLC 
(Heptane/Et2O = 20:80) to afford 4.34m as colorless sticky solid (34.7 mg, 0.120 mmol, 80 %).  

Rf: 0.60 (Heptane/Et2O = 20:80). 1H NMR (400 MHz, CDCl3) δ 7.47 – 7.31 (m, 5H, ArH), 5.41 – 
5.25 (m, 2H, CH2Ar), 4.50 (dd, J = 3.3, 2.2 Hz, 1H, NCHCH), 2.30 – 2.15 (m, 1H, 
CHCH(CH3)CH2CH3), 1.68 (dp, J = 14.4, 7.3 Hz, 1H, CHCH(CH3)CH2CH3), 1.54 (dq, J = 14.3, 
7.5 Hz, 1H, CHCH(CH3)CH2CH3), 0.95 (t, J = 7.4 Hz, 3H, CHCH(CH3)CH2CH3), 0.89 (dd, J = 
7.0, 1.3 Hz, 3H, CHCH(CH3)CH2CH3). 13C NMR (101 MHz, CDCl3) δ 169.9, 151.6, 150.0, 134.7, 
128.9, 128.9, 128.4, 69.1, 64.4, 36.4, 25.3, 13.1, 12.0. HRMS (ESI) calcd for C15H19N2O4

+ [M+H]+ 
291.1339; found 291.1340. IR (νmax, cm-1) 3668 (w), 3251 (w), 2979 (w), 2915 (w), 1802 (w), 1745 
(w), 1479 (w), 1467 (w), 1391 (w), 1309 (w), 1245 (w), 1150 (w), 1100 (w), 1068 (w), 910 (s), 
840 (w), 771 (w), 746 (s), 657 (w). [α]D

20 = + 28.7 (c = 1.00, CHCl3). 

Benzyl (S)-5-benzyl-2,4-dioxoimidazolidine-1-carboxylate (4.34n) 

 

Starting from S4.8 (45 mg, 0.15 mmol), the crude product was purified by preparative TLC 
(Heptane/Et2O = 25:75) to afford 4.34n as yellowish sticky solid (41 mg, 0.13 mmol, 85%).  

Rf: 0.52 (Heptane/Et2O = 25:75). 1H NMR (400 MHz, CDCl3) δ 7.61 (s, 1H, NH), 7.50 – 7.46 (m, 
2H, ArH), 7.45 – 7.38 (m, 3H, ArH), 7.22 – 7.15 (m, 3H, ArH), 6.95 – 6.85 (m, 2H, ArH), 5.38 (s, 
2H, CH2Ar), 4.73 (dd, J = 5.6, 2.6 Hz, 1H, NCHCH2Ar), 3.44 (dd, J = 14.1, 5.6 Hz, 1H, 
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NCHCH2Ar), 3.26 (dd, J = 14.1, 2.7 Hz, 1H, NCHCH2Ar). 13C NMR (101 MHz, CDCl3) δ 169.9, 
150.6, 150.1, 134.8, 133.0, 129.7, 129.0, 128.9, 128.9, 128.8, 127.8, 69.1, 61.9, 35.0. IR (νmax, cm-

1) 3669 (m), 2983 (s), 2901 (s), 2256 (w), 1936 (w), 1815 (w), 1751 (w), 1479 (w), 1447 (w), 1388 
(m), 1310 (w), 1253 (m), 1230 (m), 1070 (s), 908 (m), 869 (w), 735 (m). HRMS (ESI) calcd for 
C18H16N2NaO4

+ [M+Na]+ 347.1002; found 347.1006. [α]D
20 = + 91.5 (c = 1.00, CHCl3). 

(S)-2-((tert-Butoxycarbonyl)amino)-3-(4-((2,6-dichlorobenzyl)oxy)phenyl)propanoic acid 
(4.34e)  

 

Starting from S4.9 (66 mg, 0.15 mmol), the crude product was purified by preparative TLC 
(Heptane/Et2O = 20:80) to afford 4.34e as white solid (63.0 mg, 0.135 mmol, 90 %).  

Rf: 0.58 (Heptane/Et2O = 20:80). 1H NMR (400 MHz, CDCl3) δ 7.39 – 7.33 (m, 2H, ArH), 7.25 – 
7.21 (m, 1H, ArH), 7.08 – 7.00 (m, 2H, ArH), 6.97 – 6.89 (m, 2H, ArH), 5.23 (d, J = 0.8 Hz, 2H, 
ArOCH2Ar), 4.67 (dd, J = 5.5, 2.7 Hz, 1H, NCHCH2), 3.44 (dd, J = 14.2, 5.5 Hz, 1H, NCHCH2), 
3.25 (dd, J = 14.2, 2.7 Hz, 1H, NCHCH2), 1.62 (s, 9H, O(CH3)3). 13C NMR (101 MHz, CDCl3) δ 
170.0, 158.5, 150.8, 148.6, 137.2, 132.2, 130.9, 130.6, 128.6, 125.9, 115.4, 84.8, 65.3, 62.1, 34.5, 
28.2. HRMS (ESI) calcd for C22H22Cl2N2NaO5

+ [M+Na]+ 487.0798; found 487.0800. IR (νmax, cm-

1) 3668 (w), 3251 (w), 2985 (w), 2878 (w), 1821 (w), 1745 (w), 1606 (w), 1511 (w), 1378 (w), 
1321 (w), 1245 (w), 1163 (w), 1081 (w), 1011 (w), 910 (s), 840 (w), 746 (s), 657 (w). [α]D

20 = + 
67.0 (c = 1.00, CHCl3).  

(S)-Benzyl 5-((1H-indol-3-yl)methyl)-2,4-dioxoimidazolidine-1-carboxylate (4.34a) 

 

Starting from S4.10 (50.8 mg, 0.150 mmol), the crude product was purified by preparative TLC 
(Heptane/Et2O = 25:75) to afford 4.34a as yellow sticky solid (36 mg, 99 μmol, 66%).  
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Rf: 0.30 (Heptane/Et2O = 25:75). 1H NMR (400 MHz, CDCl3) δ 8.07 (s, 1H, NH), 7.76 (s, 1H, 
NH), 7.51 – 7.39 (m, 6H, ArH), 7.28 (s, 1H, ArH), 7.19 – 7.09 (m, 1H, ArH), 7.01 (ddd, J = 8.0, 
7.0, 1.1 Hz, 1H, ArH), 6.71 (d, J = 2.4 Hz, 1H, ArH), 5.45 – 5.33 (m, 2H, CH2Ar), 4.73 (dd, J = 
5.4, 2.6 Hz, 1H, NCHCH2Ar), 3.61 (dd, J = 15.0, 5.4 Hz, 1H, NCHCH2Ar), 3.49 (dd, J = 15.0, 2.6 
Hz, 1H, NCHCH2Ar). 13C NMR (101 MHz, CDCl3) δ 170.8, 151.0, 150.2, 136.0, 134.9, 129.0, 
128.9, 128.9, 127.5, 124.0, 122.4, 120.1, 118.7, 111.3, 107.1, 69.1, 61.8, 25.3. HRMS (ESI) calcd 
for C20H17N3NaO4

+ [M+Na]+ 386.1111; found 386.1105. IR (νmax, cm-1) 3669 (m), 2983 (s), 2972 
(s), 2901 (s), 2252 (w), 1932 (w), 1799 (w), 1735 (w), 1454 (w), 1402 (m), 1386 (m), 1315 (w), 
1251 (m), 1228 (m), 1073 (s), 1054 (s), 908 (m), 872 (w), 735 (m). [α]D

20 = + 20.2 (c = 1.00, 
CHCl3). 

(R)-2-((tert-Butoxycarbonyl)amino)-3-(1H-indol-3-yl)propanoic acid (4.34o)  

 

Starting from S4.11 (45.7 mg, 0.150 mmol), the crude product was purified by preparative TLC 
(Heptane/Et2O = 10:90) to afford 4.34o as greenish sticky solid (42.5 mg, 0.129 mmol, 86 %).  

Rf: 0.63 (Heptane/Et2O = 10:90). 1H NMR (400 MHz, CDCl3) δ 8.21 (s, 1H, NH), 7.61 – 7.52 (m, 
1H, ArH), 7.39 – 7.29 (m, 1H, ArH), 7.18 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H, ArH), 7.10 (ddd, J = 8.1, 
7.0, 1.1 Hz, 1H, ArH), 6.95 (d, J = 2.4 Hz, 1H, ArH), 4.70 (dd, J = 5.3, 2.7 Hz, 1H, NCHCH2), 
3.64 (dd, J = 15.0, 5.2 Hz, 1H, NCHCH2), 3.51 (dd, J = 14.9, 2.7 Hz, 1H, NCHCH2), 1.63 (s, 9H, 
O(CH3)3). 13C NMR (101 MHz, CDCl3) δ 170.9, 151.3, 148.8, 136.0, 127.7, 123.8, 122.4, 120.0, 
118.9, 111.3, 107.4, 84.7, 61.8, 28.2, 25.4. HRMS (ESI) calcd for C17H19N3NaO4

+ [M+Na]+ 
352.1268; found 352.1262. IR (νmax, cm-1) 2979 (w), 2896 (w), 1827 (w), 1751 (w), 1372 (w), 1321 
(w), 1226 (w), 1163 (w), 1068 (w), 1011 (w), 914 (s), 841 (w), 747 (s), 644 (w).  [α]D

20 = - 55.0 (c 
= 1.00, CHCl3). 

 

Benzyl (R)-5-((benzylthio)methyl)-2,4-dioxoimidazolidine-1-carboxylate (4.34b) 
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Starting from S4.12 (52 mg, 0.15 mmol), the crude product was purified by preparative TLC 
(Heptane/Et2O = 25:75) to afford 4.34b as yellowish sticky solid (31 mg, 83 μmol, 55%).  

Rf: 0.45 (Heptane/Et2O = 25:75). 1H NMR (400 MHz, CDCl3) δ 8.61 (s, 1H, NH), 7.48 – 7.21 (m, 
10H, ArH), 5.31 (s, 2H, CH2Ar), 4.69 (dd, J = 4.5, 2.3 Hz, 1H, NCHCH2), 3.72 – 3.53 (m, 2H, 
SCH2Ar), 3.25 (dd, J = 14.6, 4.5 Hz, 1H, NCHCH2), 3.06 (dd, J = 14.7, 2.4 Hz, 1H, NCHCH2). 
13C NMR (101 MHz, CDCl3) δ 169.9, 151.5, 149.9, 137.4, 134.6, 129.1, 128.9, 128.9, 128.7, 128.5, 
127.5, 69.2, 61.4, 37.5, 30.7. IR (νmax, cm-1) 3669 (m), 2988 (s), 2908 (m), 2259 (w), 1824 (w), 
1754 (w), 1450 (w), 1409 (m), 1390 (m), 1310 (w), 1253 (m), 1228 (m), 1070 (s), 910 (s), 867 (w), 
735 (s). HRMS (ESI) calcd for C19H18N2NaO4S+ [M+Na]+ 393.0879; found 393.0885. [α]D

20 = + 
10.2 (c = 1.00, CHCl3). 

(S)-Benzyl 5-(2-(methylthio)ethyl)-2,4-dioxoimidazolidine-1-carboxylate (4.34p) 

 

Starting from S4.13 (43 mg, 0.15 mmol), the crude product was purified by preparative TLC 
(Heptane/Et2O = 10:90) to afford 4.34p as white sticky solid (31 mg, 0.10 mmol, 67 %).  

Rf: 0.46 (Heptane/Et2O = 10:90). 1H NMR (400 MHz, CDCl3) δ 8.33 (s, 1H, NH), 7.42 – 7.23 (m, 
5H, ArH), 5.36 – 5.13 (m, 2H, CH2Ar), 4.54 (dd, J = 6.3, 3.8 Hz, 1H, NCHCH2), 2.59 – 2.37 (m, 
2H, CH2CH2S), 2.33 – 2.20 (m, 2H, CH2CH2S), 1.94 (s, 3H, SCH3). 13C NMR (101 MHz, CDCl3) 
δ 170.8, 151.4, 150.0, 134.6, 128.9, 128.9, 128.6, 69.2, 59.9, 28.7, 28.4, 15.3. HRMS (ESI) calcd 
for C14H16N2NaO4S+ [M+Na]+ 331.0723; found 331.0730. IR (νmax, cm-1) 3225 (w), 2979 (w), 2909 
(w), 1821 (w), 1745 (m), 1498 (w), 1460 (w), 1378 (m), 1353 (w), 1302 (m), 1264 (w), 1195 (w), 
1150 (w), 1106 (w), 1075 (w), 916 (s), 859 (w), 746 (s), 695 (w), 657 (w). [α]D

20 = + 44.5 (c = 
1.00, CHCl3). 

2-(((Benzyloxy)carbonyl)amino)-6-((tert-butoxycarbonyl)amino)hexanoic acid (4.34q)  
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Starting from S4.14 (57 mg, 0.15 mmol), the crude product was purified by preparative TLC 
(Heptane/Et2O = 10:90) to afford 4.34q as colorless sticky solid (50 mg, 0.12 mmol, 82 %).  

Rf: 0.58 (Heptane/Et2O = 10:90). 1H NMR (400 MHz, CDCl3) δ 8.86 (s, 1H, NH), 7.46 – 7.31 (m, 
5H, ArH), 5.41 – 5.24 (m, 2H, CH2Ar), 4.55 (s, 1H, NH), 4.49 (dd, J = 6.2, 3.2 Hz, 1H, NCHCH2), 
3.05 (q, J = 6.5 Hz, 2H, CH2NHBoc), 2.15 – 1.90 (m, 2H, NCHCH2), 1.43 (m, 13H, 
NCHCH2CH2CH2, O(CH3)3). 13C NMR (101 MHz, CDCl3) δ 171.0, 156.1, 151.7, 150.0, 134.8, 
128.9, 128.9, 128.6, 79.5, 69.0, 61.0, 40.3, 29.7, 29.5, 28.5, 20.4. HRMS (ESI) calcd for 
C20H27N3NaO6

+ [M+Na]+ 428.1792; found 428.1795. IR (νmax, cm-1) 2985 (w), 2896 (w), 1808 (w), 
1764 (w), 1511 (w), 1454 (w), 1391 (w), 1296 (w), 1252 (w), 1176 (w), 1100 (w), 1068 (w), 980 
(w), 910 (s), 853 (w), 739 (s), 651 (w). [α]D

20 = + 34.3 (c = 1.00, CHCl3). 

 

(S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-5-(tert-butoxy)-5-oxopentanoic acid 
(4.34r)  

 

Starting from S4.14 (63.8 mg, 0.150 mmol), the crude product was purified by preparative TLC 
(Heptane/Et2O = 20:80) to afford 4.34r as colorless sticky solid (36.5 mg, 81.0 μmol, 54 %).  

Rf: 0.46 (Heptane/Et2O = 20:80). 1H NMR (400 MHz, CDCl3) δ 7.85 (s, 1H, NH), 7.81 – 7.68 (m, 
4H, ArH), 7.46 – 7.30 (m, 4H, ArH), 4.71 – 4.57 (m, 2H, OCH2CH), 4.44 – 4.27 (m, 2H, NCHCH2, 
OCH2CH), 2.37 – 2.06 (m, 4H, NCHCH2CH2), 1.43 (s, 9H, OC(CH3)3). 13C NMR (101 MHz, 
CDCl3) δ 171.1, 170.2, 150.7, 150.0, 143.3, 143.2, 141.5, 141.4, 128.2, 127.5, 125.3, 125.2, 120.3, 
120.2, 81.2, 69.3, 60.3, 46.7, 29.5, 28.2, 25.0. HRMS (ESI) calcd for C25H26N2NaO6

+ [M+Na]+ 
473.1683; found 473.1686. IR (νmax, cm-1) 3253 (w), 2959 (w), 1807 (w), 1749 (m), 1474 (w), 1448 
(w), 1384 (m), 1372 (m), 1308 (m), 1244 (w), 1212 (w), 1161 (w), 1109 (w), 1071 (w), 1045 (w), 
975 (w), 956 (w), 917 (s), 841 (w), 745 (s), 693 (w), 655 (m), 623 (m). [α]D

20 = + 10.2 (c = 1.00, 
CHCl3).  

 

 

 



  Chapter 8: Experimental Part 

325 

(S)-Benzyl 5-(2-(tert-butoxy)-2-oxoethyl)-2,4-dioxoimidazolidine-1-carboxylate (4.34s) 

 

Starting from S4.15 (48.5 mg, 0.150 mmol), the crude product was purified by preparative TLC 
(Heptane/Et2O = 10:90) to afford 4.34s as white sticky solid (37.6 mg, 0.108 mmol, 72 %).  

Rf: 0.55 (Heptane/Et2O = 10:90). 1H NMR (400 MHz, CDCl3) δ 8.58 (s, 1H, NH), 7.52 – 7.31 (m, 
5H, ArH), 5.42 – 5.24 (m, 2H, CH2Ar), 4.53 (dd, J = 5.2, 2.9 Hz, 1H, NCHCH2CO), 3.15 (dd, J = 
17.1, 5.2 Hz, 1H, NCHCH2CO), 3.01 (dd, J = 17.1, 2.9 Hz, 1H, NCHCH2CO), 1.38 (s, 9H, 
OC(CH3)3). 13C NMR (101 MHz, CDCl3) δ 170.4, 167.9, 151.6, 150.1, 134.8, 128.8, 128.8, 128.4, 
82.7, 69.1, 57.7, 35.1, 28.0. HRMS (ESI) calcd for C17H20N2NaO6

+ [M+Na]+  371.1214; found 
371.1218. IR (νmax, cm-1) 3263 (w), 2979 (w), 2903 (w), 1815 (w), 1751 (m), 1460 (w), 1372 (w), 
1359 (w), 1309 (w), 1150 (w), 1106 (w), 1049 (w), 992 (w), 910 (s), 916 (s), 834 (w), 739 (s), 695 
(w), 651 (w). [α]D

20 = + 28.7 (c = 1.00, Ethanol). 

 

(S)-tert-Butyl 5-((benzyloxy)methyl)-2,4-dioxoimidazolidine-1-carboxylate (4.34t)  

 

Starting from S4.16 (53.5 mg, 0.150 mmol), the crude product was purified by preparative TLC 
(Heptane/Et2O = 20:80) to afford 4.34t as colorless sticky solid (36 mg, 95 μmol, 64 %).  

Rf: 0.60 (Heptane/Et2O = 20:80). 1H NMR (400 MHz, CDCl3) δ 7.60 (s, 1H, NH), 7.39 – 7.19 (m, 
5H, ArH), 4.60 – 4.42 (m, 3H, NCHCH2OCH2), 4.03 (dd, J = 10.0, 2.7 Hz, 1H, NCHCH2), 3.90 
(dd, J = 10.0, 1.8 Hz, 1H, NCHCH2), 1.49 (s, 9H, OC(CH3)3). 13C NMR (101 MHz, CDCl3) δ 
169.1, 151.3, 148.2, 137.1, 128.5, 128.0, 127.6, 84.5, 73.5, 66.0, 61.8, 28.0. HRMS (ESI) calcd for 
C16H20N2NaO5

+ [M+Na]+ 343.1264; found 343.1266. IR (νmax, cm-1) 3661 (w), 3236 (w), 2985 (w), 
2903 (w), 2760 (w), 1812 (w), 1751 (m), 1611 (w), 1514 (w), 1453 (w), 1369 (m), 1317 (w), 1280 
(w), 1245 (w), 1216 (w), 1155 (w), 1104 (w), 1076 (w), 1052 (w), 994 (w), 914 (s), 848 (w), 745 
(s), 703 (w), 670 (w), 651 (w), 618 (w). [α]D

20 = + 4.0 (c = 1.00, CHCl3).      
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(S)-tert-Butyl 5-cyclopropyl-2,4-dioxoimidazolidine-1-carboxylate (4.34u) 

 

Starting from 4.59 (32.3 mg, 0.150 mmol), the crude product was purified by preparative TLC 
(DCM/EtOAc = 80:20) to afford 4.34u as colorless solid (21 mg, 87 μmol, 58 %).  

Rf = 0.30 (DCM/EtOAc: 4/1) M.p. 145-146 °C. 1H NMR (400 MHz, Chloroform-d) δ 7.88 (bs, 
1H, NH), 4.19 (d, J = 7.0 Hz, 1H, NCHCO), 1.57 (s, 9H, Boc), 1.30 – 1.23 (m, 1H, CH(CH2)2), 
0.80 – 0.70 (m, 1H, CH2), 0.70 – 0.63 (m, 2H, CH2), 0.63 – 0.52 (m, 1H, CH2). 13C NMR (101 
MHz, Chloroform-d) δ 169.8, 151.5, 148.6, 84.7, 63.0, 28.2, 12.8, 3.7, 1.8. IR (νmax, cm-1) 3262 
(m), 2983 (m), 1808 (s), 1751 (s), 1370 (s), 1332 (s), 1155 (s), 1098 (s), 1028 (m), 913 (m), 850 
(m), 767 (m), 736 (s), 666 (m), 654 (m). HRMS (ESI) calcd for C11H16N2NaO4

+ [M+Na]+ 
263.1002; found 263.1007. 

 

(S)-Tetrahydro-1H-pyrrolo[1,2-c]imidazole-1,3(2H)-dione (4.34v)  

 

Starting from S4.17 (17.3 mg, 0.150 mmol), the crude product was purified by preparative TLC 
(Heptane/Et2O = 20:80) to afford 4.34v as white solid (13 mg, 93 μmol, 62 %).  

Rf: 0.13 (Heptane/Et2O = 20:80). 1H NMR (400 MHz, DMSO-d6) δ 10.75 (s, 1H, NH), 4.11 (dd, 
J = 9.0, 7.5 Hz, 1H, NCH), 3.46 (dt, J = 10.8, 7.6 Hz, 1H, NCH2), 3.04 (ddd, J = 10.8, 7.9, 4.8 Hz, 
1H, NCH2), 2.10 – 2.01 (m, 1H, NCH2CH2CH2), 2.00 – 1.85 (m, 2H, NCH2CH2CH2), 1.71 – 1.58 
(m, 1H, NCH2CH2CH2). 13C NMR (101 MHz, DMSO-d6) δ 175.4, 161.0, 64.0, 44.9, 26.7, 26.6. 
HRMS (ESI) calcd for C4H7N2O2

+ [M+H]+ 115.0502; found 115.0499. [α]D
20 = - 118.11 (c = 0.51, 

Ethanol). The characterization data is in accordance with reported literature values.[488] 

 

 

 

                                                             
488 Kumar, V.; Rana, H.; Sankolli, R.; Kaushik. M. P. Tetrahedron Lett. 2011, 52, 6148. 
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Benzyl 2,4-dioxoimidazolidine-1-carboxylate (4.34w)  

 

Starting from S4.18 (31.4 mg, 0.150 mmol), the crude product was purified by preparative TLC 
(DCM/MeOH = 90:10) to afford 4.34w as white sticky solid (31 mg, 0.13 mmol, 88 %).  

Rf: 0.69 (DCM/MeOH = 90:10). 1H NMR (400 MHz, CDCl3) δ 7.45 – 7.35 (m, 5H, ArH), 5.32 (s, 
2H, OCH2Ar), 4.32 (s, 2H, NCH2). 13C NMR (101 MHz, CDCl3) δ 166.8, 150.8, 149.6, 134.5, 
128.9, 128.8, 128.5, 69.1, 49.9. HRMS (ESI) calcd for C11H10N2NaO4

+ [M+Na]+ 257.0533; found 
257.0540. IR (νmax, cm-1) 3244 (w), 2998 (w), 2903 (w), 1815 (w), 1764 (m), 1435 (w), 1391 (w), 
1353 (w), 1290 (w), 1201 (w), 1106 (w), 1056 (w), 973 (w), 916 (s), 834 (w), 746 (s), 651 (w), 632 
(w).  

Hydantoin hydrogenolysis deprotection: 

 

A flame dried 50 mL flask containing palladium hydroxide on carbon (4.3 mg, 6.1 μmol, 5 mol%) 
and equipped with a teflon coated stirring bar, was placed under nitrogen atmosphere (vaccum / N2 
exchange). A solution of the hydantoin 4.34f (30 mg, 0.12 mmol, 1 equiv) in dry MeOH (6.0 mL, 
0.02 M) was added. The flask was then placed under hydrogen atmosphere (vaccum / H2 cycles) 
and the solution was stirred at room temperature for 4 h. The solution was then filtrated over a hplc 
filter and concentrated under reduced pressure to provide the (S)-5-methylimidazolidine-2,4-dione 
4.53 (14 mg, 0.12 mmol, 100 % yield) as a white solid. 

(S)-5-Methylimidazolidine-2,4-dione (4.53)  

 

1H NMR (400 MHz, DMSO-d6) δ 10.57 (s, 1H, NH), 7.87 (s, 1H, NH), 4.02 (qd, J = 6.9, 1.2 Hz, 
1H, NCHCH3), 1.21 (d, J = 6.9 Hz, 3H, NCHCH3). 13C NMR (101 MHz, DMSO-d6) δ 176.8, 
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157.1, 53.3, 17.2. HRMS (ESI) calcd for C4H7N2O2
+ [M+H]+ 115.0502; found 115.0501. [α]D

20 = 
- 30.7 (c = 0.43, Ethanol). Chiral HPLC conditions: ee = 91% ; Chiralpak ID 85:15 Hexane/iPrOH, 
1.0 mL/min, 60 min. tr = 11.6 min, λ = 210 cm-1. The characterization data is in accordance with 
reported literature values.[489]   

Procedure for hydantoin gram scale synthesis: 

 

In a flame dried 50 mL balloon containing a teflon coated stirring bar were added 4.1e (1.0 g, 4.5 
mmol, 1 equiv), CBX 2.96a (1.84 g, 6.72 mmol, 1.5 equiv) and N,N-dimethylpyridin-4-amine 
(0.68 g, 5.6 mmol, 1.25 equiv). Then, the test tube was evacuated and backfilled 3 times with N2. 
Then dry THF (22.4 mL) was added, and the resulting white mixture was stirred for 16 h. Addition 
of 20 mL of pentane to the reaction mixture lead to full precipitation of salt 4.52. Then, the mixture 
was filtrated over a plug of celite to remove the main part of the salt formed. The celite plug was 
washed with 2x20 mL of THF:pentane (1:1) and the filtrate was evaporated to give the crude 
hydantoin in 70% purity. The pad was then washed with 50 mL of DCM, and after concentration 
under reduced pressure 1.75 g of the salt 4.52 was recovered. The crude material was then purified 
by column (full DCM to DCM/Ethyl acetate 80:20) to provide the (S)-benzyl 5-methyl-2,4-
dioxoimidazolidine-1-carboxylate 4.34f (1.2 g, 4.5 mmol, 100 % yield) with 93 % purity. 

General procedure for hydantoin synthesis from peptides: 

 

Dry THF (1.5 mL) was added in a flame dried 1 mL test tube containing a teflon coated stirring 
bar, the peptide 4.54 (0.15 mmol, 1.0 equiv), CBX reagent (2.96a) (61 mg, 0.23 mmol, 1.5 equiv) 
and DMAP (23.0 mg, 0.188 mmol, 1.25 equiv) under N2 (vaccum / N2 exchange). The resulting 
                                                             
489 Konnert, L.; Reneaud, B.; Marcia de Figueiredo, R.; Campagne, J. M.; Lamaty, F.; Martinez, J.; Colacino, E. J. 
Org. Chem. 2014, 79, 10132. 
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mixture was stirred for 36 h at rt. After completion of the reaction, the reaction mixture was 
concentrated under reduced pressure. Purification was performed by preparative TLC 
(Heptane/Ethyl Acetate) affording the corresponding hydantoin 4.55. 

Benzyl ((S)-1-((S)-5-methyl-2,4-dioxoimidazolidin-1-yl)-1-oxopropan-2-yl)carbamate 
(4.55b)  

 

Starting from 4.54b (44 mg, 0.15 mmol), the crude product was purified by preparative TLC 
(Heptane/Et2O = 10:90) to afford 4.55b as white sticky solid (38 mg, 0.12 mmol, 80 %). Rf: 0.5 
(Heptane/Et2O = 10:90).  

1H NMR (400 MHz, CDCl3, mixture of rotamers not fully resolved, only the major rotamer is 
described) δ 8.24 (s, 1H, NH), 7.40 – 7.28 (m, 5H, ArH), 5.52 – 5.26 (m, 2H, OCH2Ar), 5.17 – 
5.04 (m, 2H, NCHCH3), 4.68 – 4.45 (m, 1H, NH), 1.74 – 1.51 (m, 3H, CH3), 1.51 – 1.38 (m, 3H, 
CH3). 13C NMR (101 MHz, CDCl3, mixture of rotamers not fully resolved, only the major rotamer 
is described) δ 172.9, 171.7, 155.8, 152.0, 136.3, 128.7, 128.4, 128.2, 67.2, 57.2, 50.8, 18.2, 16.2. 
HRMS (ESI) calcd for C15H17N3NaO5

+ [M+Na]+ 342.1060; found 342.1062. IR (νmax, cm-1) 3658 
(w), 3349 (w), 2976 (m), 2919 (w), 2894 (m), 1918 (w), 1810 (w), 1747 (w), 1695 (w), 1643 (w), 
1456 (w), 1385 (w), 1329 (w), 1275 (w), 1240 (w), 1155 (w), 1087 (m), 1048 (m), 914 (s), 883 
(w), 839 (w), 750 (s), 682 (w), 653 (w), 632 (w). [α]D

20 = - 9.7 (c = 1.00, CHCl3). Chiral HPLC 
conditions: de = 72% ; Chiralpak ID 80:20 Hexane/iPrOH, 1.0 mL/min, 60 min. tr = 27.1 min, λ = 
210 cm-1. 

(S)-Benzyl (2-(5-benzyl-2,4-dioxoimidazolidin-1-yl)-2-oxoethyl)carbamate (4.55a)  
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Starting from 4.54a (53.5 mg, 0.150 mmol), the crude product was purified by preparative TLC 
(Heptane/Et2O = 10:90) to afford 4.55a as white sticky solid (36 mg, 95 μmol, 64 %). 

Rf: 0.65 (Heptane/Et2O = 10:90). 1H NMR (400 MHz, CDCl3) δ 7.49 – 6.88 (m, 10H, ArH), 5.55 
– 5.40 (m, 1H, NH), 5.17 (s, 2H, OCH2Ar), 4.82 (ddd, J = 5.7, 4.5, 2.5 Hz, 1H, NCHCH2), 4.54 
(ddd, J = 19.3, 8.4, 5.9 Hz, 1H, NCH2CO), 4.40 – 4.23 (m, 1H, NCH2CO), 3.53 (ddd, J = 14.2, 5.8, 
1.8 Hz, 1H, NCHCH2Ar), 3.29 (dd, J = 14.0, 2.5 Hz, 1H, NCHCH2Ar). 13C NMR (101 MHz, 
CDCl3) δ 170.4, 168.9, 156.6, 152.3, 136.2, 133.1, 129.7, 129.0, 128.7, 128.5, 128.3, 127.9, 67.5, 
61.4, 46.4, 34.3. HRMS (ESI) calcd for C20H19N3NaO5

+ [M+Na]+ 404.1217; found 404.1221. IR 
(νmax, cm-1) 3670 (w), 2985 (w), 2901 (w), 1801 (w), 1740 (w), 1711 (w), 1615 (w), 1510 (w), 1456 
(w), 1388 (w), 1268 (w), 1245 (w), 1174 (w), 1134 (w), 1059 (w), 989 (w), 916 (s), 843 (w), 743 
(s), 700 (w), 656 (w), 632 (w). [α]D

20 = + 42.1 (c = 0.52, CHCl3). Chiral HPLC conditions: ee = 
44% ; Chiralpak ID 80:20 Hexane/iPrOH, 1.0 mL/min, 60 min. tr = 40.7 min, λ = 210 cm-1. 
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8.3 Fragmentation of cyclic oxime ethers 

8.5.1 Synthesis of reagents 
 

1-((4-Formylphenyl)ethynyl)-1,2-benziodoxol-3(1H)-one (2.95j) 

  
Following a reported procedure,

315  trimethylsilyl triflate (0.89 mL, 4.9 mmol, 1.1 equiv) was added 
to a suspension of 2-iodosylbenzoic acid (2.106a) (1.19 g, 4.49 mmol, 1.0 equiv) in CH2Cl2 (15 
mL) at RT. The resulting suspension was stirred for 1 h, followed by the drop wise addition of ((4-
formylphenyl)ethynyl)trimethylsilane (4.15j) (1.00 g, 4.94 mmol, 1.1 equiv), which was dissolved 
in CH2Cl2 (1 mL). The resulting suspension was stirred for 6 h at RT. A saturated solution of 
NaHCO3 (20 mL) was then added and the mixture was stirred vigorously for 30 minutes, the two 
layers were separated and the organic layer was washed with sat. NaHCO3 (20 mL), dried over 
MgSO4, filtered and evaporated under reduced pressure. The resulting solid was boiled in CH3CN 
(20 mL). The mixture was cooled down, filtered and dried under high vacuum to afford 2.95j (0.80 
g, 2.1 mmol, 41%) as a yellow solid.  
1H NMR (400 MHz, DMSO-d6) δ 10.08 (s, 1H, CHO), 8.35 (d, J = 9.1 Hz, 1H, ArH), 8.14 (dd, J 
= 7.4, 1.7 Hz, 1H, ArH), 8.02 (d, J = 8.5 Hz, 2H, ArH), 7.96 – 7.88 (m, 3H, ArH), 7.82 (t, J = 7.3 
Hz, 1H, ArH). 13C NMR (101 MHz, DMSO-d6) δ 192.6, 166.3, 136.7, 135.3, 133.2, 131.9, 131.4, 
129.8, 127.7, 126.1, 116.4, 102.9, 56.6. Consistent with reported data.315 

 

Trimethyl((4-cyanophenyl)ethynyl)silane (35)  

 
Following a slight modification of the reported procedure,490  4-iodobenzonitrile (S5.1) (1.00 g, 
4.37 mmol, 1.0 equiv) was dissolved in triethylamine (10 mL) (without prior drying). After three 
freeze-thraw-pump cycles, PdCl2(PPh3)2 (92 mg, 0.13 mmol, 3 mol%) and copper iodide (42 mg, 
0.22 mmol, 5 mol%) were added under N2. After the addition of ethynyltrimethylsilane (S5.2) (1.2 
mL, 8.7 mmol, 2 equiv) the green suspension was stirred at RT for 3 h. The reaction mixture was 
concentrated under vacuum, dissolved in CH2Cl2 (30 mL), washed with a saturated ammonium 
chloride solution (30 mL) and water (30 mL). The organic layers were then dried over MgSO4, 

                                                             
490 Feng, Y.; Xie, C.; Qiao, W.-L.; Xu, H.-J. Org. Lett. 2013, 15, 936. 
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filtered and concentrated under vacuum. The resulting oil was purified by column chromatography 
(pentane/ethyl acetate 25:1) to afford 4-((trimethylsilyl)ethynyl)benzonitrile (4.15j) (847 mg, 4.25 
mmol, 97%) as a white solid. 
1H NMR (400 MHz, Chloroform-d) δ 7.59 (d, J = 8.7 Hz, 2H, ArH), 7.53 (d, J = 8.8 Hz, 2H, ArH), 
0.26 (s, 9H, SiCH3). 13C NMR (101 MHz, Chloroform-d) δ 132.6, 132.1, 128.1, 118.6, 111.9, 
103.1, 99.7, -0.12. Consistent with reported data.491 

 

1-[4-Cyanophenylethynyl]-1,2-benziodoxol-3(1H)-one (2.95k) 

  
Following a reported procedure,318 trimethylsilyl triflate (0.73 mL, 4.0 mmol, 1.1 equiv) was added 
to a suspension of 2-iodosylbenzoic acid (2.106a) (963 mg, 3.65 mmol, 1.0 equiv) in CH2Cl2 (12 
mL) at RT. The resulting suspension was stirred for 1 h, followed by the drop wise addition of ((4-
cyanophenyl)ethynyl)trimethylsilane (4.15k) (800 mg, 4.01 mmol, 1.1 equiv), which was dissolved 
in CH2Cl2 (1 mL). The resulting suspension was stirred for 6 h at RT. A saturated solution of 
NaHCO3 (20 mL) was then added and the mixture was stirred vigorously for 30 minutes, the two 
layers were separated and the organic layer was washed with sat. NaHCO3 (20 mL), dried over 
MgSO4, filtered and evaporated under reduced pressure. The resulting solid was boiled in CH3CN 
(20 mL). The mixture was cooled down, filtered and dried under high vacuum to afford 2.95k (865 
mg, 2.32 mmol, 64%) as a pale brown solid.  
1H NMR (400 MHz, DMSO-d6) δ 8.34 (d, J = 8.2 Hz, 1H, ArH), 8.13 (dd, J = 7.4, 1.7 Hz, 1H, 
ArH), 7.99 (d, J = 8.6 Hz, 2H, ArH), 7.90 (d, J = 8.6 Hz, 3H, ArH), 7.81 (t, J = 7.3 Hz, 1H, ArH). 
13C NMR (101 MHz, DMSO-d6) δ 166.3, 135.3, 133.3, 132.8, 131.9, 131.4, 131.4, 127.8, 125.3, 
118.2, 116.4, 112.7, 102.0, 57.4. Consistent with reported data.318 

 

Ph-VBX (2.98a) 

 

                                                             
491 Rahaim, R.; Shaw, J. J. Org. Chem. 2008, 73, 2912. 
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Following a reported procedure,253 mCPBA (1.25 g, 5.50 mmol, 1.1 equiv) was added to a solution 
of 2-iodobenzoic acid (2.105a) (1.25 g, 5.00 mmol, 1.0 equiv) in CH2Cl2 (25 mL). The reaction 
mixture was cooled to 0 ˚C and trifluoromethanesulfonic acid (0.66 mL, 7.5 mmol, 1.5 equiv) was 
added at this temperature before being stirred at r.t for 15 min. The reaction mixture was again 
cooled to 0 ºC over 10 min and (E)-styrylboronic acid (S5.3) (1.0 g, 7.0 mmol, 1.4 equiv) and the 
mixture was stirred at r.t for 1 h. A saturated NaHCO3 solution (25 mL) was added and the mixture 
was stirred for 1 h. The mixture was diluted with CH2Cl2 (25 mL) and H2O (25 mL) and the layers 
were separated. The aqueous layer was extracted with CH2Cl2 (3 x 50 mL) and the combined 
organic layers were washed with brine, dried (Mg2SO4) and filtered. The solvent was removed 
under reduced pressure. The crude mixture contained a lot of impurities, so purification by column 
chromatography over silica gel (DCM with 2 to 10% Acetone) afforded 500 mg of pure Ph-VBX 
2.98a as off white crystalline solid (29%). 

1H NMR (400 MHz, Methanol-d4) δ 8.28 (dd, J = 5.8, 3.4 Hz, 1H, ArH), 7.96 (d, J = 15.4 Hz, 1H, 
ArH), 7.74 (dd, J = 5.9, 3.5 Hz, 1H, ArH), 7.70 (dd, J = 7.5, 3.5 Hz, 4H, ArH), 7.66 (d, J = 8.7 Hz, 
1H, ArH), 7.49 (dd, J = 5.1, 2.0 Hz, 3H, ArH). The NMR shifts match the literature data.253 
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8.5.2 Library of organic dyes: 4CzIPN derivatives 
 

General procedure 1: 

Sodium hydride (60% suspension in mineral oil, 8.0 equiv) was added slowly to a stirred solution 
of substituted-carbazole 5.6 (5.0 equiv) in dry THF (0.05 M) under a nitrogen atmosphere at room 
temperature. After 30 min, 2,4,5,6-tetrafluoroisophthalonitrile 5.5 (0.179 g, 0.895 mmol, 1.0 equiv) 

was added. After stirring at room temperature for 15 h, 2 mL water was added to the reaction 
mixture to quench the excess of NaH. The resulting mixture was then concentrated under reduced 
pressure. The crude product was purified by recrystallization from hexane/CH2Cl2 then filtered. 
The brown liquid filtrate was concentrated and recrystallized as before. The combined solid were 
then purified by column chromatography on silica gel with DCM/Hexane. 

 

2,4,5,6-Tetra(9H-carbazol-9-yl)isophthalonitrile (4CzIPN, 2.71) 

 
Following the general procedure 1 and starting from 9H-carbazole 5.6a (1.67 g, 10.0 mmol, 5.0 
equiv), sodium hydride (0.60 g, 15 mmol, 7.5 equiv) and 2,4,5,6-tetrafluoroisophthalonitrile 5.5 
(0.40 g, 2.0 mmol) in 40 mL of THF. Recrystallization (Hexanes/CH2Cl2 (1:1, 90 mL)) afforded 
the crude product as a yellow powder. Column chromatography afforded 2,4,5,6-tetra(9H-
carbazol-9-yl)isophthalonitrile (2.71a) was obtained as a bright yellow crystalline solid (1.14 g, 
1.45 mmol, 73 % yield). 

Rf (Hexane/DCM 1/1) = 0.29. (yellow spot on TLC). 1H NMR (400 MHz, Chloroform-d) δ 8.2 (d, 
J = 7.7 Hz, 2H, ArH), 7.8 – 7.6 (m, 8H, ArH), 7.5 (ddd, J = 8.0, 6.6, 1.6 Hz, 2H, ArH), 7.3 (d, J = 
7.5 Hz, 2H, ArH), 7.2 (dd, J = 8.4, 1.5 Hz, 4H, ArH), 7.2 – 7.0 (m, 8H, ArH), 6.8 (t, J = 7.8 Hz, 
4H, ArH), 6.6 (td, J = 7.6, 1.2 Hz, 2H, ArH).13C NMR (101 MHz, Chloroform-d) δ 145.2, 144.6, 
140.0, 138.2, 136.9, 134.7, 127.0, 125.8, 124.9, 124.7, 124.5, 123.8, 122.4, 121.9, 121.4, 121.0, 
120.4, 119.6, 116.3, 111.6, 109.9, 109.5, 109.4. 1H NMR shift in CDCl3 are consistent with 
reported data.132 
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3,6-Difluoro-9H-carbazole (5.6b) 

 

Following a reported procedure,492 a mixture of anhydrous Cu(OAc)2 (182 mg, 1.00 mmol, 0.2 
equiv), benzoic acid (611 mg, 5.00 mmol, 1.0 equiv), 4-fluoroaniline (S5.5) (556 mg, 5.00 mmol, 
1.0 equiv), 4-fluorophenylboronic acid (S5.4) (2.10 g, 15.0 mmol, 3.0 equiv) and K2CO3 (61 mg, 
5.0 mmol, 1.0 equiv) in ethyl acetate (15 mL) was heated at 80 °C for 4 hours. The crude mixture 
was concentrated under vacuum and purified by column chromatography (pentane/ethyl acetate 
1:1) to afford bis(4-fluorophenyl)amine (S5.6) (184 mg, 0.897 mmol, 18%) as a sticky black oil.  

1H NMR (400 MHz, Chloroform-d) δ 7.03 – 6.89 (m, 8H, ArH), 5.46 (bs, 1H, NH). 13C NMR (101 
MHz, Chloroform-d) δ 157.9 (d, J = 239.9 Hz), 139.6, 119.5 (d, J = 7.7 Hz), 116.0 (d, J = 22.4 
Hz). NMR matches the literature data.492 

A mixture of bis(4-fluorophenyl)amine (S5.6) (159 mg, 0.775 mmol, 1.0 equiv), Pd(OAc)2 (174 
mg, 0.775 mmol, 1.0 equiv) in glacial acetic acid (14 mL) was heated at reflux for 30 minutes. The 
reaction mixture was filtered through celite, which was subsequently washed with sodium 
bicarbonate (3 X 40 mL) and ethyl acetate (3 X 40 mL). The filtrate was concentrated under 
vacuum and purified by column chromatography (pentane/ethyl acetate 5:1) to afford 3,6-difluoro-
9H-carbazole (5.6b) (115 mg, 5.66 mmol, 73%) as a pale brown solid.  

1H NMR (400 MHz, Chloroform-d) δ 7.98 (s, 1H, NH), 7.66 (dd, J = 8.9, 2.5 Hz, 2H, ArH), 7.35 
(dd, J = 8.8, 4.3 Hz, 2H, ArH), 7.18 (td, J = 9.0, 2.5 Hz, 2H, ArH). 13C NMR (101 MHz, 
Chloroform-d) δ 157.3 (d, J = 235.9 Hz), 136.8, 123.5 (dd, J = 9.5, 4.3 Hz), 114.4 (d, J = 25.7 Hz), 
111.5 (d, J = 8.9 Hz), 106.1 (d, J = 23.8 Hz). NMR matches the literature data.492 

 

 

 

 

 

                                                             
492 Woon, K. L.; Nadiah, Z. N.; Hasan, Z. A.; Ariffin, A.; Chen. S.-A. Dyes Pigm. 2016, 132, 1. 
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(2r,4s,5r)-2,4,5,6-Tetrakis(3,6-difluoro-9H-carbazol-9-yl)isophthalonitrile (4FCzIPN, 2.71b) 

 

Following the general procedure 1 and starting from 3,6-difluoro-9H-carbazole (5.6b) (105 mg, 
0.517 mmol, 5.0 equiv), sodium hydride (33 mg, 0.83 mmol, 8.0 equiv)  and 2,4,5,6-
tetrafluoroisophthalonitrile 5.5 (20.7 mg, 0.103 mmol) in 2 mL of THF, (2r,4s,5r)-2,4,5,6-
tetrakis(3,6-difluoro-9H-carbazol-9-yl)isophthalonitrile (2.71b) was obtained as a bright yellow 
crystalline solid (10 mg, 11 μmol, 10 % yield) after recrystallization in acetone (5 mL) and column 
chromatography using pure dichloromethane.  

Rf (Hexane/DCM 1/1) = 0.23. (yellow spot on TLC). 1H NMR (400 MHz, DMSO-d6) δ 8.34 – 
8.27 (m, 2H, ArH), 8.09 (dd, J = 9.0, 4.2 Hz, 2H, ArH), 7.81 (dd, J = 9.0, 2.6 Hz, 3H, ArH), 7.72 
– 7.61 (m, 6H, ArH), 7.45 (dd, J = 8.9, 2.6 Hz, 2H), 7.36 (dd, J = 9.1, 4.2 Hz, 2H, ArH), 7.15 – 
7.05 (m, 4H, ArH), 6.73 – 6.63 (m, 3H, ArH). 13C NMR not enough material for recording a clean 
spectra. 19F NMR (376 MHz, DMSO-d6) δ -120.6 (s, 2F), -120.8 (s, 4F), -121.5 (s, 2F). IR (νmax, 
cm-1) 3670 (w), 2985 (s), 2897 (s), 2367 (w), 2330 (w), 1725 (w), 1464 (m), 1395 (m), 1233 (m), 
1183 (m), 1071 (s), 859 (m), 753 (w). HRMS (APPI/LTQ-Orbitrap) m/z: [M]+ Calcd for 
C56H24F8N6

+ 932.1929; Found 932.1955. 

(2r,4s,5r)-2,4,5,6-Tetrakis(3,6-dichloro-9H-carbazol-9-yl)isophthalonitrile (4ClCzIPN, 4c) 

 
Following the general procedure 1 and starting from 3,6-dichloro-9H-carbazole 5.6c (1.10 g, 4.47 
mmol, 5.0 equiv), sodium hydride (0.286 g, 7.16 mmol, 8.0 equiv)  and 2,4,5,6-
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tetrafluoroisophthalonitrile 5.5 (0.179 g, 0.895 mmol) in 18 mL of THF. Recrystallization 
(Hexanes/CH2Cl2 (1:2, 80 mL)) gave 900 mg of yellow powder, then second recrystallization gave 
325 mg of brown powder. Column chromatography of the combined solid afforded (2r,4s,5r)-
2,4,5,6-tetrakis(3,6-dichloro-9H-carbazol-9-yl)isophthalonitrile (2.71c) was obtained as a bright 
yellow crystalline solid (830 mg, 0.780 mmol, 87 % yield). 

Rf (Hexane/DCM 1/1) = 0.25. (yellow spot on TLC). Mp: >240°C, turned dark yellow, decomp. 
1H NMR (400 MHz, DMSO-d6) δ 8.60 (d, J = 2.1 Hz, 2H, ArH), 8.15 (d, J = 2.1 Hz, 4H, ArH), 
8.08 (d, J = 8.8 Hz, 2H, ArH), 7.87 (dd, J = 8.8, 2.1 Hz, 2H, ArH), 7.80 (d, J = 2.2 Hz, 2H, ArH), 
7.69 (d, J = 8.8 Hz, 4H, ArH), 7.46 (d, J = 8.8 Hz, 2H, ArH), 7.32 (dd, J = 8.8, 2.2 Hz, 4H, ArH), 
6.93 (dd, J = 8.8, 2.2 Hz, 2H, ArH). 13C NMR (101 MHz, DMSO-d6) δ 145.0, 144.5, 138.5, 137.4, 
136.5, 135.8, 134.5, 127.8, 127.0, 126.4, 125.7, 125.3, 124.2, 123.8, 123.3, 121.6, 120.9, 120.3, 
116.8, 112.6, 112.5, 112.3, 111.7. HRMS (ESI) calcd for C56H24Cl8N6 [M+] 1059.9565; found 
1059.9573. 1H NMR shift in CDCl3 are consistent with reported data.375 However, for better 
solubility and better resolution new 1H and 13C spectra were recorded in DMSO-d6.  

 

(2r,4s,5r)-2,4,5,6-Tetrakis(3,6-dibromo-9H-carbazol-9-yl)isophthalonitrile (4BrCzIPN, 
2.71d) 

 
Following the general procedure 1 and starting from 3,6-dibromo-9H-carbazole 5.6d (1.00 g, 3.08 
mmol, 5.0 equiv), sodium hydride (0.197 g, 4.92 mmol, 8.0 equiv) and 2,4,5,6-
tetrafluoroisophthalonitrile 5.5 (0.123 g, 0.615 mmol) in 12 mL of THF, (2r,4s,5r)-2,4,5,6-
tetrakis(3,6-dibromo-9H-carbazol-9-yl)isophthalonitrile (2.71d) was obtained as a bright yellow 
crystalline solid (562 mg, 0.396 mmol, 64 % yield) after recrystallization in acetone (15 mL) and 
column chromatography using pure dichloromethane.  

Rf (Hexane/DCM 1/1) = 0.43. (yellow spot on TLC). 1H NMR (400 MHz, DMSO-d6) δ 8.74 (d, J 
= 1.8 Hz, 2H, ArH), 8.30 (d, J = 2.0 Hz, 4H, ArH), 8.04 – 7.99 (m, 4H, ArH), 7.96 (dd, J = 8.6, 1.9 
Hz, 2H, ArH), 7.64 (d, J = 8.8 Hz, 4H, ArH), 7.47 – 7.35 (m, 6H, ArH), 7.05 (dd, J = 8.8, 2.0 Hz, 
2H, ArH). 13C NMR (101 MHz, DMSO-d6) δ 145.0, 144.5, 138.6, 137.7, 136.8, 135.9, 130.4, 
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129.1, 128.0, 124.7, 124.2, 123.9, 123.8, 116.8, 115.0, 114.4, 113.6, 112.9, 112.7, 111.7. NMR 
matches the literature data.375492 

(2R,4R,5R)-2,4,5,6-tetrakis(3-fluoro-9H-carbazol-9-yl)isophthalonitrile (u-4FCzIPN, 2.71e) 

 
Following the general procedure 1 and starting from 3-fluoro-9H-carbazole 5.6e (1.25 g, 6.75 
mmol, 5.0 equiv), sodium hydride (0.432 g, 10.8 mmol, 8.0 equiv) and 2,4,5,6-
tetrafluoroisophthalonitrile 5.5 (0.270 g, 1.35 mmol) in 27 mL of THF, (2R,4R,5R)-2,4,5,6-
tetrakis(3-fluoro-9H-carbazol-9-yl)isophthalonitrile (2.71e) was obtained as a bright yellow 
crystalline solid (1.02 g, 1.18 mmol, 87 % yield) after recrystallization in hexane/DCM (1:2) (15 
mL) and column chromatography using pure dichloromethane.  

Rf (Hexane/DCM 1/1) = 0.30. (yellow spot on TLC). 1H NMR (400 MHz, DMSO-d6) δ 8.39 (d, J 
= 7.8 Hz, 1H, ArH), 8.26 (dd, J = 9.0, 2.6 Hz, 1H, ArH), 8.22 – 8.06 (m, 2H, ArH), 7.94 – 7.83 (m, 
2H, ArH), 7.77 (dtd, J = 7.3, 5.2, 4.7, 2.2 Hz, 4H, ArH), 7.74 – 7.61 (m, 4H, ArH), 7.55 – 7.32 (m, 
6H, , ArH), 7.26 – 6.93 (m, 6H), 6.92 – 6.40 (m, 3H, ArH). 19F NMR (376 MHz, DMSO-d6) δ -
121.02, -121.36 (dd, J = 22.5, 4.8 Hz), -122.02, -122.10 (d, J = 17.8 Hz). M.p > 295 °C, turned 
dark yellow, decomp. IR (νmax, cm-1) 1631 (w), 1596 (w), 1559 (w), 1544 (w), 1487 (s), 1454 (s), 
1333 (m), 1298 (m), 1278 (m), 1235 (w), 1173 (s), 1154 (m), 890 (m), 863 (m), 801 (m), 744 (s). 
HRMS (ESI) calcd for C56H29F4N6

+ [M+H]+ 861.2384; found 861.2398.493 

(2r,4s,5r)-2,4,5,6-tetrakis(3,6-dimethyl-9H-carbazol-9-yl)isophthalonitrile (4MeCzIPN, 
2.71f) 

                                                             
493 Solubility issue for 13C NMR, too low concentration. 
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Following the general procedure 1 and starting from 3,6-dimethyl-9H-carbazole 5.6f (80 mg, 0.41 
mmol, 5.0 equiv), sodium hydride (26 mg, 0.67 mmol, 8.0 equiv) and 2,4,5,6-
tetrafluoroisophthalonitrile 5.5 (16 mg, 0.082 mmol) in 2.5 mL of THF, (2r,4s,5r)-2,4,5,6-
tetrakis(3,6-dimethyl-9H-carbazol-9-yl)isophthalonitrile (2.71f) was obtained as a dark yellow 
crystalline solid (74 mg, 0.082 mmol, 99% yield) after recrystallization and column 
chromatography using dichloromethane:pentane (1:2). 

M.p >  260 °C, turned dark brown, decomp. 1H NMR (400 MHz, Acetone-d6) δ 8.02 (s, 2H, ArH), 
7.84 (d, J = 8.4 Hz, 2H, ArH), 7.60 (s, 4H, ArH), 7.51 (d, J = 8.3 Hz, 4H, ArH), 7.44 (d, J = 8.3 
Hz, 2H, ArH), 7.40 (d, J = 8.3 Hz, 2H, ArH), 7.23 (s, 2H, ArH), 6.94 (dd, J = 8.3, 1.7 Hz, 4H, 
ArH), 6.59 (dd, J = 8.7, 1.6 Hz, 2H, ArH), 2.55 (s, 6H, Me), 2.33 (s, 12H, Me), 2.18 (s, 6H, Me). 
13C NMR (101 MHz, Chloroform-d) δ 145.4, 138.3, 137.0, 135.9, 134.8, 131.5, 130.9, 129.9, 
127.8, 126.7, 125.8, 124.9, 124.6, 124.1, 121.2, 120.3, 119.6, 115.4, 111.8, 109.5, 109.3, 109.2, 
21.5, 21.3, 21.2. IR (νmax, cm-1)  2922 (m), 1544 (m), 1495 (m), 1462 (s), 1305 (s), 1266 (m), 1233 
(m), 1200 (m), 1147 (m), 1039 (m), 816 (m), 797 (s), 752 (s), 701 (m), 675 (m). HRMS (ESI) calcd 
for C64H49N6

+ [M+H]+ 901.4013; found 901.4007. 

(2r,4s,5r)-2,4,5,6-tetrakis(3,6-di-tert-butyl-9H-carbazol-9-yl)isophthalonitrile (4tBuCzIPN, 
2.71g) 

 



  Chapter 8: Experimental Part 

341 

Following the general procedure 1 and starting from 3,6-tert-butyl-9H-carbazole 5.6g (1.22 g, 4.37 
mmol, 5.0 equiv), sodium hydride (280 mg, 7.00 mmol, 8.0 equiv) and 2,4,5,6-
tetrafluoroisophthalonitrile 5.5 (175 mg, 0.875 mmol) in 17.5 mL of THF, (2r,4s,5r)-2,4,5,6-
tetrakis(3,6-di-tert-butyl-9H-carbazol-9-yl)isophthalonitrile (2.71g) was obtained as a yellow (light 
orange) crystalline solid (940 mg, 0.759 mmol, 87% yield) after recrystallization and column 
chromatography using dichloromethane:pentane (1:2). 

M.p >  350 °C, turned dark orange, decomp. 1H NMR (400 MHz, Acetone-d6) δ 8.42 (d, J = 1.8 
Hz, 2H, ArH), 7.95 (d, J = 8.5 Hz, 2H, ArH), 7.87 (d, J = 1.9 Hz, 4H, ArH), 7.77 (dd, J = 8.6, 2.0 
Hz, 2H, ArH), 7.45 (d, J = 8.6 Hz, 4H, ArH), 7.42 (d, J = 1.9 Hz, 2H, ArH), 7.14 (dd, J = 8.7, 2.0 
Hz, 4H, ArH), 7.10 (d, J = 8.6 Hz, 2H, ArH), 6.65 (dd, J = 8.7, 2.0 Hz, 2H, ArH), 1.50 (s, 18H, 
tBu), 1.32 (s, 36H, tBu), 1.24 (s, 18H, tBu). 13C NMR (101 MHz, Acetone-d6, all signal not fully 
resolved) δ 146.0, 144.9, 144.6, 144.1, 143.1, 139.0, 137.6, 136.5, 136.2, 124.6, 124.3, 124.2, 
122.9, 121.8, 117.3, 116.8, 116.3, 115.3, 112.6, 110.4, 110.2, 109.8, 34.6, 34.3, 34.0, 31.4, 31.2. 
IR (νmax, cm-1) 2961 (s), 2904 (m), 2869 (m), 1542 (m), 1472 (s), 1450 (s), 1392 (w), 1364 (m), 
1323 (m), 1298 (s), 1264 (s), 1227 (m), 1147 (w), 1106 (w), 1035 (w), 879 (w), 806 (m), 740 (m), 
673 (w), 658 (w), 638 (w), 613 (m). HRMS (ESI) calcd for C88H97N6

+ [M+H]+ 1237.7769; found 
1237.7748. The characterization data matches the reference.494 

  

                                                             
494 Ishimatsu, R.; Edura, T.; Adachi, C.; Nakano, K.; Imato, T. Chem. Eur. J. 2016, 22, 4889. 
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8.5.3 Synthesis of the activating reagents for carbonyl substrates 
 

2-(Aminooxy)-2-methylpropanoic acid hydrochloride (5.8) 

 

Following a reported procedure,394 N-hydroxyphthalimide (5.11) (9.00 g, 55.2 mmol, 1.0 equiv) 
was suspended in DMF (21.6 mL). The suspension was heated to 50 °C, leading to the complete 
dissolution of the solid to provide a clear bright yellow solution. Ethyl 2-bromo-2-
methylpropanoate 5.12 (9.4 mL, 66 mmol, 1.2 equiv) was then added, followed by triethylamine 
(10.9 mL, 78.0 mmol, 1.42 equiv). The addition of triethylamine resulted in the darkening of the 
solution from yellow-green to dark red. The mixture was then stirred at 90 °C. After 45 minutes, 
the formation of a solid and the decoloration of the mixture to orange-red was noticed. After 5 
hours since the beginning of the reaction, heating was stopped and the brown mixture was allowed 
to cool down to room temperature. The mixture was then poured onto ice (150 g) in a 500 mL 
becher and stirred until the ice had melted completely. The bright red liquid was then filtered off 
to furnish a solid, which was washed with two portions of water (50 mL each) and dried under high 
vacuum for 5 hours. Ethyl 2-((1,3-dioxoisoindolin-2-yl)oxy)-2-methylpropanoate (5.13) (14.1 g, 
50.8 mmol, 92% yield) was obtained as a pale brown-colored solid. 

1H NMR (400 MHz, DMSO-d6) δ 7.88 (s, 4H; ArH), 4.13 (q, J = 7.1 Hz, 2H; OCH2CH3), 1.51 (s, 

6H, C(CH3)2), 1.22 (t, J = 7.1 Hz, 3H; OCH2CH3). 13C NMR (101 MHz, DMSO-d6) δ 170.0, 

164.4, 135.1, 128.6, 123.5, 86.1, 61.4, 22.7, 13.8. IR (νmax, cm-1) 2992 (w), 2943 (w), 2899 (w), 
1796 (m), 1735 (s), 1611 (w), 1371 (m), 1470 (m), 1451 (w), 1353 (m), 1297 (m), 706 (s), 1137 
(m), 1183 (s), 1240 (w), 1082 (w), 1024 (m), 974 (m), 876 (m), 789 (w), 765 (w), 943 (w), 859 
(w). 

Ethyl 2-((1,3-dioxoisoindolin-2-yl)oxy)-2-methylpropanoate (5.13) (11.95 g, 43.10 mmol, 1.0 
equiv) was suspended in aq. HCl (6.0 N; 71.8 mL, 431 mmol, 10.0 equiv). The pale brown 
suspension was stirred, while being heated to 90 °C. The solids were initially almost completely 
dissolved; after 2-3 hours, an off-white solid started to precipitate. After 4 hours, heating was 
stopped and the mixture was allowed to cool down to room temperature. The reaction flask was 
stored at 4 °C overnight. After 16 hours, the solids were filtered off, washed with water, and dried 
in the air. Side product phthalic acid (7.04 g, 42.4 mmol, 98% yield) was collected as pale brown 
solid. 



  Chapter 8: Experimental Part 

343 

The collected pale yellow clear aqueous solution was concentrated under reduced pressure. The 
resulting pale yellow solid was further dried at 65 °C under vacuum for 3 hours. It was then 
suspended in EtOAc (41 mL) and EtOH (1.8 mL) and the mixture was stirred at reflux for 20 
minutes. It was then allowed to slowly cool down to room temperature and then further to -20 °C 
for 20 hours. This led to the precipitation of a crystalline colorless solid that was collected by 
filtration and washed with EtOAc/Pentane (30/10 mL) and pentane (20 mL). 2-(Aminooxy)-2-
methylpropanoic acid hydrochloride 5.8 (6.32 g, 40.6 mmol, 94%) was obtained as a colorless 
solid. 

1H NMR (400 MHz, DMSO-d6; the signals corresponding to carboxylic and amine 1Hs were not 
resolved) δ 1.46 (s, 6H, CH3). 13C NMR (101 MHz, DMSO-d6) δ 173.6, 82.5, 23.2. IR (νmax, cm-1) 
3440 (m), 2972 (m), 2897 (m), 2648 (w), 2299 (w), 1719 (s), 1757 (m), 1152 (s), 747 (m), 847 (m), 
940 (m), 996 (m), 1052 (m), 1252 (m), 1202 (m), 1401 (w), 1507 (w), 1339 (w). The NMR spectra 
match the ones obtained from a commercially available batch: 1 g supplied by ABCR, cat. number 
AB456479 (lot 1371225). 

2-(Aminooxy)propanoic acid hydrochloride (5.17) 

 
Following a reported procedure,495 N-hydroxybenzamide 5.14 (6.08 g, 44.3 mmol, 1.0 equiv) and 
finely ground NaOH (5.32 g, 133 mmol, 3.0 equiv) were suspended in absolute EtOH (66 mL). To 
the resulting thick, off-white suspension, 2-bromopropanoic acid (4.1 mL, 44 mmol, 1.0 equiv) 
was added slowly via syringe under stirring. This resulted in the conversion of the homogeneous 
suspension into a pale brown solution, which was then heated to 80 °C. Once this temperature was 
reached, the mixture looked again as a homogeneous, off-white suspension, which was stirred 
overnight. The mixture was then concentrated under reduced pressure to provide a solid residue, 
which was dissolved in water (90 mL). The resulting aqueous solution was washed once with 
diethyl ether (100 mL) and then acidified by careful addition of aq. HCl (37 % w/w) until pH = 1. 
It was then extracted with EtOAc (3 x 100 mL) and the combined organic layers were dried over 
MgSO4, filtered and concentrated under vacuum to provide an off-white solid. Recrystallization 
from hexane (50 mL) and EtOAc (100 mL) afforded 2-(benzamidooxy)propanoic acid (5.16) (7.08 
g, 33.9 mmol, 76% yield) as a colorless solid. 

                                                             
495 Jiang, H.; Studer, A. Angew. Chem. Int. Ed. 2017, 56, 12273. 
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1H NMR (400 MHz, DMSO-d6) δ 12.98 (s, 1H, CO2H or CONH), 11.91 (s, 1H, CO2H or CONH), 
7.76 (d, J = 7.6 Hz, 2H, PhH), 7.54 (t, J = 7.4 Hz, 1H, PhH), 7.45 (t, J = 7.6 Hz, 2H, PhH), 4.53 
(q, J = 6.9 Hz, 1H, CHCH3), 1.40 (d, J = 6.9 Hz, 3H, CH3). 13C NMR (101 MHz, DMSO-d6) δ 
188.2, 173.0, 165.3, 131.9, 128.5, 127.4, 78.8, 16.6. 

2-(Benzamidooxy)propanoic acid (5.16) (7.08 g, 33.8 mmol, 1.0 equiv) was suspended in acetic 
acid (20.5 mL). Aq. HCl (5.0 M; 68 mL, 34 mmol, 10 equiv) was then added and the mixture was 
heated to reflux (110 °C), which resulted in the formation of a pale yellow, clear solution. The 
latter was refluxed for 18 hours. It was then allowed to cool down to room temperature. This led to 
the precipitation of a crystalline solid (benzoic acid), which was filtered off. The resulting solution 
was stored at 4 °C overnight, which permitted the precipitation of a further amount of benzoic acid. 
Upon removal of the latter (4.13 g, 33.8 mmol, 100% yield) through filtration, the so-obtained clear 
solution was concentrated under vacuum. The resulting wet solid was further dried under vacuum 
at 60 °C for 3 hours. It was then refluxed in a mixture of EtOAc (30 mL) and EtOH (1.5 mL) for 
20 minutes, filtered, washed with pentane, and dried in the air. 2-(Aminooxy)propanoic acid 
hydrochloride (5.17) was obtained as a colorless solid (4.15 g, 29.3 mmol, 87% yield). 

1H NMR (400 MHz, Deuterium Oxide) δ 4.70 (q, J = 6.9 Hz, 1H, CHCH3), 1.46 (t, J = 6.9 Hz, 3H, 
CHCH3). 13C NMR (101 MHz, DMSO-d6) δ 171.8, 77.1, 16.4. The values for the 1H-NMR 
spectrum are in roughly agreement with the data reported in the literature (small differences are 
likely due to concentration effects).495 

 

 

8.5.4 Synthesis of oxime starting materials 
 
 

General Procedure 2 (GP2) 
Following a reported procedure,393 a solution of ketone (1.0 equiv) in MeOH (0.20 M) was treated 
with 2-(aminooxy)-2-methylpropanoic acid hydrochloride (5.8) (1.2 equiv), sodium acetate (2.4 
equiv) and heated to reflux until complete by TLC analysis (4.5 – 6.0 hours). The mixture was then 
allowed to cool to room temperature and aq. Na2CO3 (2.0 M) was added. In some cases, the addition 
of a small volume of water was necessary to achieve the complete dissolution of the solids. The 
resulting aqueous solution was extracted once with Et2O and the organic layer was washed with 
aq. Na2CO3 (2.0 M; 2 x). The combined aqueous extracts were then acidified by careful addition of 
aq. HCl solution (30% v/v) until pH < 2, and extracted with DCM (3 x). The combined organic 
layers were dried over MgSO4, filtered, and concentrated under vacuum to provide the pure 
product. 
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2-((Cyclobutylideneamino)oxy)-2-methylpropanoic acid (5.9a) 

 

Starting from commercially available cyclobutanone (5.7) (0.0930 mg, 0.100 mL, 1.33 mmol), 2-
methyl-2-(((3-phenylcyclobutylidene)amino)oxy)propanoic acid (5.9a) was obtained as a pale 
yellow solid (0.202 g, 1.18 mmol, 90% yield), upon following the GP2. 

M.p. 103.6-105.9°C 1H NMR (400 MHz, Chloroform-d) δ 10.26 (s, 1H, CO2H), 3.02 – 2.81 (m, 
4H, CH2CH2CH2C=N), 2.02 (p, J = 8.1 Hz, 2H, CH2CH2CH2), 1.50 (s, 6H, Me2). 13C NMR (101 
MHz, Chloroform-d) δ 178.5, 161.5, 80.7, 31.8, 31.3, 24.1, 14.5. NMR shifts consistent with 
literature data.393 

 

2-((Cyclobutylideneamino)oxy)propanoic acid (5.22) 

 

Starting from commercially available cyclobutanone (5.7) (0.0930 mg, 0.100 mL, 1.33 mmol), 
using 5.17 as activating reagent (226 mg, 1.60 mmol, 1.2 equiv), 2-methyl-2-(((3-
phenylcyclobutylidene)amino)oxy)propanoic acid (5.22) was obtained as a pale yellow solid 
(0.150 g, 0.954 mmol, 72% yield), upon following the GP2. 

M.p. 55.6-57.2°C 1H NMR (400 MHz, Chloroform-d) δ 11.51 (s, 1H, CO2H), 4.63 (q, J = 7.1 Hz, 
1H, OCH), 3.09 – 2.77 (m, 4H, CH2CH2CH2C=N), 2.00 (p, J = 8.4 Hz, 2H, CH2CH2CH2), 1.47 (d, 
J = 7.1 Hz, 3H, Me). 13C NMR (101 MHz, Chloroform-d) δ 178.7, 161.4, 76.5, 31.6, 31.3, 16.8, 
14.5. IR (νmax, cm-1) 2995 (m), 2934 (m), 2559 (w), 1727 (s), 1689 (m), 1455 (m), 1403 (w), 1330 
(m), 1229 (m), 1189 (m), 1131 (s), 1099 (s), 1044 (m), 972 (m), 943 (m), 911 (m), 873 (s), 736 
(m). HRMS (ESI) calcd for C7H10NO3 [M+H-1] 156.0661; found 156.0659. 
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2-Methyl-2-(((3-phenylcyclobutylidene)amino)oxy)propanoic acid (5.9d) 

 

Starting from commercially available 3-phenylcyclobutanone (S6.1) (0.200 g, 1.30 mmol), 2-
methyl-2-(((3-phenylcyclobutylidene)amino)oxy)propanoic acid (5.9d) was obtained as a pale 
yellow solid (0.295 g, 1.19 mmol, 92% yield), upon following the GP2.  

M.p. 90-93.5 °C. Rf (Pentane/EtOAc 5/1) 0.31. 1H NMR (400 MHz, Chloroform-d) δ 10.33 (br s, 
1H, CO2H), 7.38 - 7.32 (m, 2H, PhH), 7.29 - 7.25 (m, 3H, PhH), 3.64 (p, J = 8.4 Hz, 1H, PhCH), 
3.50-3.35 (m, 2H, CH2), 3.10 (m, 1H, CH2), 3.06 (ddd, J = 7.7, 4.9, 3.4 Hz, 1H, CH2), 1.54 (s, 6H, 
CH3). 13C NMR (101 MHz, Chloroform-d) δ 176.7, 158.9, 143.6, 128.7, 126.7, 126.4, 81.1, 39.7, 
38.9, 32.9, 24.2, 24.2. IR (νmax, cm-1) 1694 (w), 1582 (w), 1482 (w), 1420 (w), 1333 (w), 1270 
(m), 1214 (w), 1127 (m), 1071 (w), 1009 (m), 940 (m), 909 (m), 834 (m), 747 (s), 2835 (w), 2754 
(w), 3115 (w), 3739 (w), 3651 (w), 3552 (w), 3365 (w), 3253 (w). HRMS (ESI/QTOF) m/z: [M + 
Na]+ Calcd for C14H17NNaO3

+ 270.1101; Found 270.1109. 

2-Methyl-2-(((3-methyl-3-phenylcyclobutylidene)amino)oxy)propanoic acid (5.9e) 

 
Following a modified version of a reported procedure,496 zinc powder (1.61 g, 24.6 mmol, 4.0 
equiv) was suspended in diethyl ether (32 mL) under inert atmosphere. After the addition of alpha-
methylstyrene (S6.2) (0.80 mL, 6.1 mmol, 1.0 equiv), a solution of trichloroacetyl chloride (1.4 
                                                             
496 Boivin, J.; Fouquet, E.; Zard, S. Z. Tetrahedron 1994, 50, 1757. 
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mL, 12 mmol, 2.0 equiv) in diethyl ether (16 mL) was also added drop-wise over a period of 40-
45 minutes. During this time, the mixture was irradiated with ultrasound, while being maintained 
at a temperature < 25 °C by using a water bath and adding ice when necessary. Once the addition 
was completed, the mixture was kept under sonication for another 4 hours. The reaction then started 
suddenly: the reaction mixture became darker, from colorless to yellow and then to orange-brown. 
Consumption of zinc powder also became evident. Ultrasound irradiation was continued for 
another hour. At this point, TLC analysis (elution with only heptane) showed the (almost) complete 
conversion of the starting material and the formation of a major product. The reaction was therefore 
stopped and the mixture diluted with diethyl ether (20 mL) and the solids were filtered off through 
a plug of celite and washed with diethyl ether. The filtrate was then washed with water (2 x 20 
mL), sat. aq. NaHCO3 (4 x 20 mL), and brine; it was then dried over MgSO4, filtered and 
concentrated under vacuum. Column chromatography (25 g SiO2; EtOAc in Pentane 2 to 10%) 
furnished 2,2-dichloro-3-methyl-3-phenylcyclobutanone (S6.3) (1.41 g - 85% pure, 5.23 mmol, 
85% yield) as pale orange oil. 

Rf (pentane/EtOAc 9/1) 0.70. 1H NMR (400 MHz, Chloroform-d) δ 7.43 (m, 2H, PhH), 7.35 (m, 
1H, PhH), 7.29 (m, 2H, PhH), 4.00 (dd, J = 16.3, 1.0 Hz, 1H, (CO)CH2), 3.09 (d, J = 16.4 Hz, 1H, 
(CO)CH2), 1.67 (d, J = 0.9 Hz, 3H, CH3). The values for the 1H-NMR spectrum are in roughly 
agreement with the data reported in the literature.497  

Following a reported procedure,498 zinc powder (2.00 g, 30.6 mmol, 5.0 equiv) and ammonium 
chloride (0.817 g, 15.3 mmol, 2.5 equiv) were suspended in MeOH (8.7 mL). A solution of 2,2-
dichloro-3-methyl-3-phenylcyclobutanone (S6.3) (1.40 g, 6.11 mmol, 1.0 equiv) in MeOH (8.7 
mL) was added to the suspension under stirring, at such a rate to prevent it from refluxing (ca 15 
minutes). Once the addition was finished, the mixture was stirred at 70 °C for 3 hours. After this 
time, TLC analysis (pentane/EtOAc 9/1) showed that full conversion was achieved, with formation 
of a major product. The mixture was then allowed to cool down to room temperature and the solids 
were filtered off through a pad of celite. The filtrate was concentrated under reduced pressure, 
diluted with aq. HCl (1.0 M; 15 mL) and extracted with diethyl ether (3 x 15 mL). The combined 
organic extracts were washed with brine, dried over MgSO4, filtered, and concentrated under 
vacuum. The resulting crude oil was submitted to column chromatography (40 g SiO2; EtOAc in 
pentane 1 to 20%) to afford 3-methyl-3-phenylcyclobutanone (5.7e) (0.438 g, 2.73 mmol, 45% 
yield) as colorless oil. 

Rf (Pentane/EtOAc 9/1) 0.70. 1H NMR (400 MHz, Chloroform-d) δ 7.39 (dd, J = 8.1, 6.9 Hz, 2H, 
PhH), 7.33 (m, 2H, PhH), 7.27 (m, 1H, PhH), 3.49 (d, J = 19.2 Hz, 2H, (CO)CH2), 3.13 (d, J = 

                                                             
497 Cao, W.; Erden, I.; Grow, R. H.; Keeffe, J. R.; Song, J.; Trudell, M. B.; Wadsworth, T. L.; Xu, F.-P.; Zheng, J.-B. 
Can. J. Chem. 1999, 77, 1009. 
498 Johnston, B. D.; Slessor, K. N.; Oehlschlager, A. C. J. Org. Chem 1985, 50, 114. 
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19.3 Hz, 2H, (CO)CH2), 1.62 (s, 3H, CH3). The values for the 1H-NMR spectrum are in roughly 
agreement with the data reported in the literature 499  

Starting from 3-methyl-3-phenylcyclobutanone (5.7e) (0.438 g, 2.73 mmol), 2-methyl-2-(((3-
methyl-3-phenylcyclobutylidene)amino)oxy)propanoic acid (5.9e) was obtained as a colorless 
solid (0.440 g, 1.68 mmol, 62% yield), upon following the GP2.  

M.p. 112.6-114.6 °C. Rf (Pentane/EtOAc 4/1) 0.43. 1H NMR (400 MHz, Chloroform-d) δ 11.04 
(s, 1H, CO2H), 7.38 - 7.32 (m, 2H, PhH), 7.28 - 7.20 (m, 3H, PhH), 3.30 (dd, J = 9.9, 3.0 Hz, 1H, 
CH2), 3.26 (dd, J = 10.6, 2.9 Hz, 1H, CH2), 3.10 (dt, J = 16.7, 3.2 Hz, 1H, CH2), 3.00 (dt, J = 16.1, 
3.2 Hz, 1H, CH2), 1.54 (s, 3H, CH3), 1.53 (s, 3H, CH3), 1.52 (s, 3H, CH3). 13C NMR (101 MHz, 
Chloroform-d) δ 179.0, 157.1, 148.6, 128.5, 126.1, 125.2, 80.8, 44.8, 44.2, 38.0, 30.9, 24.1, 24.1. 
IR (νmax, cm-1) 3608 (w), 2986 (m), 2930 (m), 2567 (w), 2684 (w), 1716 (s), 1593 (m), 1488 (m), 
1168 (s), 971 (s), 1297 (m), 1408 (m), 1248 (w), 1371 (m), 730 (s), 872 (m), 909 (s), 699 (s), 749 
(m). HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C15H20NO3

+ 262.1438; Found 262.1442. 

2-(((3-((tert-Butoxycarbonyl)amino)cyclobutylidene)amino)oxy)-2-methylpropanoic acid 
(5.9g) 

 

Starting from tert-butyl (3-oxocyclobutyl)carbamate (5.7g) (0.25 g, 1.28 mmol) the product 5.9g 
was obtained as a white solid (0.360 g, 1.23 mmol, 98%), upon following the GP2. 

M.p. 171.6-175.5°C (decomp). 1H NMR (400 MHz, DMSO-d6) δ 12.40 (s, 1H, CO2H), 7.38 (d, J 
= 7.4 Hz, 1H, NH), 4.03 (q, J = 7.4 Hz, 1H, CHNHBoc), 3.19 – 2.98 (m, 2H, CH2), 2.83 – 2.66 (m, 
2H, CH2), 1.39 (s, 9H, NBoc), 1.36 (s, 3H, CMe2)., 1.35 (s, 3H, CMe2). 13C NMR (101 MHz, 
DMSO-d6) δ 175.0, 154.7, 153.3, 80.1, 78.0, 38.8, 28.2, 24.0 (2C). IR (νmax, cm-1) 3361 (w), 2986 
(m), 2936 (w), 1715 (s), 1693 (s), 1524 (m), 1457 (w), 1395 (m), 1368 (m), 1278 (m), 1254 (m), 
1163 (s), 1070 (w), 1006 (w), 968 (m), 915 (m), 873 (m), 824 (w), 782 (w), 738 (m). HRMS (ESI) 
calcd for C13H22N2NaO5

+ [M+Na]+ 309.1421; found 309.1424. 

2-((Bicyclo[4.2.0]octa-1,3,5-trien-7-ylideneamino)oxy)-2-methylpropanoic acid (5.9f) 

                                                             
499 Xu, H.-J.; Zhu, F.-F.; Shen, Y.-Y.; Wan, X.; Feng, Y.-S. Tetrahedron 2012, 68, 4145. 
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Following a reported procedure,500 anthranylic acid (S6.4) (0.75 g, 5.5 mmol, 1.0 equiv) was 
dissolved in absolute EtOH (8.2 mL). Under stirring, the solution was cooled to 0 °C (ice-water 
bath). Aq. HCl (37% v/v; 0.45 mL, 5.5 mmol, 1.0 equiv) was added via pipette (the reaction mixture 
darkened from yellowish to brown), followed by ice-cold isopentyl nitrite (1.25 mL, 9.30 mmol, 
1.7 equiv). Stirring was continued at 0 °C for 10 minutes. During this time, the mixture converted 
into a pink-yellow suspension. Diethyl ether (8.2 mL) was then added and stirring was continued 
at the same temperature for another 5 minutes. The formed solid was then collected by filtration 
and washed with ether (2 x 8.0 mL) (behind an anti-blast shield: the dry product is reported 
explosive!). The obtained pale yellow solid was immediately suspended in DCE (12.1 mL). 
Propylene oxide (0.77 mL, 11 mmol, 2.0 equiv) and 1,1-dichloroethene (3.6 mL, 45 mmol, 8.2 
equiv) were then added by syringe. The mixture was then heated to reflux over a period of 20 hours: 
during this time, the suspension turned from pale yellow to dark orange-brown, and a gentle release 
of gas was observed. It was then allowed to cool down to room temperature and a brown solid was 
removed through filtration over a pad of celite, which was washed with several portions of DCM. 
The filtrate was concentrated under reduced pressure to give an orange-brown crude oil, which was 
used directly in the following step, without further purification. 

Following a reported procedure,501 the crude oil obtained from the previous step was diluted with 
EtOH (9.3 mL) and water (2.3 mL). Silver nitrate (1.91 g, 11.2 mmol, 2.05 equiv) was then added 
in small portions. The resulting suspension was heated at 90 °C under stirring for 4 hours: this 
resulted in the mixture darkening to grey-black. The solids were then removed by filtration through 
a pad of celite, which was washed with several portions of EtOH. The filtrate was concentrated 
under reduced pressure, diluted with water (15 mL), and extracted with diethyl ether (3 x 30 mL). 
The combined organic extracts were washed with brine, dried over MgSO4, filtered and 
concentrated under vacuum. The resulting crude oil was submitted to column chromatography (25 

                                                             
500 South, M. S.; Liebeskind, L. S. J. Org. Chem. 1982, 47, 3815. 
501 Abou-Teim, O.; Goodland, M. C.; McOmie, J. F. W. J. Chem. Soc. Perkin Trans. 1 1983, 2659. 
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g SiO2; DCM in Pentane 6 to 50%) to furnish bicyclo[4.2.0]octa-1,3,5-trien-7-one (5.7f) (0.458 g, 
3.88 mmol, 71% yield) as a colorless solid. 

Rf (Pentane/DCM 3/1) 0.38. 1H NMR (400 MHz, Chloroform-d) δ 7.55 - 7.47 (m, 2H, ArH), 7.38 
(t, J = 7.5 Hz, 1H, ArH), 7.32 (dd, J = 7.6, 1.0 Hz, 1H, ArH), 4.00 - 3.92 (m, 2H, ArCH2). 13C 
NMR (101 MHz, Chloroform-d) δ 188.7, 151.3, 147.9, 135.2, 128.7, 123.7, 120.6, 52.3. The values 
for the 1H-NMR spectrum are in roughly agreement with the data reported in the literature.502  

Starting from bicyclo[4.2.0]octa-1,3,5-trien-7-one (5.7f) (0.200 g, 1.69 mmol), 2-
((bicyclo[4.2.0]octa-1,3,5-trien-7-ylideneamino)oxy)-2-methylpropanoic acid (5.9f) was obtained 
as a colorless solid (mixture of E and Z isomers; 0.195 g, 0.889 mmol, 52% yield), upon following 
the GP2.  
M.p. 120-125.2 °C. Rf (pentane/EtOAc 4/1) 0.38. 1H NMR (400 MHz, Chloroform-d; the signals 
corresponding to the minor isomer are reported in italics) δ 10.73 (br s, 1 H, CO2H), 7.42 (dd, J = 
13.2, 7.3 Hz, 2H, ArH), 7.32 (q, J = 9.7, 8.7 Hz, 2H, ArH), 3.91 (s, 2H, ArCH2), 3.89 (s, 2H, 
ArCH2), 1.63 (s, 6H, CH3), 1.59 (s, 6H, CH3). 13C NMR (101 MHz, Chloroform-d) δ 178.3, 178.2, 
154.7, 152.2, 145.6, 144.6, 140.7, 139.3, 132.2, 131.7, 128.3, 128.2, 123.3, 123.2, 123.0, 120.0, 
81.5, 81.4, 39.6, 39.4, 24.2, 24.2. IR (νmax, cm-1) 3009 (m), 2922 (m), 2816 (m), 2660 (m), 2548 
(w), 1713 (s), 1595 (w), 1557 (w), 1476 (w), 1364 (w), 1302 (m), 1177 (s), 965 (s), 915 (s), 828 
(m), 766 (s). HRMS (ESI/QTOF) m/z: [M + H-1]+ Calcd for C12H12NO3

+ 218.0817; Found 
218.0817. 
2-Methyl-2-(((2,2a,7,7a-tetrahydro-1H-cyclobuta[a]inden-1-ylidene)amino)oxy)propanoic 
(5.9h) 

 
Following a modified version of a reported procedure,496 zinc powder (1.00 g, 15.3 mmol, 2.0 
equiv) was suspended in diethyl ether (40 mL) under inert atmosphere. After the addition of indene 
(S6.6) (0.90 mL, 0.89 mmol, 1.0 equiv), a solution of trichloroacetyl chloride (1.3 mL, 11 mmol, 
1.5 equiv) in diethyl ether (20 mL) was also added drop-wise over a period of 40-45 minutes. 
                                                             
502 Nishikawa, K.; Fukuda, H.; Abe, M.; Nakanishi, K.; Tazawa, Y.; Yamaguchi, C.; Hiradate, S.; Fujii, Y.; Okuda, 
K.; Shindo, M. Phytochemistry 2013, 96, 223. 
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During this time, the mixture was irradiated with ultrasound, while being maintained at a 
temperature < 25 °C by using a water bath and adding ice when necessary. Once the addition was 
completed, ultrasound irradiation was continued for one additional hour. Suddenly, an exothermal 
process started leading the grey suspension to rapidly turn to brown. After another 15 minutes, 
TLC analysis (pentane/EtOAc 8/1) showed the complete conversion of the starting material. The 
reaction was therefore stopped, the mixture diluted with diethyl ether (20 mL), and the solids were 
filtered off through a pad of celite, and washed with diethyl ether. The filtrate was then washed 
with water (2 x 20 mL), sat. aq. NaHCO3 (4 x 20 mL), and brine; it was then dried over MgSO4, 
filtered and concentrated under vacuum. Column chromatography (50 g SiO2; EtOAc in pentane 1 
to 25%) furnished 2,2-dichloro-2,2a,7,7a-tetrahydro-1H-cyclobuta[a]inden-1-one as an off-white 
solid (S6.7) (0.832 g, 3.66 mmol, 48% yield). 

Rf (pentane/EtOAc 9/1) 0.71. 1H NMR (400 MHz, Chloroform-d) δ = 7.44 (m, 1H, ArH), 7.34 – 
7.30 (m, 2H, ArH), 7.27 (m, 1H, ArH), 4.50 (dd, J = 8.0, 1.5, 2H, ArCH2), 3.40 (dd, J = 16.9, 1.4, 
1H, CH), 3.20 (dd, J = 16.7, 8.0, 1H, CH). 13C NMR (101 MHz, Chloroform-d) δ 197.6, 143.5, 
137.6, 129.3, 128.7, 127.5, 125.5, 88.3, 59.3, 58.9, 34.4. HRMS (LTQ-Orbitrap) m/z: [M]+ Calcd 
for C11H8Cl2O+ 225.9947; Found 225.9951. 

Following a reported procedure,498 zinc powder (1.01 g, 15.4 mmol, 5.0 equiv) and ammonium 
chloride (0.412 g, 7.71 mmol, 2.5 equiv) were suspended in MeOH (4.0 mL). A solution of 2,2-
dichloro-2,2a,7,7a-tetrahydro-1H-cyclobuta[a]inden-1-one (0.700 g, 3.08 mmol, 1.0 equiv) in 
MeOH (10 mL) was added to the suspension under stirring, at such a rate to prevent it from 
refluxing (ca. 15 minutes). Once the addition was finished, the mixture was stirred at 70 °C for 3 
hours. After this time, TLC analysis (pentane/EtOAc 9.5/0.5) showed that full conversion was 
achieved. The mixture was then allowed to cool down to room temperature and the solids were 
filtered off through a pad of celite. The filtrate was concentrated under reduced pressure, diluted 
with aq. HCl (1.0 M; 20 mL) and extracted with diethyl ether (3 x 20 mL). The combined organic 
extracts were washed with brine, dried over MgSO4, filtered, and concentrated under vacuum. The 
resulting crude oil was submitted to column chromatography (25 g SiO2; EtOAc in pentane 2 to 
20%) to provide 2,2a,7,7a-tetrahydro-1H-cyclobuta[a]inden-1-one (5.7h) (0.330 g, 2.09 mmol, 
68% yield) as colorless oil.  

Rf (Pentane/EtOAc 9/1) 0.52. 1H NMR (400 MHz, Chloroform-d) δ 7.30 (m, 1H, ArH), 7.25 - 7.20 
(m, 3H, ArH), 4.07 (m, 1H, (CO)CH), 4.05 (d, J = 1.3 Hz, 1H, ArCH), 3.61 (m, 1H, CH2), 3.31 
(dt, J = 16.9, 1.4 Hz, 1H, CH2), 3.12 (m, 1H, CH2), 2.89 (m, 1H, CH2). 13C NMR (101 MHz, 
Chloroform-d; the signal for one aromatic carbon is not resolved) δ 212.3, 144.5, 143.0, 127.4, 
125.4, 125.0, 62.8, 55.6, 36.6, 34.0. The reported values are in agreement with the characterization 
data reported in the literature.503 

                                                             
503 Lawlor, M. D.; Lee, T. W.; Danheiser, R. L. J. Org. Chem., 2000, 65, 4375. 
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Starting from 2,2a,7,7a-tetrahydro-1H-cyclobuta[a]inden-1-one (5.7h) (0.330 g, 2.09 mmol), 2-
methyl-2-(((2,2a,7,7a-tetrahydro-1H-cyclobuta[a]inden-1-ylidene)amino)oxy)propanoic (5.9h) 
was obtained as a crystalline, colorless solid (inseparable mixture of E and Z isomers; 0.160 g, 
0.617 mmol, 30% yield), upon following the GP2. 

Rf (Pentane/EtOAc 7/1) 0.25. 1H NMR (400 MHz, Chloroform-d) δ 11.71 (s, 1H, CO2H), 7.34 - 
7.21 (m, 4H, ArH), 4.09 - 3.88 (m, 1.6H, CH or CH2), 3.57 (ddd, J = 17.3, 2.2, 1.1 Hz, 0.4H, CH 
or CH2), 3.48 - 3.35 (m, 1H CH or CH2), 3.33 - 3.21 (m, 1.6H, CH or CH2), 2.86 (dt, J = 17.2, 3.1 
Hz, 0.6H, CH), 2.74 (dt, J = 16.8, 3.4 Hz, 0.4H, CH), 1.59 (s, 1.2H, CH3), 1.56 (s, 1.2H CH3), 1.51 
(s, 1.8H, CH3), 1.50 (s, 1.8H, CH3). 13C NMR (101 MHz, Chloroform-d; the signals corresponding 
to the minor isomer are reported in italics) δ 179.9, 179.8, 163.0, 161.6, 144.8, 144.7, 143.4, 143.3, 
127.1, 127.1, 127.1, 127.0, 125.1, 124.9, 124.8, 124.7, 80.6, 80.6, 47.5, 47.2, 40.6, 39.7, 39.7, 39.5, 
37.1, 34.8, 24.2, 24.1, 23.9, 23.6. The reported values are in agreement with the characterization 
data reported in the literature.393 

 

2-Methyl-2-((oxetan-3-ylideneamino)oxy)propanoic acid (5.9i) 

 

Starting from oxetanone (5.7i) (85 L, 1.3 mmol. 1.0 equiv), 2-Methyl-2-((oxetan-3-
ylideneamino)oxy)propanoic acid 5.9i was obtained as a colorless solid (55 mg, 0.32 mmol, 24%), 
upon following the GP2. 

M.p. 86.2-89.8 °C. 1H NMR (400 MHz, Chloroform-d) δ 10.77 (s, 1H, CO2H), 5.33 (dd, J = 3.7, 
2.3 Hz, 2H, CH2OCH2), 5.29 (dd, J = 3.2, 2.1 Hz, 2H, CH2OCH2), 1.51 (s, 6H, Me2). 13C NMR 
(101 MHz, Chloroform-d) δ 179.3, 153.8, 81.4, 79.1, 78.9, 23.8. IR (νmax, cm-1) 2989 (m), 2944 
(w), 2664 (w), 2559 (w), 1741 (s), 1469 (w), 1383 (w), 1366 (w), 1294 (w), 1278 (w), 1227 (m), 
1189 (s), 1157 (s), 1074 (w), 1050 (w), 984 (s), 957 (s), 861 (m), 788 (w), 740 (m). HRMS (ESI) 
calcd for C18H15NNa+ [M+Na]+ 268.1097; found 268.1100. 
 

2-(((1-(tert-Butoxycarbonyl)azetidin-3-ylidene)amino)oxy)-2-methylpropanoic acid (5.9b) 
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Starting from commercially available tert-butyl 3-oxoazetidine-1-carboxylate (5.7b) (0.275 g, 1.61 
mmol), 2-(((1-(tert-butoxycarbonyl)azetidin-3-ylidene)amino)oxy)-2-methylpropanoic acid (5.9b) 
was obtained as a colorless solid (0.404 g, 1.48 mmol, 92% yield), upon following the GP2.  
M.p. 145.8-148.6 °C. Rf (Pentane/EtOAc 5/1) 0.26 1H NMR (400 MHz, Chloroform-d) δ 10.42 
(br s, 1H, CO2H), 4.64 (d, J = 3.3 Hz, 3H, NCH2), 4.62 (d, J = 2.8 Hz, 2H, NCH2), 1.52 (s, 6H, 
CH3), 1.46 (s, 9H, CH3 in Boc). 13C NMR (101 MHz, Chloroform-d; The signals correspondings 
to the carbons in  to the nitrogen are not fully resolved.) δ 178.6, 156.3, 149.3, 81.5, 80.7, 58.3, 
28.3, 23.9. IR (νmax, cm-1) 2991 (w), 2928 (w), 2554 (w), 1694 (s), 1464 (w), 1414 (s), 1370 (m), 
1302 (m), 1171 (s), 1127 (s), 965 (s), 871 (m), 766 (m). HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd 
for C12H20N2NaO5

+ 295.1264; Found 295.1261. 
 

2-Methyl-2-(((1-(4-methylbenzoyl)azetidin-3-ylidene)amino)oxy)propanoic acid (12i) 

 

Following a reported procedure,504 3-hydroxyazetidine hydrochloride (S6.8) (1.72 g, 15.7 mmol, 
1.0 equiv)  and 4-methylbenzoyl chloride (2.1 mL, 16 mmol, 1.0 equiv) were dissolved in a 3:2 
mixture of water and ethyl acetate (86 mL). Potassium carbonate (10.9 g, 79.0 mmol, 5.0 equiv) 
was added at room temperature and the resulting heterogeneous mixture was stirred vigorously for 
18 hours. The organic layer was the separated and concentrated under reduced pressure. The 
resulting residue was dissolved in a 2:1 mixture of THF and methanol (27 mL) and stirred with aq. 
sodium hydroxide (1.0 M; 7.0 mL) at room temperature. After 1 hour, the reaction mixture was 
concentrated under reduced pressure, and the resulting residue was partitioned between EtOAc and 
water. The organic layer was separated, washed with brine, dried over MgSO4, filtered and 

                                                             
504 Kasai, S.; Kaku, T.; Kamaura, M. Heterocyclic Compound as Blood RBP4 Lowering Agent, 2010, EP2202223 
(A1). 
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concentrated under reduced pressure to provide (3-hydroxyazetidin-1-yl)(p-tolyl)methanone (S6.9) 
(96% pure; 2.54 g, 12.7 mmol, 81% yield) as a colorless solid.  

M.p. 117.9-121.3 °C. Rf (Pentane/EtOAc 9/1) 0.71. 1H NMR (400 MHz, Chloroform-d) δ 7.47 (d, 
J = 8.2 Hz, 2H, ArH), 7.19 (d, J = 7.9 Hz, 2H, ArH), 4.75 (s, 1H, OH), 4.63 (t, J = 6.0 Hz, 1H, 
CHOH), 4.44 - 4.34 (m, 2H, NCH2), 4.18 (dd, J = 9.9, 4.4 Hz, 1H, NCH2), 4.02 (dd, J = 11.2, 4.6 
Hz, 1H, NCH2), 2.38 (s, 3H, ArCH3). 13C NMR (101 MHz, Chloroform-d) δ 170.4, 141.5, 129.9, 
129.0, 127.8, 61.4, 51.9, 21.4. IR (νmax, cm-1) 3251 (w), 2949 (w), 1722 (s), 1605 (m), 1556 (m), 
1439 (m), 1279 (s), 1180 (m), 1106 (m), 1038 (w), 971 (w), 847 (m), 755 (s), 743 (m). HRMS 
(ESI/QTOF) m/z: [M + Na]+ Calcd for C11H13NNaO2

+ 214.0838; Found 214.0841. 

(3-Hydroxyazetidin-1-yl)(p-tolyl)methanone (S6.9) (1.70 g, 8.89 mmol, 1.0 equiv) was dissolved 
in DMSO (34.2 mL). Triethylamine (10.2 mL, 73.8 mmol, 8.3 equiv) was then added at room 
temperature, followed by solution of pyridine- sulfur trioxide-complex (10.1 g, 62.2 mmol, 7.0 
equiv) in DMSO (34.2 mL). The resulting mixture was stirred at room temperature for 1.5 hours, 
slowly turning from colorless to pale orange. The mixture was poured into iced water (120 mL) 
and extracted with ethyl acetate (3 x 70 mL). The combined organic layers were washed with brine, 
dried over MgSO4, filtered, and concentrated under vacuum. The resulting yellow crude solid was 
submitted to column chromatography (25 g SiO2; EtOAc in DCM, 3 to 30%) to afford 1-(4-
methylbenzoyl)azetidin-3-one (5.7j) (0.836 g, 4.42 mmol, 50% yield ) as a pale yellow solid. 

M.p. 130.3-134.0 °C. Rf (DCM/EtOAc 9/1) 0.45. 1H NMR (400 MHz, Chloroform-d) δ 7.60 (d, J 
= 8.2 Hz, 2H, ArH), 7.25 (m, 2H, ArH), 4.95 (s, 4H, N(CH)2CO), 2.40 (s, 3H, CH3). 13C NMR 
(101 MHz, Chloroform-d; the signal reported in italics is barely resolved due to the existence of 
the compound as a mixture of two rotamers) δ 196.0, 171.2, 142.4, 129.6, 129.3, 128.2, 72.4, 21.5. 
IR (νmax, cm-1) 3054 (m), 1833 (m), 1655 (w), 1550 (w), 1494 (w), 1420 (w), 1383 (w), 1605 
(w), 1266 (m), 1205 (w), 1125 (w), 1057 (m), 1008 (m), 909 (w), 940 (w), 736 (s). HRMS 
(APCI/QTOF) m/z: [M + H]+ Calcd for C11H12NO2

+ 190.0863; Found 190.0863. 

Starting from 1-(4-methylbenzoyl)azetidin-3-one (5.7j) (0.500 g, 2.64 mmol), 2-methyl-2-(((1-(4-
methylbenzoyl)azetidin-3-ylidene)amino)oxy)propanoic acid (5.9j) was obtained as a colorless 
solid (95% pure; mixture of rotamers; 0.606 g, 2.09 mmol, 79% yield), upon following the GP2.  

M.p. 158.7-163.0 °C. Rf (DCM/EtOAc 9/1) 0.16. 1H NMR (400 MHz, Chloroform-d) δ 9.63 (br s, 
1H, CO2H), 7.55 (d, J = 8.2 Hz, 2H, ArH), 7.23 (d, J = 7.9 Hz, 2H, ArH), 4.93 (s, 2H, NCH2), 4.90 
(m, 2H, NCH2), 2.39 (s, 3H, ArCH3), 1.52 (s, 6H, CH3). 13C NMR (101 MHz, Chloroform-d; in 
italics are reported the signals corresponding to the same C in either rotamers) δ 178.5, 178.3, 
171.1, 148.5, 142.2, 129.5, 129.2, 128.0, 81.7, 61.5, 58.1, 23.9, 21.5. IR (νmax, cm-1) 3054 (w), 
1735 (w), 1562 (w), 1531 (w), 1433 (w), 1371 (w), 1266 (m), 1162 (w), 1094 (w), 1026 (w), 866 
(w), 736 (s). HRMS (ESI/QTOF) m/z: [M + H-1]+ Calcd for C15H17N2O4

+ 289.1188; Found 
289.1186. 
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(E)-2-(((2,2-Dimethylcyclopentylidene)amino)oxy)-2-methylpropanoic acid (5.20a) 

 

Starting from 2,2-dimethylcyclopentanone (5.18a) (0.243 g, 2.16 mmol), (E)-2-(((2,2-
dimethylcyclopentylidene)amino)oxy)-2-methylpropanoic acid (5.20a) was obtained as a colorless 
solid (0.455 g, 2.13 mmol, 99% yield), upon following the GP2.  

M.p. 53.4 - 55.5°C 1H NMR (400 MHz, Chloroform-d) δ 11.14 (s, 1H, CO2H), 2.55 (t, J = 7.5 Hz, 
2H, CH2C=N), 1.80 (p, J = 7.1 Hz, 2H, CH2CH2C=N), 1.65 (t, J = 6.8 Hz, 2H, CH2CH2CH2C=N), 
1.49 (s, 6H, CMe2COOH), 1.16 (s, 6H, CMe2). 13C NMR (101 MHz, Chloroform-d) δ 176.0, 175.5, 
81.2, 42.8, 40.7, 27.8, 26.4, 24.4, 20.8. NMR shifts consistent with literature data.393 

2-Methyl-2-(((2-methyldihydrofuran-3(2H)-ylidene)amino)oxy)propanoic acid (5.20b) 

 

 

Starting from 2-methyldihydrofuran-3(2H)-one (5.18b) (129 μL, 1.33 mmol), 2-methyl-2-(((2-
methyldihydrofuran-3(2H)-ylidene)amino)oxy)propanoic acid (5.20b) was obtained as a colorless 
oil (inseparable mixture of E and Z isomers in 8:2 ratio; 0.227 g, 1.13 mmol, 85% yield), upon 
following the GP2.  

Rf (DCM/EtOAc 9/1) 0.29. 1H NMR (400 MHz, Chloroform-d) δ 11.10 (bs, 1H, CO2H), 4.70 (q, 
J = 6.6 Hz, 0.2H, CH3CHO), 4.33 (q, J = 6.3 Hz, 0.8H, CH3CHO), 4.14 (td, J = 8.6, 4.0 Hz, 0.8H, 
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OCH2), 4.08 (dd, J = 8.3, 5.3 Hz, 0.2H, OCH2), 3.94 – 3.77 (m, 1H, OCH2), 2.84 – 2.59 (m, 2H, 
NCCH2), 1.53 (s, 6H, CH3), 1.41 (d, J = 6.7 Hz, 0.6H, CH3), 1.35 (d, J = 6.4 Hz, 2.4H, CH3). 13C 
NMR (101 MHz, CDCl3; the signals corresponding to the minor isomer are reported in italics) δ 
178.6, 178.4, 166.6, 165.6, 81.3, 80.8, 74.5, 73.2, 65.9, 65.7, 30.5, 28.5, 24.3, 23.9, 22.1, 18.1, 
17.0, 15.9. IR (νmax, cm-1) 2986 (m), 2887 (m), 2363 (w), 1722 (s), 1470 (w), 1371 (m), 1285 (w), 
1174 (s), 1069 (m), 977 (m), 853 (m), 743 (w). HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + 
Na]+ Calcd for C9H15NNaO4

+ 224.0893; Found 224.0892.  

 

2-(((1-(tert-Butoxycarbonyl)pyrrolidin-3-ylidene)amino)oxy)-2-methylpropanoic acid (5.20c)  

 
Starting from tert-butyl 3-oxopyrrolidine-1-carboxylate (5.18c) (0.246 g, 1.33 mmol), 2-(((1-(tert-
butoxycarbonyl)pyrrolidin-3-ylidene)amino)oxy)-2-methylpropanoic acid (5.20c) was obtained as 
a colorless solid (inseparable mixture of rotamers of E and Z isomers in 8:2 ratio; 0.247 g, 0.863 
mmol, 65% yield), upon following the GP2.  

M.p. 90.4-103.2 °C. Rf (DCM/MeOH 9.5/0.5) 0.39. 1H NMR (400 MHz, Chloroform-d) δ 9.93 (s, 
1H, CO2H), 4.11 (s, 1.6H, NCH2), 4.06 (s, 0.4H, NCH2), 3.59 (m, 1.6H, NCH2CH2), 3.38 (dd, J = 
10.6, 6.0 Hz, 0.4H, NCH2CH2), 2.79 (t, J = 7.8 Hz, 0.6H, NCH2CH2), 2.71 (t, J = 7.5 Hz, 1H, 
NCH2CH2), 2.58 (dd, J = 8.3, 3.7 Hz, 0.4H, NCH2CH2), 1.53 – 1.45 (m, 15H, CH3). 13C NMR (101 
MHz, Chloroform-d) δ 178.5, 177.4, 161.1, 158.0, 154.4, 154.3, 81.3, 80.8, 80.1, 46.1, 28.4, 28.4, 
28.4, 24.3, 24.1, 22.1, 15.9. IR (νmax, cm-1) 2992 (w), 2943 (w), 1704 (s), 1427 (m), 1168 (s), 977 
(m), 897 (m), 767 (w). HRMS (ESI/QTOF) m/z: [M + H-1]+ Calcd for C13H21N2O5

+ 285.1450; 
Found 285.1453. 
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8.5.5 Decarboxylative ring opening / alkynylation cascade 
 

2-Oxo-2-phenylethyl 2-iodobenzoate (5.26a) 

A side product was identified as 2-oxo-2-phenylethyl 2-iodobenzoate. It seems to be formed via a 
decomposition pathway of Ph-EBX in presence of either water or oxygen, possibly catalyzed by 
photoredox, however the mechanism is still unclear. The NMR shifts match the literature data.452 

 

1H NMR (400 MHz, Chloroform-d) δ 8.07 (dd, J = 7.8, 1.7 Hz, 1H, ArH), 8.03 (dd, J = 7.9, 1.1 
Hz, 1H, ArH), 7.97 (d, J = 7.1 Hz, 2H, ArH), 7.67 – 7.59 (m, 1H, ArH), 7.52 (t, J = 7.7 Hz, 2H, 
ArH), 7.46 (td, J = 7.6, 1.2 Hz, 1H, ArH), 7.20 (td, J = 7.7, 1.7 Hz, 1H, ArH), 5.60 (s, 2H, 
OCH2COAr). 13C NMR (101 MHz, Chloroform-d) δ 191.7, 165.7, 141.4, 134.1, 134.0, 133.9, 
133.1, 131.7, 128.9, 128.0, 127.8, 94.5, 66.7. HRMS (ESI) calcd for C15H11IO3 [M+] 365.9747; 
found 365.9752. 
 

Sunlight experiments 

Reaction performed on 21st December, 2017 in Lausanne (CH) 

Starting from 5.9a (17.1 mg, 0.10 mmol, 1.0 equiv), the reaction mixture was stirred for 2 h 
outdoors (12:15 – 14:15), under sunlight exposition. The crude product was purified by preparative 
TLC (pentane/Ethyl acetate 9:1) to afford 5.10a (5.6 mg, 0.033 mmol, 33%, (45% NMR yield)) as 
a pale yellow oil. The conversion was low, around 50%. Interestingly, the formation of 5.63 was 
observed by NMR, in greater amount than usual. Its structure is assumed according to 1H NMR. 
This product could arise from direct alkynylation, before fragmentation of acetone, followed by 
hydration of the alkyne moiety. We hypothesize that the fragmentation alkynylation reaction is 
temperature dependent as the outside temperature was around 4 °C at the time of the experiment. 
It is noteworthy that variable amounts of this side-product were observed in most of the reactions, 
albeit in low yield (<10%). 
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1H NMR (400 MHz, Chloroform-d) δ 7.96 – 7.86 (m, 2H, ArH), 7.66 – 7.56 (m, 1H, ArH), 7.49 
(dt, J = 8.7, 6.8 Hz, 3H, ArH), 5.38 (s, 2H, CH2CO), 2.94 (dt, J = 16.8, 7.9 Hz, 4H), 1.99 (p, J = 
8.1 Hz, 2H), 1.60 (s, 6H, CH3). 

 
Figure 20. Sun spectra during experiment505 

 
Figure 21. Set-up of the sunlight experiment, December 21st 2017. 

Reactions performed on 17th May, 2018 

Starting from 5.9a (17 mg, 0.10 mmol, 1.0 equiv), the reaction mixture was stirred for 1 h outdoors 
(15:30 – 16:30, 25-26°C), under sunlight exposition. The crude product was analyzed by NMR, 

                                                             
505 Capture form http://www.meteolausanne.com/soleil-et-uv.html 
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using 6 μL of CH2Br2 as internal standard. (5.10a, 55% NMR yield, 20% remaining starting 
material 5.9a). Detection of 5.63 possible by NMR. 

Starting from 5.9b (24 mg, 0.10 mmol, 1.0 equiv), the reaction mixture was stirred for 2 h30 
outdoors (15:30 – 18:00, 25-26°C), under sunlight exposition, the conversion was followed by TLC 
control (DCM/MeOH 9/1). The crude product was analyzed by NMR, using 6 μL of CH2Br2 as 
internal standard. (5.10b, 90% NMR yield, <10% remaining starting material 12h). Clean reaction 
profile. 

Reaction performed on 18th May, 2018 

Starting from 5.9a (17 mg, 0.10 mmol, 1.0 equiv), the reaction mixture was stirred for 2 h outdoors 
(15:30 – 17:30, 25-26°C), under sunlight exposition. The crude product was analyzed by NMR, 
using 6 μL of CH2Br2 as internal standard. (5.10a, 75% NMR yield, <5% remaining starting 
material 5.9a). Detection of 5.63 possible by NMR. Clean reaction profile. 

 
Figure 22. Set-up of the sunlight experiment, May 18th 2018. 
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One-pot procedure: 

A  solution  of cyclobutanone 5.7a (23 μl, 0.30 mmol) in DCE (Volume: 1.5 ml) was  treated  with 
2-(aminooxy)-2-methylpropanoic acid hydrochloride 5.8 (51 mg, 0.33 mmol, 1.1 equiv.), 
anhydrous potassium acetate (65 mg, 0.66 mmol, 2.2 equiv.) and heated to reflux  until  complete  
by  TLC  analysis  (6  h).  The  mixture  was  allowed  to  cool  to  room temperature  and  (2r,4s,5r)-
2,4,5,6-tetrakis(3,6-dichloro-9H-carbazol-9-yl)isophthalonitrile 2.71c (16 mg, 0.015 mmol, 0.05 
equiv.) and Ph-EBX 2.95b (209 mg, 0.600 mmol, 2.0 equiv.) were added, along with 4 mL of DCE. 
The reaction mixture was then stirred for 1h under irradiation with Blue LEDs without water or 
cooling system. 

After 1h, the mixture was diluted with 5mL of pentane/DCM (2:1) and filtered over celite, using 
pentane/DCM (2:1, 50mL) to wash. The yellow solution was then concentrated under reduced 
pressure. 18 μL of CH2Br2 was added as internal standard. (72% NMR yield). The crude NMR 
Isolation of pure compound 5.10a was possible by column chromatography starting from full 
pentane then 20:1 pentane/EA (Rf 0.40), with 71% isolated yield. 
 

General procedure for the oxidative ring opening / alkynylation cascade  

 

Dry DCE was freeze-dried (3 cycles) before using and kept under argon. Dry degassed DCE (6.0 
mL) was added in a flame dried 14.0 mL test tube containing a teflon coated stirring bar, the oxime 
(0.30 mmol, 1.0 equiv), EBX reagent 2.95 (0.60 mmol, 2.0 equiv), K2CO3 (0.33 mmol, 1.1 equiv) 
and organic dye (2.71c) (0.009 mmol, 0.03 equiv) under N2. The reaction mixture was irradiated 
using blue light LEDs for 1 h at rt. The reaction mixture was filtered over celite, eluting with 
pentane/DCM (2:1), and evaporated under reduced pressure. The crude product was purified by 
column chromatography directly without any further work-up. 

Note: - -aminoalkynylnitriles were obtained as mixtures of non-resolved rotamers. 

6-Phenylhex-5-ynenitrile (5.10a) 
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Starting from 5.9a (51 mg, 0.30 mmol, 1.0 equiv) and Ph-EBX (2.95a) (0.21 g, 0.60 mmol, 2.0 
equiv), the crude product was purified by column chromatography (Pentane/Ethyl Acetate = 20:1) 
to afford 5.10a as light yellow oil (40 mg, 0.24 mmol, 79%). 

Rf (Heptane/Ethyl Acetate = 85:15) 0.40. 1H NMR (400 MHz, Chloroform-d) δ 7.40 (dtd, J = 5.5, 
4.1, 2.4 Hz, 2H, ArH), 7.32 – 7.27 (m, 3H, ArH), 2.60 (t, J = 6.8 Hz, 2H, CH2), 2.56 (t, J = 7.2 Hz, 
2H, CH2), 1.96 (p, J = 7.0 Hz, 2H, CH2CH2C≡C). 13C NMR (101 MHz, Chloroform-d) δ 131.5, 
128.3, 128.0, 123.2, 119.2, 86.9, 82.4, 24.6, 18.5, 16.2. The reported values are in agreement with 
the characterization data reported in the literature.506 
3,6-Diphenylhex-5-ynenitrile (5.10d) 

 

Starting from 5.9d (74 mg, 0.30 mmol, 1.0 equiv) and Ph-EBX (2.95a) (0.21 g, 0.60 mmol, 2.0 
equiv), the crude product was purified by column chromatography (Pentane/Ethyl Acetate = 20:1) 
to afford 5.10d as colorless solid (44 mg, 0.18 mmol, 60%). 

Rf (Pentane/Ethyl Acetate = 9:1) 0.40. Mp: 49.2 – 51.5 °C. 1H NMR (400 MHz, Chloroform-d) δ 
7.43 – 7.35 (m, 4H, ArH), 7.35 – 7.28 (m, 6H, ArH), 3.31 (tt, J = 7.7, 6.1 Hz, 1H, CHPh), 2.96 (dd, 
J = 16.8, 6.2 Hz, 1H, CH2), 2.89 (dd, J = 6.9, 3.2 Hz, 2H, CH2), 2.83 (dd, J = 16.7, 7.7 Hz, 1H, 
CH2C≡C). 13C NMR (101 MHz, Chloroform-d) δ 140.4, 131.5, 128.9, 128.3, 128.1, 127.8, 127.0, 
123.0, 118.2, 85.9, 83.5, 41.2, 25.8, 23.2. IR (νmax, cm-1) 3065 (w), 3031 (w), 2920 (w), 2251 (w), 
1735 (w), 1691 (w), 1600 (w), 1493 (m), 1451 (w), 1427 (w), 1381 (w), 1326 (m), 1225 (w), 1107 
(w), 1072 (w), 1030 (w), 915 (w), 847 (w), 758 (s). HRMS (ESI) calcd for C18H15NNa+ [M+Na]+ 
268.1097; found 268.1100. 
3-Methyl-3,6-diphenylhex-5-ynenitrile (5.10e) 

 
Starting from 5.9e (78 mg, 0.30 mmol, 1.0 equiv) and Ph-EBX (2.95a) (0.21 g, 0.60 mmol, 2.0 
equiv), the crude product was purified by column chromatography (Pentane/Ethyl Acetate = 20:1) 
to afford 5.10e as pale yellow oil colorless oil (31.9 mg, 0.123 mmol, 41%). 

                                                             
506 Xie, L.-G.; Shaaban, S.; Chen, X.; Maulide, N. Angew.Chem. Int. Ed. 2016, 55, 12864. 
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Rf (Pentane/EtOAc 9/1) 0.48. 1H NMR (400 MHz, Chloroform-d) δ 7.46 - 7.37 (m, 4H, PhH), 7.37 
- 7.32 (m, 2H, PhH), 7.31 - 7.27 (m, 4H, PhH), 2.93 (d, J = 16.7 Hz, 1H, CH2), 2.91 (m, 2H, CH2), 
2.86 (d, J = 16.9 Hz, 1H, CH2), 1.68 (s, 3H, CH3). 13C NMR (101 MHz, Chloroform-d) δ 143.4, 
131.5, 128.7, 128.2, 128.1, 127.3, 125.6, 123.1, 117.9, 85.5, 84.1, 40.4, 32.5, 29.7, 25.6. IR (νmax, 
cm-1) 3054 (w), 2986 (w), 2912 (w), 2844 (w), 2252 (w), 1957 (w), 1883 (w), 1747 (w), 1698 (w), 
1599 (w), 1494 (m), 1445 (m), 1383 (w), 1328 (w), 1266 (w), 1131 (w), 1069 (w), 1026 (w), 958 
(w), 909 (m), 847 (w), 755 (s). HRMS (APPI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C19H18N+ 
260.1434; Found 260.1436. 

tert-Butyl (1-cyano-5-phenylpent-4-yn-2-yl)carbamate (5.10g)  

 

Starting from 5.9g (86 mg, 0.30 mmol, 1.0 equiv) and Ph-EBX (2.95a) (0.21 g, 0.60 mmol, 2.0 
equiv), the crude product was purified by column chromatography ((Pentane/Ethyl Acetate = 15:1 
to 8:2) to afford 5.10g as light yellow oil (68 mg, 0.24 mmol, 80%). 

Rf (Pentane/Ethyl Acetate = 8:2) 0.25. 1H NMR (400 MHz, Chloroform-d) δ 7.37 – 7.30 (m, 2H, 
ArH), 7.30 – 7.20 (m, 3H, ArH), 4.90 (d, J = 8.5 Hz, 1H, NH), 4.06 (ddd, J = 10.3, 7.9, 4.3 Hz, 
1H, BocHNCH), 2.84 – 2.62 (m, 4H, N≡CCH2CHCH2), 1.39 (s, 9H, Boc). 13C NMR (101 MHz, 
Chloroform-d) δ 154.7, 131.6, 128.4, 128.3, 122.5, 116.9, 84.3, 83.3, 80.5, 46.3, 28.2, 24.5, 22.5. 
IR (νmax, cm-1) 3341 (m), 2978 (m), 2251 (w), 1693 (s), 1516 (s), 1499 (s), 1423 (w), 1368 (m), 
1254 (m), 1163 (s), 1050 (m), 1024 (m), 915 (m), 867 (w), 758 (s), 734 (s). HRMS (ESI) calcd for 
C17H20N2NaO2

+ [M+Na]+ 307.1417; found 307.1422. 
 
2-(3-Phenylprop-2-yn-1-yl)benzonitrile (5.10f)  

 

Starting from 5.9f (66 mg, 0.30 mmol, 1.0 equiv) and Ph-EBX (2.95a) (0.21 g, 0.60 mmol, 2.0 
equiv), the crude product was purified by column chromatography (Pentane/Ethyl Acetate = 20:1) 
to afford 5.10f as light yellow oil (26 mg, 0.12 mmol, 40%). 

Rf (Heptane/Ethyl Acetate = 85:15) 0.33. 1H NMR (400 MHz, Chloroform-d) δ 7.81 – 7.73 (m, 
1H, ArH), 7.66 (dd, J = 7.7, 1.3 Hz, 1H, ArH), 7.61 (td, J = 7.7, 1.4 Hz, 1H, ArH), 7.47 (ddt, J = 
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5.4, 2.9, 1.6 Hz, 2H, ArH), 7.42 – 7.34 (m, 1H, ArH), 7.34 – 7.29 (m, 3H, ArH), 4.06 (s, 2H, 
CH2Ar). 13C NMR (101 MHz, Chloroform-d) δ 140.5, 133.1, 132.7, 131.7, 129.1, 128.3, 128.2, 
127.3, 123.0, 117.4, 111.9, 84.8, 84.0, 24.6. IR (νmax, cm-1) 3061 (w), 2366 (w), 2225 (m), 1600 
(w), 1489 (m), 1447 (w), 1415 (w), 1332 (w), 1284 (w), 1211 (w), 1171 (w), 1094 (w), 1068 (w), 
1030 (w), 961 (w), 913 (w), 760 (s), 734 (w). The reported values are in agreement with the 
characterization data reported in the literature.507 
 

2-(trans-2-(Phenylethynyl)-2,3-dihydro-1H-inden-1-yl)acetonitrile (5.10d) 

 

Starting from 5.9d (78 mg, 0.30 mmol, 1.0 equiv) and Ph-EBX (2.95a) (0.21 g, 0.60 mmol, 2.0 
equiv), the crude product was purified by column chromatography (Pentane/Ethyl Acetate = 20:1) 
to afford 5.10d as light yellow oil (50 mg, 0.19 mmol, 65%). 

Rf (Pentane/Ethyl Acetate = 10:1) 0.3. 1H NMR (400 MHz, Chloroform-d) δ 7.49 – 7.40 (m, 2H, 
ArH), 7.38 – 7.21 (m, 7H, ArH), 3.56 (dtt, J = 7.7, 5.1, 1.2 Hz, 1H, CHCH2CN), 3.43 – 3.27 (m, 
1H, CHC≡CPh), 3.23 – 3.06 (m, 2H, ArCH2), 2.97 (dd, J = 17.0, 5.1 Hz, 1H, CH2CN), 2.86 (dd, J 
= 17.0, 6.5 Hz, 1H, CH2CN). 13C NMR (101 MHz, Chloroform-d) δ 141.5, 141.2, 131.6, 128.3, 
128.1, 128.0, 127.2, 124.7, 123.0, 118.0, 89.5, 82.5, 48.0, 38.6, 37.5, 20.5. IR (νmax, cm-1) 3045 
(w), 2918 (w), 2247 (w), 1598 (w), 1489 (m), 1461 (w), 1443 (w), 1423 (w), 1348 (w), 1320 (w), 
1233 (w), 1207 (w), 1070 (w), 1022 (w), 913 (w), 754 (s). HRMS (ESI) calcd for C19H15NNa+ 
[M+Na]+ 280.1097; found 280.1098. By analogy with compounds isolated from the work of Zard 
(with methyl acrylate)496 and Leonori (with fluorine),393 the major diastereoisomer is the trans 
compound. 
 

2-((3-Phenylprop-2-yn-1-yl)oxy)acetonitrile (5.10i) 

 

Starting from 5.9i (17 mg, 0.10 mmol, 1.0 equiv) and Ph-EBX (2.95a) (70 mg, 0.20 mmol, 2.0 
equiv), the crude product was purified by preparative TLC (Pentane/Ethyl Acetate = 9:1) to afford 
5.10i as colorless oil (17 mg, 0.99 mmol, 99%). 

                                                             
507 Zhang, X.; Xie, X.; Liu, Y. Chem. Sci., 2016, 7, 5815. 
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Rf (Pentane/Ethyl Acetate = 9:1) 0.38. 1H NMR (400 MHz, Chloroform-d) δ 7.51 – 7.43 (m, 2H, 
ArH), 7.40 – 7.29 (m, 3H, ArH), 4.56 (s, 2H, OCH2CN), 4.45 (s, 2H, OCH2C≡CPh). 13C NMR 
(101 MHz, Chloroform-d) δ 131.8, 129.0, 128.4, 121.7, 115.6, 88.6, 82.0, 58.9, 54.1. The reported 
values are in agreement with the characterization data reported in the literature.506 
 

tert-Butyl (cyanomethyl)(3-phenylprop-2-yn-1-yl)carbamate (5.10b) 

 

0.30 mmol scale: Starting from 5.9b (82 mg, 0.30 mmol, 1.0 equiv) and Ph-EBX (2.95a) (0.21 g, 
0.60 mmol, 2.0 equiv), the crude product was purified by column chromatography (Pentane/Ethyl 
Acetate = 20:1 to 9:1) to afford 5.10b as yellow oil (82 mg, 0.29 mmol, 97%, 96% purity). 

1 mmol scale: Starting from 5.9b (272 mg, 1.00 mmol) and using 1 mol % of 2.71c (10.6 mg, 10.0 
μmol), the crude product was purified by column chromatography (pentane/DCM/EtOAc 7/3/0 to 
4/6/0 to 3/7/0.5) to afford 5.10b as yellow, viscous oil (0.178 g, 0.658 mmol, 66% yield). 

Rf (pentane/DCM 1/1) 0.28. 1H NMR (400 MHz, Acetonitrile-d3) δ 7.46 (m, 2H, PhH), 7.37 (m, 
3H, PhH), 4.34 (s, 2H, CH2), 4.27 (s, 2H, CH2), 1.49 (s, 9H, CH3 in Boc). 13C NMR (101 MHz, 
Acetonitrile-d3) δ 155.0, 132.4, 129.7, 129.5, 123.3, 117.6, 85.1, 84.5, 82.7, 38.7, 36.1, 28.3. IR 
(νmax, cm-1) 2986 (w), 1704 (s), 1476 (w), 1451 (m), 1402 (s), 1371 (m), 1248 (s), 1162 (s), 1131 
(m), 971 (w), 872 (m), 761 (m), 1026 (w). HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for 
C16H18N2NaO2

+ 293.1260; Found 293.1263 

N-(Cyanomethyl)-4-methyl-N-(3-phenylprop-2-yn-1-yl)benzamide (5.10j) 

 

Starting from 5.9j (87 mg, 0.30 mmol, 1.0 equiv) and Ph-EBX (2.95a) (0.21 g, 0.60 mmol, 2.0 
equiv), the crude product was purified by column chromatography (Pentane/DCM/EtOAc 3/7/0 to 
2/8/1) to afford 5.10j as yellow solid (39.4 mg, 0.137 mmol, 46%). 

M.p. 54.0-57.0 °C (it melts to form a viscous oil). Rf (DCM/EtOAc 96/4) 0.54. 1H NMR (400 
MHz, Chloroform-d) δ 7.50 (d, J = 8.2 Hz, 2H, ArH), 7.51 - 7.44 (m, 2H, PhH), 7.39 - 7.32 (m, 
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3H, PhH), 7.28 (d, J = 7.9 Hz, 2H, ArH), 4.57 (br s, 2H, CH2), 4.50 (br s, 2H, CH2), 2.41 (s, 3H, 
PhCH3). 13C NMR (101 MHz, Chloroform-d) δ 171.2, 141.6, 131.8, 130.3, 129.4, 129.0, 128.4, 
127.5, 121.7, 115.3, 86.3, 81.8, 40.3, 33.5, 21.5. IR (νmax, cm-1) 2986 (w), 3060 (w), 1741 (w), 
1661 (w), 1451 (w), 1396 (w), 1260 (w), 1143 (w), 909 (s), 730 (s), 1001 (w). HRMS (ESI/QTOF) 

m/z: [M + Na]+ Calcd for C19H16N2NaO+ 311.1155; Found 311.1155. 

5,5-Dimethyl-7-phenylhept-6-ynenitrile (5.27a)  

 

Starting from 5.20a (64 mg, 0.30 mmol, 1.0 equiv) and Ph-EBX (2.95a) (0.21 g, 0.60 mmol, 2.0 
equiv), the crude product was purified by column chromatography (Pentane/Ethyl Acetate = 20:1) 
to afford 5.27a as light yellow oil (49 mg, 0.23 mmol, 77%). 

Rf (Pentane/Ethyl Acetate = 9:1) 0.33. 1H NMR (400 MHz, Chloroform-d) δ 7.43 – 7.34 (m, 2H, 
ArH), 7.32 – 7.20 (m, 3H, ArH), 2.41 (t, J = 7.1 Hz, 2H, CH2C≡N), 1.99 – 1.79 (m, 2H, 
CH2CH2C≡N), 1.71 – 1.54 (m, 2H, CH2CH2CH2C≡N), 1.32 (s, 6H, CMe2). 13C NMR (101 MHz, 
Chloroform-d) δ 131.5, 128.1, 127.6, 123.5, 119.6, 95.8, 81.1, 42.2, 31.4, 29.2, 21.8, 17.5. IR (νmax, 
cm-1) 2970 (m), 2922 (m), 2872 (w), 2247 (w), 1739 (w), 1687 (w), 1598 (w), 1491 (m), 1467 (m), 
1427 (w), 1383 (w), 1368 (w), 1316 (m), 1276 (w), 1205 (m), 1141 (w), 1072 (w), 917 (w), 754 
(s). HRMS (ESI) calcd for C15H17NNa+ [M+Na]+ 234.1253; found 234.1247. 
 

3-((4-Phenylbut-3-yn-2-yl)oxy)propanenitrile (5.27b) 

 

Starting from 5.20b (60 mg, 0.30 mmol, 1.0 equiv) and Ph-EBX (2.95a) (0.21 g, 0.60 mmol, 2.0 
equiv), the crude product was purified by column chromatography (Chloroform/Pentane = 8:2 then 
9:1) to afford 5.27b as light yellow oil (39 mg, 0.20 mmol, 65%). 

Rf (Chloroform/Pentane = 9:1) 0.35. 1H NMR (400 MHz, Chloroform-d) δ 7.50 – 7.38 (m, 2H, 
ArH), 7.38 – 7.27 (m, 3H, ArH), 4.47 (q, J = 6.6 Hz, 1H, OCHCH3), 4.14 – 3.90 (m, 1H OCH2CH2), 
3.85 – 3.58 (m, 1H, OCH2CH2), 2.66 (t, J = 6.4 Hz, 2H, OCH2CH2), 1.59 – 1.43 (m, 3H, Me). 13C 
NMR (101 MHz, Chloroform-d) δ 131.7, 128.5, 128.3, 122.2, 117.8, 87.8, 85.7, 66.3, 63.1, 22.0, 
18.9. IR (νmax, cm-1) 3057 (w), 2991 (w), 2936 (w), 2878 (w), 2251 (w), 1731 (w), 1598 (w), 1491 
(w), 1445 (w), 1415 (w), 1375 (w), 1330 (m), 1258 (w), 1223 (w), 1107 (s), 1070 (m), 1038 (w), 
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941 (w), 917 (w), 760 (s). HRMS (ESI) calcd for C13H13NNaO+ [M+Na]+ 222.0889; found 
222.0885. 
 

tert-Butyl (2-cyanoethyl)(3-phenylprop-2-yn-1-yl)carbamate (5.27c) 

 

Starting from 5.20c (86 mg, 0.30 mmol, 1.0 equiv) and Ph-EBX (2.95a) (0.21 g, 0.60 mmol, 2.0 
equiv), the crude product was purified by column chromatography (Pentane/Ethyl Acetate = 9:1 
then 8:2) to afford 5.27c as light yellow oil (26 mg, 0.090 mmol, 30%). 

Rf (Pentane/Ethyl Acetate = 8:2) 0.33. 1H NMR (400 MHz, Chloroform-d) δ 7.48 – 7.38 (m, 2H, 
ArH), 7.32 (dd, J = 5.3, 2.0 Hz, 3H, ArH), 4.36 (m, NCH2C≡C), 3.78 – 3.58 (m, 2H, NCH2CH2), 
2.72 (m, 2H, NCH2CH2), 1.51 (s, 9H, Boc). 13C NMR (101 MHz, Chloroform-d) δ 154.6, 131.7, 
128.6, 128.4, 122.4, 118.1, 99.8, 84.0, 81.5, 43.3, 38.6, 28.3, 17.0. IR (νmax, cm-1) 3660 (w), 2980 
(m), 2904 (w), 2364 (w), 1703 (s), 1582 (w), 1459 (w), 1409 (m), 1369 (m), 1326 (w), 1250 (m), 
1165 (s), 1127 (m), 1068 (m), 961 (w), 913 (m), 867 (w), 760 (m), 736 (w). HRMS (ESI) calcd for 
C17H21N2O2

+ [M+H]+ 285.1598; found 285.1595. 
 

tert-Butyl (cyanomethyl)(3-(4-fluorophenyl)prop-2-yn-1-yl)carbamate (5.33) 

 

Starting from 5.9b (82 mg, 0.30 mmol, 1.0 equiv) and pF-Ph-EBX (2.95) (0.22 g, 0.60 mmol, 2.0 
equiv), the crude product was purified by column chromatography (Pentane/Ethyl Acetate = 15:1 
to 9:1) to afford 5.33 as light yellow oil (72 mg, 0.25 mmol, 83%). 

Rf (Pentane/Ethyl Acetate = 9:1) 0.38. 1H NMR (400 MHz, Chloroform-d) δ 7.43 (dd, J = 8.7, 5.5 
Hz, 2H, ArH), 7.01 (t, J = 8.7 Hz, 2H, ArH), 4.34 (m, 4H, CH2NCH2), 1.51 (s, 9H, Boc). 13C NMR 
(101 MHz, Chloroform-d) δ 162.7 (d, J = 250.0 Hz), 153.4 (br s), 133.7 (d, J = 8.5 Hz), 118.1 (d, 
J = 3.5 Hz), 115.7, 115.64 (d, J = 22.2 Hz), 84.4, 82.6, 82.1, 37.1, 34.6, 28.1. 19F NMR (376 MHz, 
Chloroform-d) δ -110.1. IR (νmax, cm-1) 3672 (w), 2984 (m), 2940 (w), 2904 (w), 2360 (w), 1705 
(s), 1602 (m), 1508 (s), 1479 (w), 1449 (m), 1397 (m), 1368 (m), 1340 (w), 1248 (s), 1159 (s), 
1129 (m), 1052 (w), 966 (w), 909 (w), 865 (m), 839 (s), 816 (w), 774 (w), 740 (w). HRMS (ESI) 
calcd for C16H17FN2NaO2

+ [M+Na]+ 311.1166; found 311.1169. 
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tert-Butyl (3-(4-bromophenyl)prop-2-yn-1-yl)(cyanomethyl)carbamate (5.34) 

 

Starting from 5.9b (82 mg, 0.30 mmol, 1.0 equiv) and pBr-PhEBX (2.95) (0.26 g, 0.60 mmol, 2.0 
equiv), the crude product was purified by column chromatography (Pentane/Ethyl Acetate = 15:1 
to 9:1) to afford 5.34 as light yellow oil (63 mg, 0.18 mmol, 60%). 

Rf (Pentane/Ethyl Acetate = 9:1) 0.34. 1H NMR (400 MHz, Chloroform-d) δ 7.45 (d, J = 8.5 Hz, 
2H, ArH), 7.30 (d, J = 8.5 Hz, 2H, ArH), 4.34 (m, CH2NCH2), 1.52 (s, 9H, Boc). 13C NMR (101 
MHz, Chloroform-d) δ 153.2 (br), 133.2, 131.7, 123.7, 121.0, 115.7, 84.4 (br), 83.6, 82.7, 37.2, 
34.7, 28.2. IR (νmax, cm-1) 2980 (m), 2940 (w), 2906 (w), 2362 (w), 1749 (m), 1703 (s), 1588 (w), 
1485 (m), 1451 (w), 1397 (m), 1368 (m), 1338 (w), 1248 (s), 1159 (s), 1072 (m), 1012 (m), 963 
(w), 909 (w), 863 (m), 828 (m), 770 (m), 740 (m). HRMS (ESI) calcd for C16H17

79BrN2NaO2
+ 

[M+Na]+ 371.0366; found 371.0362. 
 

tert-Butyl (cyanomethyl)(3-(4-(trifluoromethyl)phenyl)prop-2-yn-1-yl)carbamate (5.35) 

 

Starting from 5.9b (82 mg, 0.30 mmol, 1.0 equiv) and pCF3-Ph-EBX (2.95) (0.25 g, 0.60 mmol, 
2.0 equiv), the crude product was purified by column chromatography (Pentane/Ethyl Acetate = 
15:1 to 9:1) to afford 5.35 as light yellow oil (62 mg, 0.18 mmol, 61%). 

Rf (Pentane/Ethyl Acetate = 9:1) 0.38. 1H NMR (400 MHz, Chloroform-d) δ 7.65 – 7.48 (m, 4H, 
ArH), 4.52 – 4.16 (m, 4H, CH2NCH2), 1.52 (s, 9H, Boc). 13C NMR (101 MHz, Chloroform-d) δ 
153.4, 132.0, 130.4 (q, J = 32.7 Hz), 125.9 (app s), 125.3 (q, J = 3.9 Hz), 123.8 (q, J = 272.2 Hz), 
115.6, 85.0, 84.0, 82.8, 37.2, 34.6, 28.1. 19F NMR (376 MHz, Chloroform-d) δ -62.9. IR (νmax, cm-

1) 2984 (w), 2362 (w), 1707 (s), 1616 (w), 1479 (w), 1449 (m), 1401 (m), 1368 (w), 1324 (s), 1248 
(s), 1163 (s), 1127 (s), 1068 (s), 1018 (w), 968 (w), 941 (w), 901 (w), 865 (m), 845 (s), 770 (w), 
720 (w). HRMS (ESI) calcd for C17H17F3N2NaO2

+ [M+Na]+ 361.1134; found 361.1136. 
 

tert-Butyl (cyanomethyl)(3-(4-formylphenyl)prop-2-yn-1-yl)carbamate (5.36)  
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Starting from 5.9b (82 mg, 0.30 mmol, 1.0 equiv) and pCHO-Ph-EBX (2.95j) (0.23 g, 0.60 mmol, 
2.0 equiv), the crude product was purified by column chromatography (Pentane/Ethyl Acetate = 
15:1 to 9:1) to afford 5.36 as light yellow oil (25 mg, 0.080 mmol, 27%, 95% purity).  

Rf (Chloroform/Pentane = 9:1) 0.20. 1H NMR (400 MHz, Chloroform-d) δ 10.01 (s, 1H, CHO), 
7.84 (d, J = 8.3 Hz, 2H, ArH), 7.60 (d, J = 8.3 Hz, 2H, ArH), 4.37 (m, 4H, CH2NCH2), 1.52 (s, 9H, 
Boc). 13C NMR (101 MHz, Chloroform-d) δ 191.4, 153.3 (br s), 135.8, 132.3, 129.6, 128.3, 115.6, 
86.5, 84.5, 82.8, 37.3, 34.7, 28.2. IR (νmax, cm-1) 3670 (w), 2982 (m), 2902 (w), 2733 (w), 1703 (s), 
1604 (m), 1562 (w), 1447 (w), 1399 (m), 1368 (w), 1302 (w), 1250 (m), 1207 (w), 1163 (m), 1131 
(w), 1074 (w), 1052 (w), 1014 (w), 964 (w), 911 (w), 865 (w), 835 (m), 774 (w), 738 (w). HRMS 
(ESI) calcd for C17H19N2O3

+ [M+H]+ 299.1390; found 299.1395. 
 

tert-Butyl (cyanomethyl)(3-(4-cyanophenyl)prop-2-yn-1-yl)carbamate (5.37)  

 

Starting from 5.9b (82 mg, 0.30 mmol, 1.0 equiv) and pCN-Ph-EBX (2.95k) (0.22 g, 0.60 mmol, 
2.0 equiv), the crude product was purified by column chromatography (Pentane/Ethyl Acetate = 
15:1 to 9:1) to afford 5.37 as light yellow oil (31 mg, 0.11 mmol, 35%). 

Rf (Chloroform/Pentane = 9:1) 0.15. 1H NMR (400 MHz, Chloroform-d) δ 7.61 (d, J = 8.3 Hz, 2H, 
ArH), 7.53 (d, J = 8.4 Hz, 2H, ArH), 4.35 (m, 4H, CH2NCH2), 1.52 (s, 9H, Boc). 13C NMR (101 
MHz, Chloroform-d) δ 153.4 (br s), 132.3, 132.1, 127.0, 118.3, 115.6, 112.1, 87.0, 83.8, 82.9, 37.3, 
35.0, 28.2. IR (νmax, cm-1) 2982 (m), 2908 (m), 2366 (w), 2230 (m), 1706 (s), 1608 (w), 1503 (w), 
1449 (m), 1399 (m), 1368 (m), 1250 (s), 1161 (s), 1129 (m), 1052 (m), 911 (w), 845 (m), 770 (w), 
738 (m). HRMS (ESI) calcd for C17H18N3O2

+ [M+H]+ 296.1394; found 296.1384. 
 

tert-Butyl (cyanomethyl)(3-(4-pentylphenyl)prop-2-yn-1-yl)carbamate (5.38) 

 

Starting from 5.9b (24 mg, 0.10 mmol, 1.0 equiv) and pC5H11-Ph-EBX (2.95) (84 mg, 0.20 mmol, 
2.0 equiv), the crude product was purified by preparative TLC (Pentane/Ethyl Acetate = 85:15) to 
afford 5.38 as light yellow oil (20 mg, 0.060 mmol, 59%). 

Rf 0.50 (Pentane/Ethyl Acetate = 85:15). 1H NMR (400 MHz, Chloroform-d) δ 7.42 – 7.27 (m, 
2H, ArH), 7.17 – 7.04 (m, 2H, ArH), 4.35 (m, 4H, CH2NCH2), 2.59 (t, J = 7.8 Hz, 2H, CH2Ph), 
1.67 – 1.54 (m, 2H, CH2CH2Ph), 1.52 (s, 9H, Boc), 1.30 (m, 4H, CH2CH2(CH2)2Ph), 0.88 (t, J = 
6.9 Hz, 3H, Me). 13C NMR (101 MHz, Chloroform-d) δ 153.6, 144.0, 131.7, 128.5, 119.2, 115.7, 
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85.7, 82.5, 81.6, 37.1, 35.8, 34.4, 31.4, 30.9, 28.2, 22.5, 14.0. IR (νmax, cm-1) 3670 (w), 2970 (m), 
2930 (m), 2870 (w), 2364 (w), 1709 (s), 1510 (w), 1447 (m), 1399 (m), 1368 (w), 1248 (s), 1163 
(s), 1127 (m), 1062 (w), 966 (w), 943 (w), 911 (w), 865 (w), 770 (w), 736 (w). HRMS (ESI) calcd 
for C21H28N2NaO2

+ [M+Na]+ 363.2043; found 363.2042. 
 

tert-Butyl (cyanomethyl)(3-(3-fluorophenyl)prop-2-yn-1-yl)carbamate (5.39) 

 

Starting from 5.9b (82 mg, 0.30 mmol, 1.0 equiv) and mF-Ph-EBX (2.95) (0.22 g, 0.60 mmol, 2.0 
equiv), the crude product was purified by column chromatography (Pentane/Ethyl Acetate = 15:1 
to 9:1) to afford 5.39 as light yellow oil (42 mg, 0.15 mmol, 49%). 

Rf (Pentane/Ethyl Acetate = 9:1) 0.38. 1H NMR (400 MHz, Chloroform-d) δ 7.36 – 7.27 (m, 1H, 
ArH), 7.25 (dd, J = 7.7, 1.5 Hz, 1H, ArH), 7.16 (dd, J = 9.3, 2.1 Hz, 1H, ArH), 7.07 (td, J = 8.4, 
2.4 Hz, 1H, ArH), 4.74 – 4.18 (m, 4H, CH2NCH2), 1.54 (s, 8H, Boc). 13C NMR (101 MHz, 
Chloroform-d) δ 162.2 (d, J = 246.8 Hz), 153.3, 130.0 (d, J = 8.6 Hz), 127.6 (d, J = 3.1 Hz), 123.9 
(d, J = 9.5 Hz), 118.5 (d, J = 22.9 Hz), 116.1 (d, J = 21.2 Hz), 115.6, 84.2, 83.4, 82.7, 37.1, 34.6, 
28.1. 19F NMR (376 MHz, Chloroform-d) δ -112.6. IR (νmax, cm-1) 2980 (m), 2936 (w), 2906 (w), 
1707 (s), 1610 (m), 1582 (m), 1483 (m), 1445 (m), 1399 (s), 1368 (m), 1248 (s), 1165 (s), 1127 
(m), 1080 (w), 1004 (w), 964 (w), 945 (w), 907 (w), 867 (m), 788 (m), 732 (w). HRMS (ESI) calcd 
for C16H17FN2NaO2

+ [M+Na]+ 311.1166; found 311.1162. 
 

tert-Butyl (3-(2-bromophenyl)prop-2-yn-1-yl)(cyanomethyl)carbamate (5.40) 

 

Starting from 5.9b (82 mg, 0.30 mmol, 1.0 equiv) and oBr-Ph-EBX (2.95) (0.26 g, 0.60 mmol, 2.0 
equiv), the crude product was purified by column chromatography (Pentane/Ethyl Acetate = 9:1) 
to afford 5.40 as light yellow oil (50 mg, 0.14 mmol, 48%). 

Rf (Pentane/Ethyl Acetate = 9:1) 0.25. 1H NMR (400 MHz, Chloroform-d) δ 7.63 – 7.54 (m, 1H, 
ArH), 7.47 (dd, J = 7.7, 1.7 Hz, 1H, ArH), 7.30 – 7.24 (m, 1H, ArH), 7.19 (td, J = 7.8, 1.7 Hz, 1H, 
ArH), 4.52 – 4.32 (m, 4H, CH2NCH2), 1.52 (s, 9H, Boc). 13C NMR (101 MHz, Chloroform-d; one 
carbon signal is not resolved) δ 153.7, 133.5, 132.4, 130.0, 127.2, 125.6, 124.3, 115.7, 87.1, 82.7, 
37.0, 34.5, 28.2, 28.1, 28.0, 27.9. IR (νmax, cm-1) 2980 (m), 2934 (w), 1705 (s), 1473 (m), 1445 (m), 
1397 (s), 1368 (m), 1248 (s), 1159 (s), 1129 (m), 1054 (w), 1026 (w), 968 (w), 943 (w), 911 (w), 
865 (m), 758 (s). HRMS (ESI) calcd for C16H17

79BrN2NaO2
+ [M+Na]+ 371.0366; found 371.0363. 
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6-(4-Fluorophenyl)hex-5-ynenitrile (5.42) 

 
Starting from 5.9a (51 mg, 0.30 mmol, 1.0 equiv) and pF-Ph-EBX (2.95) (0.22 g, 0.60 mmol, 2.0 
equiv), the crude product was purified by column chromatography (Pentane/Ethyl Acetate = 20:1) 
to afford 5.42 as light yellow oil (50.1 mg, 0.214 mmol, 71%, 80% purity). NMR analysis identified 
5.28 as the impurity. A sample was purified by preparative TLC (DCM/toluene 1:1) for 
characterization. 

Rf (DCM/toluene 1/1) 0.43. 1H NMR (400 MHz, Chloroform-d) δ 7.41 – 7.34 (m, 2H, ArH), 7.04 
– 6.94 (m, 2H, ArH), 2.59 (t, J = 6.9 Hz, 2H), 2.56 (t, J = 7.2 Hz, 2H) 1.96 (p, J = 7.0 Hz, 2H, 
CH2CH2CH2). 13C NMR (101 MHz, Chloroform-d) δ 162.3 (d, J = 240 Hz), 133.4 (d, J = 8.4 Hz), 
119.3, 119.1, 115.5 (d, J = 22.0 Hz), 86.6, 81.4, 24.6, 18.5, 16.3. 19F NMR (376 MHz, Chloroform-
d) δ -111.4. IR (νmax, cm-1) 2980 (m), 2906 (w), 2363 (w), 2252 (w), 1741 (w), 1704 (w), 1599 (w), 
1507 (s), 1433 (w), 1223 (m), 1069 (m), 841 (s), 749 (w). HRMS (ESI/QTOF) m/z: [M + H]+ Calcd 
for C12H11FN+ 188.0870; Found 188.0863. 
 

6-(4-(Trifluoromethyl)phenyl)hex-5-ynenitrile (5.43)  

 

Starting from 5.9a (51 mg, 0.30 mmol, 1.0 equiv) and pCF3-Ph-EBX (5e) (0.25 g, 0.60 mmol, 2.0 
equiv), the crude product was purified by column chromatography (Pentane/Ethyl Acetate = 20:1) 
to afford 5.43 as light yellow oil (54 mg, 0.23 mmol, 76%). 

Rf (Chloroform/Pentane = 9:1) 0.40. 1H NMR (400 MHz, Chloroform-d) δ 7.56 (d, J = 8.2 Hz, 2H, 
ArH), 7.49 (d, J = 8.2 Hz, 2H, ArH), 2.63 (t, J = 6.8 Hz, 2H, CH2CC), 2.56 (t, J = 7.1 Hz, 2H, 
CH2CN), 1.98 (p, J = 6.9 Hz, 2H, CH2CH2CN). 13C NMR (101 MHz, Chloroform-d) δ 131.8, 129.8 
(q, J = 32.6 Hz), 127.0 (q, J = 1.2 Hz), 125.2 (q, J = 3.8 Hz), 123.9 (q, J = 272.1 Hz), 119.0, 89.6, 
81.2, 24.4, 18.5, 16.3. 19F NMR (376 MHz, Chloroform-d) δ -62.79.  
IR (νmax, cm-1) 2946 (w), 2251 (w), 1616 (w), 1431 (w), 1409 (w), 1324 (s), 1167 (m), 1125 (s), 
1068 (m), 1018 (w), 915 (w), 845 (m), 760 (w), 738 (w). Consistent with reported data.508 
 

 

                                                             
508 Melzig, L.; Stemper, J.; Knochel, P. Synthesis, 2010, 12, 2085. 
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5,5-Dimethyl-7-(4-(trifluoromethyl)phenyl)hept-6-ynenitrile (5.45) 

 

Starting from 5.9a (64 mg, 0.30 mmol, 1.0 equiv) and pCF3-Ph-EBX (2.95) (0.25 g, 0.60 mmol, 
2.0 equiv), the crude product was purified by column chromatography (Pentane/Ethyl Acetate = 
20:1) to afford 5.45 as light yellow oil (28 mg, 0.10 mmol, 33%).  

Rf (Chloroform/Pentane = 9:1) 0.42. 1H NMR (400 MHz, Chloroform-d) δ 7.53 (d, J = 8.1 Hz, 2H, 
ArH), 7.47 (d, J = 8.0 Hz, 2H, ArH), 2.42 (td, J = 7.1, 1.4 Hz, 2H, CH2CN), 1.89 (ddd, J = 14.5, 
8.3, 4.3 Hz, 2H, CH2CH2CN), 1.72 – 1.58 (m, 2H, CH2CMe2), 1.32 (s, 6H, CMe2). 13C NMR (101 
MHz, Chloroform-d) δ 131.8, 129.4 (q, J = 32.7 Hz), 127.4, 125.1 (q, J = 3.9 Hz), 123.9 (q, J = 
272.1 Hz), 119.6, 98.6, 80.0, 42.0, 31.5, 29.0, 21.8, 17.5. 19F NMR (376 MHz, Chloroform-d) δ -
62.72. IR (νmax, cm-1) 2974 (m), 2918 (w), 2876 (w), 2358 (w), 2245 (w), 1713 (w), 1616 (w), 1455 
(w), 1405 (w), 1326 (s), 1246 (w), 1169 (m), 1127 (s), 1109 (m), 1068 (m), 1018 (w), 845 (m), 740 
(w). HRMS (ESI) calcd for C16H16F3N [M+] 279.1235; found 279.1234. 
 
7-(4-Bromophenyl)-5,5-dimethylhept-6-ynenitrile (5.44) 

 

Starting from 5.20a (64 mg, 0.30 mmol, 1.0 equiv) and pBr-Ph-EBX (2.95) (0.26 g, 0.60 mmol, 
2.0 equiv), the crude product was purified by column chromatography (Pentane/Ethyl Acetate = 
20:1) to afford 5.44 as light yellow oil (30 mg, 0.10 mmol, 34%).  

Rf (Pentane/Ethyl Acetate = 9:1) 0.35. 1H NMR (400 MHz, Chloroform-d) δ 7.45 – 7.37 (m, 2H, 
ArH), 7.25 – 7.19 (m, 2H, ArH), 2.41 (t, J = 7.0 Hz, 2H, CH2CN), 2.05 – 1.77 (m, 2H, CH2CH2CN), 
1.65 – 1.57 (m, 2H, CH2(CH2)2CN), 1.30 (s, 6H, CMe2). 13C NMR (101 MHz, Chloroform-d) δ 
133.0, 131.4, 122.5, 121.8, 119.6, 97.1, 80.1, 42.1, 31.4, 29.1, 21.8, 17.5. IR (νmax, cm-1) 2970 (s), 
2918 (m), 2874 (m), 2354 (w), 2247 (w), 1741 (m), 1677 (w), 1588 (w), 1487 (s), 1465 (m), 1427 
(w), 1391 (w), 1368 (w), 1318 (w), 1276 (w), 1227 (m), 1205 (m), 1141 (w), 1072 (s), 1012 (m), 
915 (w), 828 (s), 740 (m). HRMS (ESI) calcd for C15H16

79BrNNa+ [M+Na]+ 312.0358; found 
312.0358. 
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tert-Butyl (cyanomethyl)(3-(triisopropylsilyl)prop-2-yn-1-yl)carbamate (5.47)  

 

Starting from 5.9b (82 mg, 0.30 mmol, 1.0 equiv) and TIPS-EBX (2.95a) (0.26 g, 0.60 mmol, 2.0 
equiv), the crude product was purified by column chromatography (Pentane/Ethyl Acetate = 20:1 
to 10:1) to afford 5.47 as light yellow oil (37 mg, 0.11 mmol, 35%). 

Rf (Heptane/Ethyl Acetate = 85:15) 0.4. 1H NMR (400 MHz, Chloroform-d) δ 4.48 – 3.80 (m, 4H, 
CH2NCH2), 1.50 (s, 9H, Boc), 1.07 (s, 21H, TIPS). 13C NMR (101 MHz, Chloroform-d, mixture of 
not fully resolved rotamers (M=major, m=minor) δ 153.7 (br s), 153.3 (br s), 115.5, 100.4, 87.6 
(br s), 87.0 (br s), 82.4, 37.6 (br s), 37.2 (br s), 34.0 (br s), 29.7 (m), 28.1 (M), 18.5 (M), 17.7 (m), 
12.3 (m), 11.0 (M). IR (νmax, cm-1) 3668 (w), 2944 (s), 2896 (s), 2866 (s), 2362 (w), 2177 (w), 1461 
(m), 1395 (s), 1368 (m), 1248 (s), 1165 (s), 1129 (w), 1074 (m), 1012 (s), 917 (w), 883 (m), 865 
(m), 826 (w), 772 (w), 738 (w). HRMS (ESI) calcd for C19H34N2NaO2Si+ [M+Na]+ 373.2282; 
found 373.2287. 
 

tert-Butyl cinnamyl(cyanomethyl)carbamate (5.50)  

 

Starting from 5.9a (27 mg, 0.10 mmol, 1.0 equiv) and Ph-VBX (2.98a) (70 mg, 0.20 mmol, 2.0 
equiv), the crude product was purified by column chromatography (Pentane/Ethyl Acetate = 20:1 
to 10:1) to afford 5.50 as light yellow oil (14 mg, 0.051 mmol, 51%). 

Rf (Heptane/Ethyl Acetate = 85:15) 0.4. 1H NMR (400 MHz, Chloroform-d) δ 7.41 – 7.20 (m, 5H, 
ArH), 6.77 – 6.68 (m, 0.05H, HC=CHAr, Z isomer), 6.58 (d, J = 15.8 Hz, 1H, HC=CHAr, E 
isomer), 6.11 (dt, J = 15.8, 6.6 Hz, 1H, HC=CHAr, E isomer), 5.65 (dt, J = 11.6, 6.5 Hz, 0.05H, Z 
isomer, HC=CHAr, Z isomer), 4.30 – 3.79 (m, 4H, CH2), 1.52 (s, 9H, Boc). 13C NMR (101 MHz, 
Chloroform-d)509 δ 154.0, 136.0, 134.4, 128.6, 128.4 (Z), 128.1, 127.5 (Z), 126.5, 123.2, 116.0, 
82.0, 49.2, 34.4, 28.2. IR (νmax, cm-1) 2982 (m), 2934 (w), 1830 (w), 1705 (s), 1481 (m), 1455 (m), 
1401 (m), 1369 (m), 1252 (s), 1165 (s), 1066 (w), 966 (w), 913 (m), 875 (w), 772 (w), 742 (m). 
HRMS (ESI) calcd for C16H20N2NaO2

+ [M+Na]+ 295.1417; found 295.1421. 
 

tert-Butyl bis(cyanomethyl)carbamate (5.51)  

 

                                                             
509 13:1 E:Z mixture, in which the peaks of the Z isomer in 1H and 13C NMR are not fully resolved. 
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Starting from 5.9b (27 mg, 0.10 mmol, 1.0 equiv) and CBX (2.96a) (55 mg, 0.20 mmol, 2.0 equiv), 
irradiation for 14 h, the crude product was analyzed by NMR using 6 L of CH2Br2 as internal 
standard. Integration of peak at 4.42-4.18 ppm (m, 4H, CH2CN) revealed 51% NMR yield. The 
crude was then purified by preparative TLC (Heptane/Ethyl Acetate = 7:3) to afford 5.51 as light 
yellow oil (6.1 mg, 0.031 mmol, 31%). 

Rf (Heptane/Ethyl Acetate = 70:30) 0.45. 1H NMR (400 MHz, Chloroform-d)510 δ 4.42-4.18 (m, 
4H, CH2CN), 1.52 (s, 9H, Boc). 13C NMR (101 MHz, Chloroform-d) δ 152.6, 114.4, 84.5, 35.5 
(brs, non-resolved rotamers), 28.0. IR (νmax, cm-1) 2988 (w), 2933 (w), 2255 (w), 1829 (w), 1712 
(s), 1454 (m), 1398 (s), 1373 (m), 1256 (s), 1164 (s), 1139 (m), 942 (m), 911 (m), 868 (m), 776 
(m), 739 (m). HRMS (ESI) calcd for C9H13N3NaO2

+ [M+Na]+ 218.0900; found 218.0892. 
 
Reaction with Togni reagent: 

 

Starting from 5.9g (29 mg, 0.10 mmol, 1.0 equiv) and Togni reagent (2.52) (158 mg, 0.20 mmol, 
2.0 equiv, 40% weight), irradiation for 14 h, the crude was then purified by preparative TLC 
(Heptane/Ethyl Acetate = 7:3) to afford 5.52 as colorless oil (8.0 mg, 0.043 mmol, 43%), along 
with 5.53 as a light yellow oil (7.5 mg, 0.024 mmol, 24%). 

tert-Butyl (1-cyanopropan-2-yl)carbamate (5.52)  

Rf (DCM/Ethyl Acetate = 80:30) 0.40. 1H NMR (400 MHz, Chloroform-d)511 δ 4.80 – 4.51 (m, 
1H, NH), 3.95 (s, 1H, CHNHBoc), 2.82 – 2.62 (m, 1H, CH2CN), 2.53 (ddd, J = 16.7, 4.0, 2.1 Hz, 
1H, CH2CN), 1.45 (d, J = 2.2 Hz, 9H, Boc), 1.32 (dd, J = 6.9, 2.1 Hz, 3H, Me). 13C NMR (101 
MHz, Chloroform-d) δ 154.7, 117.3, 80.2, 43.1, 28.3, 25.1, 19.5. HRMS (ESI) calcd for 
C9H16N2NaO2

+ [M+Na]+ 207.1104; found 207.1104. Consistent with reported data of 1HNMR.512 
(no 13C in the reference) 
tert-Butyl (1-cyano-3-iodopropan-2-yl)carbamate (5.53)  

Rf (DCM/Ethyl Acetate = 80:30) 0.20. 1H NMR (400 MHz, Chloroform-d) δ 4.83 (d, J = 8.4 Hz, 
1H, NH), 3.93 – 3.80 (m, 1H, CHNHBoc), 3.46 (dd, J = 10.7, 4.9 Hz, 1H, CHI), 3.38 (dd, J = 10.7, 
5.8 Hz, 1H, CHI), 2.84 (dd, J = 16.9, 5.5 Hz, 1H, CH2CN), 2.71 (dd, J = 16.8, 6.8 Hz, 1H, CH2CN), 
1.46 (s, 9H, Boc). 13C NMR (101 MHz, Chloroform-d) δ 154.3, 116.3, 80.9, 47.6, 28.2, 23.8, 8.3. 
HRMS (ESI) calcd for C9H15IN2NaO2

+ [M+Na]+ 333.0070; found 333.0073. 
  

                                                             
510 Mixture of non-resolved rotamers. 
511 Mixture of non-resolved rotamers. 
512 Crawford, J. B.; Chen, G.; Carpenter, B.; Wilson, T.; Ji, J.; Skerlj, R. T.; Bridger, G. J. Org. Process Res. Dev. 
2012, 16, 109. 
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8.5.6 Computational details 
 

Geometries of all species were optimized using several different DFT methods and dispersion 
corrections. All methods give comparable results indicating that, compared to rather symmetric 
species 2.71 and 2.71b, molecules 2.71c and 2.71d feature noticeable distortion of the carbazole 
moiety in the 4th position of the central ring (Figure 23). This distortion is equally observed in the 
gas-phase optimized geometries and in the experimental crystal structures.513 The likely cause of 
this feature is the halogen…halogen bonding between the halogen atoms of the neighbor carbazole 
moieties, absent/insignificant in 2.71 and 2.71b but increasingly pronounced in 2.71c and 2.71d, 
as exemplified by the corresponding interatomic distances. Similar intermolecular interaction also 
causes distortion of the 1-carbazole ring in the crystal of 2.71c. This hypothesis is supported by the 
fact (i) that distortion is almost entirely lifted in solution and (ii) is absent in the optimized 
structures of dyes, analogous to 2.71c and 2.71d, but with halogens selectively removed from the 
carbazole moieties in either the 4th and or the 3rd and 5th positions of the central ring. 

 
Figure 23. X-ray structures of dyes 2.71 (A) and 2.71c (B). Interhalogen distances in 2.71c are labelled as rI-rIV 
(dotted pink lines). (C) Interhalogen distance rI in the optimized geometries of the studied dyes in the gas phase 
(PBE0-D3BJ/def2-SVP) and dichloromethane solution (PCM-UAKS/PBE0/6-31G(d)). (D) Shortest 
interhalogen distances rI in the optimized geometries for several different dispersion-corrected DFT methods and 
experimental crystal structures. 

                                                             
513 (a) Crystal structure of 2.71 is deposit to CCDC under number 1052646 (YUGDOV), see S. Wang, Y. Zhang, W. 
Chen, J. Wei, Y. Liu and Y. Wang, Chem. Commun., 2015, 51, 11972. (b) Crystal structure of 2.71c is available at 
CCDC under number 1838186. 
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Electronic energies of the studied molecules were computed at the PBE0-D3BJ/def2-SVP level 
using Gaussian 09 software514 and including LANL2DZ effective core potential for bromine atoms. 
Using the stable=opt keyword ensured stability of the wavefunction for all species. Gas-phase 
vertical and adiabatic ionization potentials and electron affinities were computed as follows: 

Ionization potential  and  

Electron affinity , 

where EP is the electronic energy of the neutral (parent) compound, EP+ is the electronic energy of 
its radical cation and EP– – of its radical anion, in eV. 

Gas-phase entropies and thermal corrections at 25°C were computed at the PBE0-D3BJ/def2-SVP 
level under the harmonic oscillator approximation in conjunction with the optimized geometries 
and scaled515 frequencies. Gas-phase Gibbs free energies at 25°C were computed using Gibbs 
fundamental equation. Gibbs free energies of solvation in acetonitrile (MeCN) and 
dichloromethane (DCM) were computed in conjunction with geometries, relaxed in solution, using 
the polarizable continuum model with scaled UAKS radii516 at the PBE0/6-31G(d) level of theory. 
These computations include the solvent-solute dispersion and repulsion interaction energies and 
the solute cavitation energy. Free energies of each species in solution were computed as the sum 
of the corresponding gas-phase free energy and the free energy of solvation. The phase change 
correction term cancels out in the computation of redox potentials. 

RedOx potentials of the investigated systems in their ground states relative to the saturated calomel 
electrode (SCE) in a given solvent were computed as follows: 

                                                             
514  Gaussian 09, Revision D.01, Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; 
Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Li, X.; Caricato, M.; Li, 
X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; 
Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, J. A., 
Jr.; Peralta, J. E.; Ogliaro, F.; Bearpark, M. J.; Heyd, J. J.; Brothers, E. N.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, 
R.; Normand, J.; Raghavachari, K.; Rendell, A. P.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; 
Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, R.; Gomperts, R.; Stratmann, 
R. E.; Yazyev, J.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, 
V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D. Farkas, Ö.; Foresman, J. B.; Ortiz, J. 
V.; Cioslowski, J.; Fox, D. J. Gaussian, Inc., Wallingford CT, 2009. 
515 Merrick, J. P.; Moran, D.; Radom, L. An Evaluation of Harmonic Vibrational Frequency Scale Factor. J. Phys. 
Chem. A 2007, 111, 11683-11700 (PBE0/6-311+G(d,p) scaling factors were adopted). 
516 (a) Scaling factor =1.45 is used for MeCN, see Gryn’ova, G.; Barakat, J. M.; Blinco, J. P.; Bottle, S. E.; Coote, 
M. L. Computational Design of Cyclic Nitroxides as Efficient Redox Mediators for Dye-Sensitized Solar Cells. Chem. 
Eur. J. 2012, 18, 7582. (b) Scaling factor =1.30 is used for DCM, see Luque, F. J.; Zhang, Y.; Alemán, C.; Bachs, 
M.; Gao, J.; Orozco, M. J. Phys. Chem. 1996, 100, 4269. 
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Oxidation potential  and 

Reduction potential , 

where Gelectron is the gas-phase Gibbs free energy of an electron, equal under Fermi-Dirac statistics 
to –3.632 kJ mol–1,517 Gsoln are the Gibbs free energies of the neutral compound (P), its cation 
radical (P+) and anion radical (P–) in solution, F is the Faraday constant equal to 96.485 kJ V–1, 
ESCE is the absolute potential of SCE in a given solvent (4.429 eV in acetonitrile518 and 4.462 eV 
in dichloromethane519). 

Results. Computed redox energetics (Figure 24) indicate that one-electron removal becomes harder 
(higher E1/2(P+/P)) and one-electron addition becomes easier (higher E1/2(P/P–)) in the order of 2.71 
< 2.71b < 2.71c < 2.71d, i.e. H < F < Cl < Br substituents in the 3’ and 6’ (i.e., para-) positions in 
carbazole rings. A possible explanation of the observed trends is as follows: 

 Upon oxidation/ionization, an electron is removed from the peripheral carbazole moieties 
(Figure 25), in which the stronger resonance donors, such as Cl and Br, stabilize the formed 
radical cation better. This is reflected in the average Hirshfeld spin densities of the hydrogen 
and halogen atoms in the 3’ and 6’ positions in the carbazole rings: 0.002 on H-atoms in 2.71, 
0.010 on F in 2.71b, 0.019 on Cl in 2.71c and 0.023 on Br in 2.71e.  

 Upon reduction, an electron is added to the lowest unoccupied molecular orbital (LUMO), 
located mostly on the central isophthalonitrile ring (Figure 25). It also involves the carbazole 
moieties in the 4 and 6 positions of the isophthalonitrile ring and is potentially stabilized by 
them to a greater extent in the case of Cl and Br substituents (resonance donors) compared to 
H and F. 

 

                                                             
517 Ho, J.; Coote, M. L.; Cramer, C. J.; Truhlar, D. G. Theoretical Calculation of Reduction Potentials. In Organic 
Electrochemistry: Revised and Expanded, 5th Edition; Hammerich, O.; Speiser, B., Eds.; CRC Press, Taylor and 
Francis Group: Boca Raton, 2015; Chapter 6, pp 231-261.  
518 Isse, A. A.; Gennaro, A. Absolute Potential of the Standard Hydrogen Electrode and the Problem of Interconversion 
of Potentials in Different Solvents. J. Phys. Chem. B 2010, 114, 7894 . 
519 Derived from the 4.927 eV absolute potential of Fc+/Fc couple in 1,2-dichloroethane (Namazian, M.; Lin, C. Y.; 
Coote, M. L. J. Chem. Theory Comput. 2010, 6, 2721.) and the 0.465 eV correction to SCE in dichloromethane (Palmer, 
J. H. Iridium corroles: synthesis, properties, and electronic structure. 2011, Dissertation (Ph.D.), California Institute 
of Technology).  
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                                                   2.71             2.71b          2.71        2.71d 

Figure 24. Computed oxidation and reduction potentials vs. SCE at 25 °C in acetonitrile and DCM. 

 

 

2.71 

 

2.71.b 

2.71.c 

2.71.d 

 

Figure 25. Molecular structures of the parent dyes (P) and their HOMO and LUMO plots (isovalue 0.02), as well 
as the spin densities and electrostatic potential maps (isovalue 0.001) of the products of one-electron addition (P–

) and removal (P+), all at the PBE0/def2-SVP level. 
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 MeCN DCM 
E1/2(P+/P) E1/2(P/P–) E1/2(P+/P) E1/2(P/P–) 

2.71 1.56 -1.29 1.67 -1.29 
2.71b 1.67 -1.18 1.79 -1.18 
2.71c 1.76 -1.10 1.87 -1.09 
2.71d 1.89 -0.83 1.98 -0.85 

Table 5. Computed oxidation and reduction potentials in acetonitrile, N,N-dimethylformamide and 
dichloromethane vs. SCE at 25 °C (based on PBE0-D3BJ/def2-SVP gas-phase Gibbs free energies and PCM-
UAKS/PBE0/6-31G(d) Gibbs free energies of solvation). All values are in eV. 

 

 

 

 Oxidation Reduction 
gas phase MeCN DCM gas phase MeCN DCM 

2.71 7.00 5.99 6.02 1.89 3.14 3.06 
2.71b 7.30 6.10 6.14 2.27 3.25 3.17 
2.71c 7.37 6.19 6.22 2.50 3.33 3.26 
2.71d 7.46 6.32 6.33 2.78 3.60 3.50 

Table 6. Computed Gibbs free energies (PBE0-D3BJ/def2-SVP) of oxidation and reduction at 25 °C in the gas 
phase and solution (PCM-UAKS/PBE0/6-31G(d)). All values are in eV. 

 

 

 

 I II III IV I II III IV 
gas phase X-ray 

2.71 6.099 6.186 6.215 6.301 5.900 6.609 6.611 7.266 
2.71b 6.134 6.216 6.420 6.320     
2.71c 5.678 5.700 6.863 7.142 5.164 6.558 8.326 9.150 
2.71d 4.371 4.396 7.655 8.133     
 DCM MeCN 
2.71 6.823 6.833 6.833 6.823 6.362 6.405 6.467 6.380 
2.71b 6.831 6.946 6.945 6.829 6.403 6.496 6.800 6.576 
2.71c 7.310 7.377 7.456 7.419 6.871 6.981 6.988 6.883 
2.71d 7.372 7.409 7.629 7.757 7.079 7.168 7.169 7.081 

Table 7. Interatomic distances in the optimized geometries and crystal structures of the studied dyes, in Å. 
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 geometry
/ state 

gas phase MeCN DCM 
S298, 
J mol–1 K–1 

TC298, 
kJ mol–1 

ZPVE, 
kJ mol–1 

E, 
Hartree ∆G298

solv, kcal mol–1 
2.71 0 1 / 0 1 1118.5401 121.3468 1888.9644 -2477.41341 23.53 5.00 
 0 1 / 1 2    -2477.15623   
 1 2 / 1 2 1083.3725 119.3373 1884.9387 -2477.15769 0.93 -16.79 
 0 1 / -1 2    -2477.47126   
 -1 2 / -1 2 1130.1518 122.5092 1879.1700 -2477.47829 -6.13 -22.91 
2.71b 0 1 / 0 1 1264.5510 140.0826 1718.2348 -3269.96854 25.73 5.02 
 0 1 / 1 2    -3269.70054   
 1 2 / 1 2 1226.5210 137.8545 1715.1549 -3269.70244 -1.09 -20.84 
 0 1 / -1 2    -3270.04226   
 -1 2 / -1 2 1250.3950 139.0590 1708.9503 -3270.04947 2.23 -16.74 
2.71c 0 1 / 0 1 1361.7109 148.6806 1687.7816 -6151.89172 31.19 8.21 
 0 1 / 1 2    -6151.62241   
 1 2 / 1 2 1309.0876 146.1016 1684.2253 -6151.62444 4.73 -17.56 
 0 1 / -1 2    -6151.97211   
 -1 2 / -1 2 1368.2332 149.6635 1679.3511 -6151.97992 11.10 -10.32 
2.71d 0 1 / 0 1 1399.6969 152.0885 1675.4331 -2576.77867 30.75 6.12 
 0 1 / 1 2    -2576.50149   
 1 2 / 1 2 1398.6982 152.0594 1672.1752 -2576.50320 5.14 -19.08 
 0 1 / -1 2    -2576.86906   
 -1 2 / -1 2 1420.3436 153.2410 1667.5107 -2576.87601 11.12 -11.19 

Table 8. Computed gas-phase entropies, thermal corrections, zero-point vibrational energies and electronic 
energies (PBE0-D3BJ/def2-SVP) and Gibbs free energies of solvation (PCM-UAKS/PBE0/6-31G(d)) for all 
studied species. 
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Geometries 

PBE0-D3BJ/def2-SVP optimized geometries of all species in the form of Gaussian archive 
entries. 

 
2.71a 
 1\1\GINC-R02-NODE33\FOpt\RPBE1PBE\Gen\C56H32N6\GRYNOVA\29-Mar-2018\0\\ 

 #PBE1PBE/gen SCF=Tight INT(grid=finegrid) OPT IOP(2/17=4) EmpiricalDis 

 persion=GD3BJ Nosymm\\7d.pbe0.freq\\0,1\C,-0.9895476287,1.7956982867,0 

 .1577610417\C,-0.9405709724,0.5871289508,-0.5675621431\C,0.0320328402, 

 -0.3866227028,-0.2446180109\C,0.9254231072,-0.1533103304,0.8263340783\ 

 C,0.8188379726,1.0327410581,1.5819154901\C,-0.1253755478,2.0154539372, 

 1.24261504\C,-1.8474119963,2.8503825884,-0.2789436316\N,-2.5286246982, 

 3.7149527223,-0.6400689869\C,1.5987726876,1.1907315413,2.7675422714\N, 

 2.2169769052,1.3167747333,3.7390849553\N,-0.2063125544,3.1975740656,1. 

 9765095051\C,0.8032954588,4.1553122168,2.0899040862\C,-1.3151534799,3. 

 6192747138,2.7130441975\N,-1.8399351808,0.3842962271,-1.6139086389\C,- 

 1.5080563329,-0.0776610062,-2.893492553\C,-3.2291848422,0.2639849527,- 

 1.4458945942\N,0.1099571499,-1.570240863,-0.9787722114\C,1.2361978111, 

 -2.0255929469,-1.6683590399\C,-0.9175421613,-2.5043736905,-1.131931123 

 1\N,1.8976776859,-1.0929854502,1.16872573\C,3.2804080643,-0.870359939, 

 1.0585095008\C,1.6820883809,-2.4697891975,1.3064072908\C,-1.013689517, 

 4.8649731036,3.3083241188\C,0.336301642,5.2070818014,2.910370848\C,3.9 

 424194761,-2.1177923859,1.0966762654\C,2.9248639016,-3.135846564,1.253 

 1188595\C,-0.446074323,-3.5686128635,-1.932959255\C,0.9311257029,-3.26 

 98590982,-2.2634968575\C,-2.6816062944,-0.5228266878,-3.5381020077\C,- 

 3.7774499589,-0.304347353,-2.6173636543\C,2.0640907889,4.1811759317,1. 

 4997543296\C,-2.5313571618,2.9744889437,2.9215453774\C,-0.2685627855,- 

 0.0955801124,-3.524481461\C,-4.014049782,0.5407756458,-0.3296333433\C, 

 2.4672991609,-1.404198135,-1.8547291528\C,-2.1925872617,-2.513994643,- 

 0.5741859374\C,3.972471913,0.3200681721,0.852193154\C,0.4873899155,-3. 

 1531916042,1.5078970884\C,1.1694123233,6.3001104882,3.1611892966\C,5.3 

 283717755,-2.1673473192,0.9398102725\C,2.9617689245,-4.5285916576,1.34 

 72327198\C,-1.2947028418,-4.6391059677,-2.2210622991\C,1.9066607061,-3 

 .9286276553,-3.0142414851\C,-2.5981806377,-1.0514213641,-4.8280658809\ 

 C,-5.1438137943,-0.5836082872,-2.6732916947\C,-1.9706850054,5.48686053 

 52,4.1141284242\C,-5.9369012534,-0.3014394591,-1.5658873871\C,-5.37417 
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 77068,0.2518811355,-0.407884842\C,-1.3543358032,-1.121146793,-5.446442 

 0062\C,-0.2052286708,-0.6392010759,-4.8032685313\C,-3.0234556344,-3.58 

 74683518,-0.8807528428\C,-2.585685149,-4.6355484942,-1.7025297565\C,0. 

 5448627597,-4.5409081684,1.5837323824\C,1.766243601,-5.2239395261,1.49 

 51188242\C,6.0286144517,-0.9819314455,0.7413211979\C,5.3544059275,0.24 

 57963483,0.6960606353\C,2.4378116947,6.3259614326,2.5916490192\C,2.875 

 7931763,5.2792558727,1.7672862439\C,-3.1960609817,4.8598347974,4.31242 

 64442\C,-3.4688465917,3.6157307526,3.7252511833\H,2.4043044435,3.37582 

 90331,0.846558626\H,-2.7429835268,1.9996882411,2.4788288318\H,0.626869 

 1873,0.2895448553,-3.0374769488\H,-3.5918798571,0.9707795977,0.5786729 

 74\H,-2.540584348,-1.7161934659,0.0811909989\H,3.4629961275,1.28304455 

 55,0.8141618743\H,-0.4640429912,-2.6286136979,1.592112844\H,0.82572790 

 8,7.1223934501,3.7924498829\H,5.8504331402,-3.1263721955,0.9603636952\ 

 H,3.9143929626,-5.0605369459,1.3017162307\H,-0.9455781504,-5.467418383 

 7,-2.8413546519\H,-3.4957512807,-1.4063685499,-5.3388522301\H,-5.57808 

 96415,-1.0283782846,-3.5712138056\H,-1.755689553,6.4495615378,4.582905 

 1169\H,-7.0076741731,-0.5127747641,-1.5959779757\H,-6.0122213298,0.468 

 9087098,0.4514073621\H,-1.2708346875,-1.5435138129,-6.4498438095\H,0.7 

 609885367,-0.6897614479,-5.3094775895\H,-4.0360812781,-3.6044767063,-0 

 .4723428855\H,-3.2631336024,-5.4618672438,-1.9273432125\H,-0.382718238 

 ,-5.1025318035,1.7121170242\H,1.7774256487,-6.3140245036,1.5564182622\ 

 H,7.1133289102,-1.0051608723,0.6189234319\H,5.9204877684,1.1669426788, 

 0.5423708617\H,3.1003869749,7.172621156,2.7818380287\H,3.8726946365,5. 

 3248710285,1.3236573039\H,-3.9541755039,5.3364028645,4.9370510537\H,-4 

 .4345938307,3.1373928264,3.9020624503\C,3.4272779206,-2.0827733811,-2. 

 5992034153\C,3.1565157024,-3.3363378207,-3.1654892817\H,2.6855793475,- 

 0.4224223307,-1.4357954588\H,1.6876231633,-4.8932754472,-3.4770783149\ 

 H,4.4091433871,-1.6250856387,-2.7370220025\H,3.9320468713,-3.845313054 

 8,-3.7414858151\\Version=ES64L-G09RevD.01\HF=-2477.4133295\RMSD=5.581e 

 -09\RMSF=2.619e-06\Dipole=0.0985215,-1.5203002,-0.9372358\Quadrupole=1 

 2.6901939,1.4631831,-14.153377,9.0427375,-14.5658535,13.1607317\PG=C01 

  [X(C56H32N6)]\\@ 

 

2.71a.cr_opt 
 1\1\GINC-R05-NODE45\FOpt\UPBE1PBE\Gen\C56H32N6(1+,2)\GRYNOVA\30-Mar-20 

 18\0\\#PBE1PBE/gen SCF=Tight INT(grid=finegrid) OPT IOP(2/17=4) Empiri 
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 calDispersion=GD3BJ Nosymm\\7d.cr_opt.pbe0.freq\\1,2\C,-1.0332589995,1 

 .8042482481,0.2076430258\C,-0.9688884487,0.6052809693,-0.5251048124\C, 

 0.0234436722,-0.351424364,-0.2141175419\C,0.9409854974,-0.1118843835,0 

 .8336854564\C,0.8505857894,1.0791410072,1.5771212029\C,-0.1307218966,2 

 .043802764,1.2653215978\C,-1.9210584253,2.8349300429,-0.2228175829\N,- 

 2.6380047851,3.6671805688,-0.5900772096\C,1.6623098049,1.2359438357,2. 

 7400473648\N,2.3179316985,1.3459903217,3.6885011326\N,-0.2071569039,3. 

 2209070576,1.9926116581\C,0.8282916313,4.1509016155,2.1464024906\C,-1. 

 3334761848,3.6730873892,2.6911551562\N,-1.8430711683,0.3805869315,-1.5 

 865467546\C,-1.4549187246,-0.0608878065,-2.8640761991\C,-3.2200443315, 

 0.1722606418,-1.4440012258\N,0.0980296214,-1.5348710357,-0.9464896302\ 

 C,1.2123890599,-1.9764130407,-1.6572821774\C,-0.9318369161,-2.46360619 

 3,-1.0889443166\N,1.8977023306,-1.0708292892,1.1567652783\C,3.27721948 

 21,-0.893248056,0.9913384629\C,1.6401522674,-2.4441522482,1.3138969057 

 \C,-1.0161281142,4.9069879635,3.3009407938\C,0.3600244878,5.2124903114 

 ,2.9520202197\C,3.8977913848,-2.1657102167,0.9914470923\C,2.8548115072 

 ,-3.1501328733,1.199255956\C,-0.4771858468,-3.5187700717,-1.913143167\ 

 C,0.8988348745,-3.2139879408,-2.2654222617\C,-2.5795024897,-0.60176073 

 01,-3.5194229047\C,-3.7043554612,-0.4551141864,-2.6177324955\C,2.10194 

 93899,4.1520316712,1.5820167175\C,-2.566800925,3.0507425994,2.87074831 

 12\C,-0.2131409387,0.0337998517,-3.4817376929\C,-4.0440601649,0.417456 

 3601,-0.345003248\C,2.4304217648,-1.3318078573,-1.8718585729\C,-2.1868 

 179686,-2.4847966978,-0.4812635935\C,3.9983936249,0.2788609445,0.76204 

 52033\C,0.4374978534,-3.0822455432,1.5959016498\C,1.2049937332,6.28461 

 35441,3.2275088375\C,5.2714878162,-2.2604378724,0.7709879693\C,2.85326 

 72257,-4.5409991357,1.3108335734\C,-1.3287255508,-4.5803998803,-2.1925 

 938153\C,1.8554507062,-3.8513337116,-3.0458672231\C,-2.4393573143,-1.1 

 215921305,-4.8067717719\C,-5.0453429292,-0.8302873335,-2.6930041416\C, 

 -1.9742345726,5.5492476521,4.0812374607\C,-5.87412221,-0.5838496879,-1 

 .6027561279\C,-5.3758159437,0.0306993175,-0.4426196496\C,-1.185400334, 

 -1.0833151843,-5.413189696\C,-0.0899862089,-0.5028496461,-4.762449516\ 

 C,-3.0284078456,-3.5538678582,-0.7818165753\C,-2.6125864422,-4.5800619 

 4,-1.6361948852\C,0.453989671,-4.4727910031,1.6885458588\C,1.644221988 

 ,-5.1949574843,1.5385933778\C,5.9982850698,-1.095000217,0.5473780962\C 

 ,5.3658970325,0.1584521859,0.5409686752\C,2.4934608445,6.2804561053,2. 

 6923298307\C,2.9315907306,5.2306502568,1.8751364019\C,-3.2236238673,4. 
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 9493171399,4.2419000526\C,-3.5114747894,3.713233083,3.649398356\H,2.44 

 09345264,3.3472618833,0.9281939856\H,-2.7891579778,2.0782390901,2.4292 

 953197\H,0.6349946028,0.5126322843,-2.9914249126\H,-3.6716327383,0.900 

 1562556,0.5586616629\H,-2.5032783371,-1.7095814676,0.2154814838\H,3.52 

 08151501,1.2587561602,0.7609657913\H,-0.4862218126,-2.5225936561,1.745 

 8642893\H,0.863240312,7.117368691,3.8451471112\H,5.7650579046,-3.23417 

 26127,0.7645636149\H,3.7836995012,-5.1058459738,1.2261384177\H,-1.0005 

 211283,-5.4059458349,-2.8269998015\H,-3.2981428001,-1.5455078481,-5.33 

 08630381\H,-5.4344328355,-1.3170153694,-3.589372797\H,-1.7497759188,6. 

 5019814086,4.564642343\H,-6.9271231543,-0.8682511405,-1.6476235604\H,- 

 6.0481586874,0.219048036,0.3966060078\H,-1.0584580748,-1.4907679713,-6 

 .4178621899\H,0.8779436698,-0.4595793127,-5.2655826257\H,-4.025348706, 

 -3.5850805118,-0.3386504759\H,-3.2931827507,-5.4050951105,-1.854956673 

 1\H,-0.4789938194,-5.0023919239,1.8909373995\H,1.6259309678,-6.2831402 

 639,1.6223368202\H,7.0750192471,-1.1523492625,0.3769809179\H,5.9590729 

 554,1.0587846816,0.3695953029\H,3.1676314036,7.1125389203,2.9034869011 

 \H,3.9392228758,5.2590620994,1.4563740146\H,-3.9853199111,5.4438793449 

 ,4.8474397558\H,-4.4914070448,3.2576876905,3.803506706\C,3.379341501,- 

 1.9929615805,-2.6481127628\C,3.1028827866,-3.241172893,-3.2160795334\H 

 ,2.6395010762,-0.343402322,-1.464842955\H,1.6364879719,-4.8070235776,- 

 3.525861701\H,4.3505998652,-1.5231127551,-2.8130564148\H,3.8654755209, 

 -3.7367099187,-3.8199477812\\Version=ES64L-G09RevD.01\HF=-2477.1577432 

 \S2=0.761223\S2-1=0.\S2A=0.750127\RMSD=7.934e-09\RMSF=3.059e-06\Dipole 

 =0.0846467,-1.7521867,-1.1087699\Quadrupole=12.3496978,12.4080739,-24. 

 7577717,6.6890391,-12.8964389,35.7003711\PG=C01 [X(C56H32N6)]\\@ 

 

2.71a.ar_opt 
 1\1\GINC-R05-NODE53\FOpt\UPBE1PBE\Gen\C56H32N6(1-,2)\GRYNOVA\30-Mar-20 

 18\0\\#PBE1PBE/gen SCF=Tight INT(grid=finegrid) OPT IOP(2/17=4) Empiri 

 calDispersion=GD3BJ Nosymm\\7d.ar_opt.pbe0.freq\\-1,2\C,-0.9737363676, 

 1.8248584848,0.1320625738\C,-0.9332416466,0.5649520609,-0.5920076821\C 

 ,0.0267699684,-0.3959041928,-0.2411736038\C,0.9098992423,-0.1925583104 

 ,0.829940644\C,0.7901018714,1.0162057514,1.628725514\C,-0.1292607488,1 

 .9985410115,1.2365076734\C,-1.7979602888,2.8832079191,-0.3123127791\N, 

 -2.4933333272,3.7439928108,-0.6785707939\C,1.5355644143,1.1683251663,2 

 .81946586\N,2.1670334451,1.2909252934,3.7915456874\N,-0.2078079767,3.1 
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 972849217,1.975500068\C,0.793210186,4.1513340544,2.0752819518\C,-1.301 

 4217958,3.6152108402,2.718432633\N,-1.8469120845,0.3383177769,-1.63858 

 90227\C,-1.5258402439,-0.0169947703,-2.9423519083\C,-3.219454194,0.197 

 1250241,-1.474119406\N,0.1069724154,-1.5938698913,-0.9849056134\C,1.21 

 51617375,-2.0285807276,-1.6992758565\C,-0.9018448965,-2.5392964847,-1. 

 1108700918\N,1.9031184073,-1.1377861797,1.1497031061\C,3.2700734481,-0 

 .9208111136,1.0212498698\C,1.6979382696,-2.4911493077,1.3863350473\C,- 

 1.0026647828,4.8652526617,3.3140951543\C,0.3388568399,5.2103866973,2.8 

 993106213\C,3.9542330469,-2.1543456632,1.1481901155\C,2.9447930917,-3. 

 1637239137,1.3748157741\C,-0.4392957927,-3.60211263,-1.9243756316\C,0. 

 9203587244,-3.2794158514,-2.2933447631\C,-2.7006531398,-0.426750287,-3 

 .6197495598\C,-3.7888154455,-0.2823886559,-2.6792596833\C,2.0550596911 

 ,4.170652167,1.4823367853\C,-2.521797287,2.9740825977,2.9272401969\C,- 

 0.2834307901,-0.0076278284,-3.5744062742\C,-3.9932853814,0.4143600403, 

 -0.3337500971\C,2.4382560774,-1.3929528628,-1.9039306095\C,-2.16939118 

 49,-2.561181323,-0.5318881177\C,3.9481629115,0.2687696378,0.7539205428 

 \C,0.5025103208,-3.1731706085,1.6086593182\C,1.1777804397,6.3025960099 

 ,3.1382127818\C,5.343155161,-2.1891098083,1.0030143656\C,2.9821261448, 

 -4.549196055,1.5547703651\C,-1.2826884063,-4.6838102284,-2.1890318233\ 

 C,1.890338017,-3.9177894468,-3.0700709051\C,-2.6145385567,-0.863981710 

 8,-4.944647706\C,-5.1593475919,-0.5470402681,-2.7350328551\C,-1.957329 

 5355,5.483826768,4.1264532919\C,-5.9365438659,-0.3338583117,-1.6012057 

 327\C,-5.3547273085,0.1427848255,-0.4151937298\C,-1.3725668483,-0.8852 

 636179,-5.5694637354\C,-0.2217689621,-0.4550428042,-4.8883770236\C,-2. 

 9933481168,-3.6440732369,-0.8168766521\C,-2.561185232,-4.6943659888,-1 

 .6416633018\C,0.5642135789,-4.5512013145,1.7756583168\C,1.7891056303,- 

 5.2379821858,1.743570964\C,6.0252631236,-1.0070141167,0.7342361705\C,5 

 .3302671655,0.2072356192,0.6125020718\C,2.4407102396,6.3242393361,2.55 

 71587529\C,2.8693543953,5.2680031598,1.7367003278\C,-3.1797111022,4.85 

 40368327,4.3322477895\C,-3.4534858308,3.6110735856,3.7383983864\H,2.38 

 5125738,3.3485853349,0.8460894862\H,-2.7313869023,2.0092537127,2.46380 

 93447\H,0.609617237,0.3297353041,-3.0492970169\H,-3.5410446375,0.78840 

 80333,0.5853371878\H,-2.5070635647,-1.755626288,0.1187254803\H,3.40762 

 86179,1.2114688986,0.6634222178\H,-0.4483534359,-2.6419641719,1.637511 

 9191\H,0.8416175844,7.1270086219,3.7718695917\H,5.8823499441,-3.135722 

 4127,1.0897462587\H,3.9367405049,-5.0809696733,1.5404126569\H,-0.93799 
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 4755,-5.5087630413,-2.8172218919\H,-3.5119312375,-1.1895614639,-5.4766 

 006562\H,-5.6099086906,-0.9255315578,-3.6559403757\H,-1.7418040015,6.4 

 483335022,4.592790905\H,-7.0098419083,-0.535617873,-1.63138651\H,-5.98 

 34442873,0.3107687022,0.4626073073\H,-1.288274845,-1.2370568069,-6.600 

 3202829\H,0.7461943861,-0.4765304284,-5.3945405203\H,-3.9993010764,-3. 

 6668041223,-0.3914712232\H,-3.2349401739,-5.5289033472,-1.8492904781\H 

 ,-0.3640836288,-5.107129218,1.926651832\H,1.8017260687,-6.3228705936,1 

 .8715251819\H,7.1116363718,-1.0196660071,0.6192201981\H,5.8848635049,1 

 .1264761449,0.4088405645\H,3.10797662,7.1700986595,2.737960299\H,3.865 

 6733222,5.3052035617,1.2896529884\H,-3.936256838,5.3278564722,4.961968 

 8836\H,-4.4205564923,3.1334461,3.9132164541\C,3.3904396973,-2.05148097 

 61,-2.6734075383\C,3.1262627041,-3.3049440278,-3.247247062\H,2.6455846 

 128,-0.4155299065,-1.4705910765\H,1.6762793294,-4.8851375256,-3.530944 

 8477\H,4.3644574583,-1.580086201,-2.8234348394\H,3.8976134996,-3.79836 

 87637,-3.8431022007\\Version=ES64L-G09RevD.01\HF=-2477.478192\S2=0.767 

 387\S2-1=0.\S2A=0.750211\RMSD=4.811e-09\RMSF=2.242e-06\Dipole=0.145804 

 ,-2.1297179,-1.3162405\Quadrupole=11.6009494,-5.0786305,-6.522319,14.8 

 92257,-22.28218,-2.0937666\PG=C01 [X(C56H32N6)]\\@ 

 

2.71b 
 1\1\GINC-R02-NODE38\FOpt\RPBE1PBE\Gen\C56H24F8N6\GRYNOVA\29-Mar-2018\0 

 \\#PBE1PBE/gen SCF=Tight INT(grid=finegrid) OPT IOP(2/17=4) EmpiricalD 

 ispersion=GD3BJ Nosymm\\7g.pbe0.freq\\0,1\C,-0.9953756294,1.8140187687 

 ,0.1687445317\C,-0.9443841409,0.6071760137,-0.5598448135\C,0.029154266 

 4,-0.3664532075,-0.2372458081\C,0.9229931066,-0.1349251345,0.834581185 

 2\C,0.8178575073,1.0519322617,1.5894227834\C,-0.1288333474,2.034219321 

 4,1.2525888076\C,-1.855479451,2.867138876,-0.2660792675\N,-2.543257511 

 1,3.7280439597,-0.6237134233\C,1.5999443222,1.2088633041,2.7733426482\ 

 N,2.2247966226,1.335069013,3.7406801899\N,-0.2092409169,3.2148026373,1 

 .9868474639\C,0.8058912146,4.1658537472,2.1158285792\C,-1.3219931148,3 

 .6460427574,2.7133913865\N,-1.8396625402,0.4070438034,-1.6102329044\C, 

 -1.5029806127,-0.0794135726,-2.8800295397\C,-3.2295827649,0.2741508758 

 ,-1.4454524089\N,0.1069887254,-1.548719578,-0.9721996983\C,1.235741475 

 4,-2.0099706763,-1.6534490913\C,-0.9177372811,-2.4862887606,-1.1238473 

 623\N,1.8914670189,-1.0775133439,1.1803220911\C,3.2759447362,-0.862998 

 249,1.0573684418\C,1.6730880159,-2.457114514,1.2878407469\C,-1.0169453 
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 679,4.8875684946,3.3151670828\C,0.3385011315,5.2190922795,2.9338517448 

 \C,3.9304632177,-2.1150288683,1.0532185375\C,2.9097280989,-3.129725503 

 4,1.1956047144\C,-0.4415952483,-3.5566272265,-1.9141806261\C,0.9364010 

 953,-3.2610998308,-2.2371859116\C,-2.6685411923,-0.556047609,-3.515907 

 1243\C,-3.7681237053,-0.3283296366,-2.6044043535\C,2.0732388994,4.1916 

 712113,1.5395199056\C,-2.5464632304,3.0144498314,2.9147728986\C,-0.265 

 1243871,-0.0965125887,-3.5152474847\C,-4.0260255739,0.5627699726,-0.34 

 03894622\C,2.4670035187,-1.3903363139,-1.8469675369\C,-2.1944616362,-2 

 .5011128104,-0.5692980529\C,3.978573209,0.3241383262,0.8685241011\C,0. 

 4806524276,-3.1439914964,1.4932472965\C,1.1670379958,6.3112802429,3.20 

 32404292\C,5.3129928594,-2.1832564841,0.8751444869\C,2.9518174559,-4.5 

 245347892,1.2465198564\C,-1.2785059602,-4.6361377784,-2.2042674452\C,1 

 .9104881116,-3.9369272067,-2.975024096\C,-2.5886422623,-1.1183007696,- 

 4.7917446053\C,-5.12914778,-0.6303715753,-2.6699612471\C,-1.9680830278 

 ,5.5249580934,4.1158545591\C,-5.9106697161,-0.3283393198,-1.5662108662 

 \C,-5.3812354517,0.2555680058,-0.4121676227\C,-1.3395204554,-1.1796374 

 553,-5.3885018284\C,-0.188826917,-0.6697200083,-4.7786060653\C,-3.0234 

 873402,-3.5767240438,-0.867130927\C,-2.5623745955,-4.6143038549,-1.683 

 0941316\C,0.5263442205,-4.5322417888,1.5279012988\C,1.7489987084,-5.19 

 74334701,1.3920170792\C,5.9996233231,-0.9929365835,0.6964506366\C,5.35 

 61579062,0.2476905675,0.6879184275\C,2.4328303659,6.3137431911,2.64056 

 85194\C,2.891041678,5.2811299916,1.8157890565\C,-3.1897788242,4.895589 

 1985,4.2900351954\C,-3.487231676,3.6578749759,3.7103022745\H,2.4200652 

 807,3.3909608392,0.8846586603\H,-2.7675378208,2.0415433818,2.473353828 

 2\H,0.6266524095,0.3149314,-3.0436654165\H,-3.6191653883,1.0192473562, 

 0.5615081621\H,-2.5498096692,-1.7038259805,0.0824948306\H,3.4823203423 

 ,1.2942804212,0.8623989829\H,-0.4677446339,-2.6211954154,1.6132742038\ 

 H,0.8465110082,7.145999835,3.8280531536\H,5.8511325931,-3.1319417088,0 

 .8582773283\H,3.8851953447,-5.0840241635,1.1730553888\H,-0.9508591191, 

 -5.4801579164,-2.8126203853\H,-3.4639811046,-1.5033923591,-5.316216333 

 5\H,-5.5789814331,-1.100695031,-3.5453543941\H,-1.7743841314,6.4828586 

 258,4.6003993553\F,-7.2128808967,-0.6062706376,-1.5971213318\H,-6.0512 

 80325,0.4721810608,0.4210356019\F,-1.2260379021,-1.7271369604,-6.59750 

 6919\H,0.7613450134,-0.7308906279,-5.3110932316\H,-4.0400508018,-3.626 

 217491,-0.4743176507\F,-3.3885486052,-5.6248958399,-1.9518923397\H,-0. 

 3826772257,-5.1208179054,1.6594969999\F,1.7523996325,-6.5291399501,1.4 
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 237850528\F,7.3195400728,-1.0247059735,0.5207928534\H,5.9552200043,1.1 

 485131963,0.5473924774\F,3.2478024967,7.3398924342,2.8813937113\H,3.89 

 60209541,5.3529723039,1.3974301881\F,-4.1187968858,5.4801137436,5.0452 

 693294\H,-4.4658113257,3.2139009201,3.898606169\C,3.4338841717,-2.0721 

 493749,-2.5767839668\C,3.1492938003,-3.331251773,-3.1140327427\H,2.684 

 5166861,-0.4020809221,-1.4434103605\H,1.7225976027,-4.9067044924,-3.43 

 7632215\H,4.4229237785,-1.6407260061,-2.7375210489\F,4.1040365008,-3.9 

 58530663,-3.8004911927\\Version=ES64L-G09RevD.01\HF=-3269.9685005\RMSD 

 =7.416e-09\RMSF=2.864e-06\Dipole=0.0432976,-0.6677445,-0.4188723\Quadr 

 upole=5.3335757,-3.01749,-2.3160857,7.8542901,-11.6049653,-2.3840731\P 

 G=C01 [X(C56H24F8N6)]\\@ 

 

2.71b.cr_opt 
 1\1\GINC-R03-NODE57\FOpt\UPBE1PBE\Gen\C56H24F8N6(1+,2)\GRYNOVA\30-Mar- 

 2018\0\\#PBE1PBE/gen SCF=Tight INT(grid=finegrid) OPT IOP(2/17=4) Empi 

 ricalDispersion=GD3BJ Nosymm\\7g.cr_opt.pbe0.freq\\1,2\C,-1.0363379165 

 ,1.806482638,0.210846802\C,-0.9728329684,0.6076199303,-0.524726866\C,0 

 .0234345478,-0.3487140167,-0.2170732941\C,0.9426748143,-0.1084706983,0 

 .8315511115\C,0.8510873029,1.0830979355,1.5761228891\C,-0.1320157702,2 

 .0456640538,1.2662161742\C,-1.9242775914,2.839092604,-0.2136577847\N,- 

 2.6429544876,3.675154691,-0.5690287167\C,1.6626031824,1.2441193655,2.7 

 382123954\N,2.3199027627,1.365075817,3.6843169951\N,-0.2086406348,3.22 

 38572052,1.9951748188\C,0.8226804784,4.1568034753,2.1440400778\C,-1.33 

 16423247,3.6733481926,2.6974468273\N,-1.8509010179,0.3886380803,-1.582 

 8081925\C,-1.4751725373,-0.0691493169,-2.856912532\C,-3.2343451581,0.2 

 043906859,-1.4390807607\N,0.0996738788,-1.5298874324,-0.9496197758\C,1 

 .2227580698,-1.9815622628,-1.6415445188\C,-0.9297998165,-2.4582950056, 

 -1.1012719596\N,1.9007702719,-1.0641174071,1.1587151698\C,3.2838664279 

 ,-0.8790882344,1.0092325177\C,1.652304535,-2.4401424778,1.2948192833\C 

 ,-1.0175229437,4.910142615,3.3051121961\C,0.3558596644,5.2189892983,2. 

 951283146\C,3.9110698792,-2.1472534663,0.9983385054\C,2.8710385069,-3. 

 1395750205,1.1792689754\C,-0.4648798923,-3.5224109271,-1.9089507072\C, 

 0.9162938536,-3.2249402497,-2.241525111\C,-2.6091625777,-0.5968829894, 

 -3.5073537837\C,-3.730649768,-0.4223492183,-2.6066551851\C,2.095581873 

 ,4.1670734017,1.5759139775\C,-2.5643538594,3.0508294683,2.8870707296\C 

 ,-0.234755955,-0.0024941099,-3.484200226\C,-4.0575509726,0.4633222466, 
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 -0.3433149336\C,2.4454469983,-1.3448702255,-1.8539425846\C,-2.19333064 

 72,-2.4825216488,-0.5107639992\C,4.0069436456,0.2945845865,0.796654882 

 1\C,0.4531704462,-3.0953250369,1.5589073153\C,1.188393912,6.2978367039 

 ,3.2294522987\C,5.2843468781,-2.2474413888,0.7894294619\C,2.8883267935 

 ,-4.5311332124,1.2620933012\C,-1.3020960784,-4.5927047027,-2.197009472 

 5\C,1.8742044929,-3.8835079752,-3.0018418528\C,-2.4923788213,-1.134815 

 7596,-4.7883339578\C,-5.0735781504,-0.7815677505,-2.6911920909\C,-1.96 

 53461398,5.5593454402,4.0890458833\C,-5.8830219748,-0.5102278241,-1.59 

 56138343\C,-5.3950861705,0.0985859707,-0.4327823083\C,-1.23532376,-1.1 

 172894124,-5.3799197955\C,-0.1190713504,-0.5505109914,-4.7569826843\C, 

 -3.0302300233,-3.5516625119,-0.8071443582\C,-2.5854546259,-4.573195640 

 2,-1.6511617868\C,0.4717581298,-4.4840164858,1.6270598867\C,1.67516241 

 84,-5.1774468761,1.4652651789\C,5.9925448751,-1.0699153203,0.586968304 

 \C,5.3757470681,0.1872438988,0.5845768262\C,2.468793586,6.2810950828,2 

 .682367367\C,2.9248671936,5.2439769846,1.8615196521\C,-3.2043141827,4. 

 9429600228,4.2444785795\C,-3.5093073172,3.7062062616,3.6658200558\H,2. 

 4384420657,3.3665073731,0.9194878577\H,-2.7893919971,2.0765811972,2.45 

 16667062\H,0.6252304715,0.4673346097,-3.0066021736\H,-3.6836143435,0.9 

 427949726,0.5609907995\H,-2.5259146004,-1.7043559496,0.1749084698\H,3. 

 5320074781,1.2753417539,0.800055687\H,-0.4769635603,-2.5486440502,1.71 

 51136089\H,0.8715863135,7.1422335176,3.8430619582\H,5.8046793598,-3.20 

 59533546,0.7686582461\H,3.8075308234,-5.1126479616,1.1798841717\H,-0.9 

 88677683,-5.4359637624,-2.8139891885\H,-3.342467025,-1.5530646407,-5.3 

 288980586\H,-5.4944864057,-1.2694677366,-3.5713584642\H,-1.7679866895, 

 6.5124001814,4.5816042458\F,-7.1629738155,-0.8423703179,-1.6430084694\ 

 H,-6.0882922803,0.2889218573,0.3877897734\F,-1.0873374983,-1.637681643 

 3,-6.5895860598\H,0.8316109462,-0.5380873977,-5.2919788238\H,-4.035135 

 4561,-3.6136702117,-0.3873593669\F,-3.4057109083,-5.5733884633,-1.9204 

 365182\H,-0.4404852063,-5.0511293036,1.8177598238\F,1.6552427962,-6.50 

 08403783,1.5292925833\F,7.2982203857,-1.1311192722,0.3812460316\H,5.99 

 3620532,1.0722159763,0.426063512\F,3.2835837646,7.2906031182,2.9339096 

 462\H,3.9344044143,5.306280231,1.4532540887\F,-4.126211708,5.539552581 

 7,4.9795975893\H,-4.494619736,3.2741772179,3.8454277917\C,3.4039821797 

 ,-2.0106370784,-2.6083133617\C,3.1159211854,-3.2658501926,-3.151572318 

 1\H,2.6558399121,-0.3519333604,-1.4589071772\H,1.6852787473,-4.8434148 

 55,-3.4843714246\H,4.3843535791,-1.5685469449,-2.7909521259\F,4.049122 
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 9059,-3.878778773,-3.8581075722\\Version=ES64L-G09RevD.01\HF=-3269.702 

 4267\S2=0.759945\S2-1=0.\S2A=0.750097\RMSD=4.748e-09\RMSF=1.902e-06\Di 

 pole=0.0170982,-0.3266919,-0.1952875\Quadrupole=4.8257543,9.8987292,-1 

 4.7244835,4.7939198,-9.8689303,23.0664102\PG=C01 [X(C56H24F8N6)]\\@ 

 

2.71b.ar_opt 
 1\1\GINC-R04-NODE04\FOpt\UPBE1PBE\Gen\C56H24F8N6(1-,2)\GRYNOVA\30-Mar- 

 2018\0\\#PBE1PBE/gen SCF=Tight INT(grid=finegrid) OPT IOP(2/17=4) Empi 

 ricalDispersion=GD3BJ Nosymm\\7g.ar_opt.pbe0.freq\\-1,2\C,-0.986654514 

 4,1.8400931536,0.152381176\C,-0.9401608985,0.5838322202,-0.5776005281\ 

 C,0.024899791,-0.3735774594,-0.2318326378\C,0.9118051972,-0.1697836299 

 ,0.8368559753\C,0.7963720374,1.041030263,1.6327157028\C,-0.1328584037, 

 2.0181734743,1.249664332\C,-1.8241070597,2.8916138885,-0.2825106528\N, 

 -2.5346774439,3.7441152797,-0.6386686104\C,1.5571072549,1.1985817889,2 

 .8128493566\N,2.2060568374,1.3269393587,3.7724767338\N,-0.211588877,3. 

 2152951023,1.9891634516\C,0.791272843,4.1673481192,2.0976330056\C,-1.3 

 083669996,3.639761307,2.7248223536\N,-1.8480514165,0.3584795839,-1.629 

 1159466\C,-1.5185274777,-0.0118298956,-2.9268865668\C,-3.2203792446,0. 

 2014210045,-1.4716630596\N,0.106260385,-1.5692506008,-0.977252827\C,1. 

 2199845515,-2.0096585747,-1.6795591525\C,-0.8962209016,-2.5222885908,- 

 1.0986150552\N,1.898322055,-1.1209216996,1.1597936685\C,3.2670436813,- 

 0.9226612352,1.0110207991\C,1.6814533697,-2.4773273151,1.3697353319\C, 

 -1.0089143494,4.8885399322,3.3219996988\C,0.3346394106,5.2277221441,2. 

 9181038339\C,3.9350065804,-2.1686799944,1.0950832944\C,2.917175386,-3. 

 1673435769,1.3155658512\C,-0.42280145,-3.5936829657,-1.894430205\C,0.9 

 362070941,-3.2707437427,-2.2566219063\C,-2.6840943682,-0.447433368,-3. 

 6035506919\C,-3.7770669114,-0.3028172409,-2.6725995112\C,2.0580355781, 

 4.1883635971,1.515054415\C,-2.5340749655,3.0074146067,2.9299182457\C,- 

 0.2753942539,0.0033867033,-3.5579941948\C,-4.00677964,0.421312379,-0.3 

 405209687\C,2.4410134805,-1.3720888253,-1.8918312128\C,-2.16655554,-2. 

 5500901688,-0.5254744258\C,3.9614621223,0.259816601,0.7551038221\C,0.4 

 831356585,-3.1516249881,1.6009158038\C,1.1670883871,6.323553429,3.1696 

 270089\C,5.3209162527,-2.23224866,0.9219067761\C,2.9485587103,-4.55872 

 85969,1.4579352249\C,-1.2499954655,-4.6904081997,-2.1542840957\C,1.909 

 3273785,-3.9253925521,-3.017827219\C,-2.5973110066,-0.9049857793,-4.92 

 29803993\C,-5.143941756,-0.5886571752,-2.7433426737\C,-1.9595301866,5. 
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 5208788031,4.1304797101\C,-5.9079884351,-0.3654106087,-1.6111242427\C, 

 -5.3635983444,0.1310135348,-0.4214840133\C,-1.3494406368,-0.9114939595 

 ,-5.5202911198\C,-0.1979123875,-0.4609690044,-4.8641333594\C,-2.983312 

 3044,-3.6411434354,-0.7951404141\C,-2.5204153215,-4.6831992589,-1.6052 

 740033\C,0.5231631025,-4.5332745952,1.7316250574\C,1.7444057354,-5.212 

 3641401,1.6502484539\C,5.992581715,-1.0496272276,0.6657538315\C,5.3383 

 483577,0.1844623853,0.5808503149\C,2.4236667715,6.3227740037,2.5909808 

 28\C,2.8753325149,5.2814862303,1.772339306\C,-3.1732250289,4.883140723 

 6,4.3153513435\C,-3.4698208024,3.6451562391,3.7340311583\H,2.395560262 

 6,3.3692689779,0.8794178668\H,-2.750196723,2.0428780039,2.4696425143\H 

 ,0.6128953294,0.3622844341,-3.0395033105\H,-3.570426021,0.813932557,0. 

 5781474041\H,-2.5159684093,-1.7427037749,0.1162177308\H,3.4393693215,1 

 .2150196309,0.6966025175\H,-0.4605841916,-2.6113875376,1.667213867\H,0 

 .8541682832,7.1609152345,3.795198778\H,5.8712767254,-3.173180842,0.970 

 0280574\H,3.8783721282,-5.1279356987,1.4146808749\H,-0.9225743583,-5.5 

 342025053,-2.7633863986\H,-3.4699654093,-1.2545102392,-5.4767960156\H, 

 -5.6098894839,-0.9850448877,-3.6468630391\H,-1.7691342504,6.4825413536 

 ,4.6094112285\F,-7.2210912633,-0.6318352505,-1.6470461691\H,-6.0261940 

 104,0.2920344963,0.4304652943\F,-1.2313131012,-1.3566588137,-6.7790230 

 26\H,0.75516277,-0.4872771651,-5.3948085127\H,-3.9935557439,-3.6979422 

 345,-0.3868437528\F,-3.3395955028,-5.7157849566,-1.8447803852\H,-0.390 

 2185711,-5.1085097208,1.8911779883\F,1.7397322667,-6.5468558082,1.7749 

 332534\F,7.3212731226,-1.0781011308,0.4917572173\H,5.9316552126,1.0793 

 600774,0.3859973367\F,3.2452693751,7.3576428198,2.814173464\H,3.878587 

 5752,5.3473071521,1.3482654492\F,-4.1052683011,5.4643947495,5.08295367 

 53\H,-4.4477159548,3.1994828644,3.9232546215\C,3.4041064624,-2.0334398 

 011,-2.6432948494\C,3.1302109855,-3.2945463093,-3.1828663508\H,2.64276 

 9373,-0.3853660879,-1.4777689305\H,1.7314758959,-4.8996289385,-3.47543 

 42902\H,4.3839805853,-1.5857070412,-2.8160472961\F,4.0863097728,-3.902 

 9923991,-3.8972129841\\Version=ES64L-G09RevD.01\HF=-3270.0495101\S2=0. 

 767349\S2-1=0.\S2A=0.750212\RMSD=6.764e-09\RMSF=2.682e-06\Dipole=0.105 

 092,-1.5068355,-0.9208502\Quadrupole=4.0559236,-9.3811647,5.3252411,13 

 .5475761,-19.0182082,-17.3027345\PG=C01 [X(C56H24F8N6)]\\@ 

 

2.71c 
 1\1\GINC-R03-NODE52\FOpt\RPBE1PBE\Gen\C56H24Cl8N6\GRYNOVA\29-Mar-2018\ 
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 0\\#PBE1PBE/gen SCF=Tight INT(grid=finegrid) OPT IOP(2/17=4) Empirical 

 Dispersion=GD3BJ Nosymm\\7e.pbe0.freq\\0,1\C,-1.0119548129,1.847041863 

 4,0.1760975468\C,-0.9569077813,0.6453653636,-0.5602363471\C,0.01469822 

 37,-0.3289120402,-0.241988213\C,0.8932115893,-0.1141393703,0.847671826 

 3\C,0.7879561428,1.0688668146,1.6062163759\C,-0.149710367,2.0583584869 

 ,1.2644924748\C,-1.8745957748,2.9006752187,-0.2526028938\N,-2.56535147 

 13,3.7610682104,-0.6053981975\C,1.5675637383,1.2189775826,2.7928363869 

 \N,2.1931474486,1.3403208721,3.7602260598\N,-0.222988784,3.2396236287, 

 2.0000767411\C,0.7986155839,4.1828788956,2.124438606\C,-1.3304066501,3 

 .6772898062,2.728892209\N,-1.8507646604,0.445823914,-1.6132363596\C,-1 

 .5110597156,-0.0266564434,-2.8864075911\C,-3.2375255388,0.2993624976,- 

 1.4458810599\N,0.1055699918,-1.4984565815,-0.9984014927\C,1.2672510687 

 ,-1.9563436199,-1.6217089618\C,-0.8783116119,-2.4847533846,-1.11161411 

 28\N,1.849494612,-1.0695008455,1.2041498878\C,3.2347261912,-0.88466122 

 97,1.0389321254\C,1.6022388029,-2.4465383171,1.2685065454\C,-1.0161452 

 079,4.9168955795,3.3288079817\C,0.3415183458,5.2396533481,2.9427585953 

 \C,3.8555586767,-2.1506296756,0.9569359828\C,2.8132866978,-3.146350884 

 8,1.0898390945\C,-0.3331589638,-3.5911038408,-1.8013904354\C,1.0418535 

 56,-3.2619505554,-2.109017928\C,-2.6730515553,-0.5063265618,-3.5252477 

 369\C,-3.7735990928,-0.2980751783,-2.6080759934\C,2.0643918892,4.19854 

 91319,1.5452308798\C,-2.5586242968,3.0546831533,2.9324962591\C,-0.2732 

 161068,-0.0336175141,-3.5209774048\C,-4.0325853074,0.568970075,-0.3353 

 654401\C,2.4758400677,-1.2983647719,-1.8278617925\C,-2.1677054851,-2.5 

 171022528,-0.5896419289\C,3.9590687101,0.2908262458,0.8649005621\C,0.3 

 995754689,-3.1093731854,1.4857550952\C,1.1788601491,6.3246231887,3.207 

 7157807\C,5.2215078322,-2.2459250318,0.6959634718\C,2.8089270255,-4.54 

 00190434,1.0294581861\C,-1.1037302162,-4.7352003154,-2.0061388159\C,2. 

 0778586374,-3.9594652265,-2.7302028588\C,-2.588609093,-1.058326171,-4. 

 8042366185\C,-5.129522289,-0.6185494467,-2.6678039154\C,-1.9612095551, 

 5.5595806124,4.1302942196\C,-5.920658652,-0.3409316802,-1.5582785723\C 

 ,-5.3835821823,0.2448948317,-0.403327316\C,-1.3391376827,-1.1133709712 

 ,-5.4116166686\C,-0.1928730612,-0.5974618732,-4.7876355325\C,-2.932638 

 2651,-3.6573903146,-0.8065100724\C,-2.4037541202,-4.7479309222,-1.5125 

 848957\C,0.3987983495,-4.4966904107,1.4151908065\C,1.5887099267,-5.194 

 7933145,1.1625204565\C,5.939298405,-1.0686197424,0.5169419787\C,5.3215 

 138858,0.1871804753,0.6031300587\C,2.4498179784,6.3263533055,2.6444805 



  Chapter 8: Experimental Part 

392 

 962\C,2.8911733012,5.2814953906,1.8182754431\C,-3.1942331515,4.9443493 

 663,4.3140518854\C,-3.4934142888,3.7043869301,3.7291614971\H,2.4047685 

 67,3.3950437331,0.8901355879\H,-2.788809379,2.0835962255,2.4915523069\ 

 H,0.6172575212,0.3774681091,-3.04634359\H,-3.6281547757,1.0220760347,0 

 .5694571706\H,-2.5811847764,-1.6890689284,-0.0153790756\H,3.4911170207 

 ,1.2731949134,0.9263022601\H,-0.5258644512,-2.5668878763,1.6782492209\ 

 H,0.8536786002,7.1560517118,3.8343048632\H,5.7168925099,-3.2131165999, 

 0.6036973614\H,3.7244532539,-5.1080603519,0.86147931\H,-0.7024960196,- 

 5.6067879549,-2.5245128398\H,-3.4690543829,-1.4440315911,-5.319402014\ 

 H,-5.5643561332,-1.0893981264,-3.550312374\H,-1.7474593109,6.516691758 

 4,4.607625441\Cl,-7.606702437,-0.7320835221,-1.5940134612\H,-6.0403167 

 403,0.4491474092,0.4430200048\Cl,-1.1885740033,-1.8199997456,-6.984839 

 1769\H,0.7645254594,-0.6442095673,-5.3078107914\H,-3.9533982359,-3.712 

 1041599,-0.426084993\Cl,-3.3937152364,-6.1478502058,-1.7565817535\H,-0 

 .5317881888,-5.0524224024,1.5362104753\Cl,1.5282342042,-6.9188983474,1 

 .0129041625\Cl,7.6330669556,-1.1482570465,0.1673243632\H,5.9242542636, 

 1.0857164287,0.4660868811\Cl,3.5178471861,7.6533518061,2.9569595397\H, 

 3.8931136647,5.3319179144,1.3904874031\Cl,-4.3930694507,5.7163397468,5 

 .2969358895\H,-4.4706333651,3.2554531447,3.9105353831\C,3.5035616463,- 

 1.9992003712,-2.4467933305\C,3.3071470581,-3.322695723,-2.8672046879\H 

 ,2.6348571488,-0.2705238997,-1.5022399313\H,1.9418754967,-4.9787630567 

 ,-3.09329227\H,4.476738734,-1.5299584588,-2.5955915502\Cl,4.633101041, 

 -4.1758850722,-3.5846622458\\Version=ES64L-G09RevD.01\HF=-6151.8917235 

 \RMSD=7.916e-09\RMSF=3.369e-06\Dipole=0.02181,-0.5642622,-0.3817545\Qu 

 adrupole=5.917381,-3.2476726,-2.6697085,8.0943238,-11.9230946,-2.33270 

 96\PG=C01 [X(C56H24Cl8N6)]\\@ 

 

2.71c.cr_opt 
 1\1\GINC-R05-NODE47\FOpt\UPBE1PBE\Gen\C56H24Cl8N6(1+,2)\GRYNOVA\30-Mar 

 -2018\0\\#PBE1PBE/gen SCF=Tight INT(grid=finegrid) OPT IOP(2/17=4) Emp 

 iricalDispersion=GD3BJ Nosymm\\7e.cr_opt.pbe0.freq\\1,2\C,-1.067432131 

 4,1.8513633817,0.2006925785\C,-0.9847203248,0.6724550075,-0.5696075881 

 \C,0.0306999904,-0.2623169593,-0.2900596589\C,0.8864694549,-0.06876254 

 32,0.8165323059\C,0.7929277903,1.1007459954,1.5857109733\C,-0.17508860 

 97,2.0781204097,1.2679619584\C,-1.978172628,2.874512165,-0.1996367749\ 

 N,-2.7135202268,3.7021393862,-0.5397341369\C,1.6100628283,1.2352301503 
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 ,2.747498782\N,2.2873188759,1.328670209,3.6825008824\N,-0.2424208709,3 

 .253608627,2.0033586505\C,0.8027626474,4.1713587336,2.1523202722\C,-1. 

 3596975877,3.7207335627,2.7023649467\N,-1.8848510935,0.44425422,-1.604 

 9258272\C,-1.5521310057,0.0699865651,-2.9153204455\C,-3.2573125271,0.2 

 26005108,-1.4148660046\N,0.1968552256,-1.4050014324,-1.0826269708\C,1. 

 4082139409,-1.7465182528,-1.6737695476\C,-0.6514804784,-2.5145438428,- 

 1.1144939387\N,1.778281443,-1.091421595,1.1795250906\C,3.1455332473,-1 

 .0803549763,0.8875021652\C,1.3717812639,-2.4223319841,1.3385104578\C,- 

 1.0286981642,4.9541869466,3.3063802319\C,0.3499400597,5.2421723188,2.9 

 544209738\C,3.5973929263,-2.4179304277,0.7782594303\C,2.463224384,-3.2 

 751472262,1.071409487\C,0.064841388,-3.60811954,-1.6574565214\C,1.3808 

 778938,-3.1151441159,-2.0249638222\C,-2.7075389304,-0.4227275402,-3.55 

 54399432\C,-3.793626402,-0.3287542024,-2.5991179037\C,2.0786565872,4.1 

 594596496,1.592961944\C,-2.6038172667,3.1218097102,2.8878559151\C,-0.3 

 389483923,0.1901899233,-3.5854653279\C,-4.0345675871,0.3992586341,-0.2 

 714526714\C,2.5087348186,-0.9346347476,-1.9535655065\C,-1.946815083,-2 

 .656554765,-0.6223991419\C,3.9880051581,0.0031957296,0.6438526959\C,0. 

 1255581609,-2.9170552613,1.7150969396\C,1.1988665421,6.3087708562,3.23 

 09867019\C,4.8951501585,-2.677661191,0.3561277906\C,2.2859331281,-4.65 

 59307758,1.0948576917\C,-0.5065809805,-4.8728641816,-1.6706164388\C,2. 

 5069820866,-3.706218028,-2.5834713726\C,-2.638599106,-0.8592660979,-4. 

 8779095307\C,-5.1361599387,-0.6971759328,-2.6494345738\C,-1.9700174314 

 ,5.620675946,4.0836207203\C,-5.9144500181,-0.5115274505,-1.508753023\C 

 ,-5.3724566283,0.027615924,-0.3307524982\C,-1.4103265926,-0.7861191934 

 ,-5.5307641709\C,-0.2737683724,-0.2567360643,-4.8994684522\C,-2.521899 

 9471,-3.9218297575,-0.6633277618\C,-1.8029341152,-5.0168542362,-1.1626 

 576838\C,-0.0448372704,-4.2956259504,1.7403889094\C,1.0147234924,-5.14 

 81339736,1.3978036643\C,5.7247832786,-1.590063334,0.0699407859\C,5.287 

 6552877,-0.2654385965,0.2337353683\C,2.4874489333,6.2819513617,2.69337 

 23721\C,2.9225422665,5.2249831275,1.8782878361\C,-3.2271568527,5.03380 

 2374,4.2435563334\C,-3.5405548281,3.7958538383,3.6600250143\H,2.416492 

 0516,3.3492546641,0.9453580974\H,-2.8480510468,2.1527479001,2.45126518 

 13\H,0.5385515217,0.6295835877,-3.1115113388\H,-3.6260689328,0.8180310 

 846,0.648423525\H,-2.5013126747,-1.8213412898,-0.1958916618\H,3.648284 

 4031,1.0328022019,0.7629996084\H,-0.6968196801,-2.2505256561,1.9781232 

 072\H,0.8783038726,7.1529704198,3.842711402\H,5.260619327,-3.695488956 
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 2,0.2147947124\H,3.1014651676,-5.3438057126,0.8679857603\H,0.036238998 

 8,-5.7461621291,-2.0340287029\H,-3.5152152602,-1.244942136,-5.39984573 

 67\H,-5.5754887157,-1.1308241347,-3.5486976879\H,-1.7448815238,6.57279 

 84251,4.5656710147\Cl,-7.5778401488,-0.9587023454,-1.5340717283\H,-6.0 

 191726904,0.1580245047,0.5376631823\Cl,-1.2814133757,-1.3363865714,-7. 

 1598600744\H,0.660699031,-0.1897086554,-5.4578948476\H,-3.5345160318,- 

 4.0764443597,-0.2887144366\Cl,-2.5157218915,-6.5791476749,-1.124967398 

 5\H,-1.0091817013,-4.7286047617,2.0074002371\Cl,0.7285594636,-6.846443 

 2367,1.3382666304\Cl,7.312320592,-1.8804317778,-0.521284707\H,5.981979 

 3091,0.5501799115,0.0281090783\Cl,3.565378877,7.5809749787,3.023207773 

 5\H,3.9328256417,5.2547588213,1.4689173702\Cl,-4.417579771,5.836956195 

 8,5.1896211296\H,-4.5304713201,3.3692453446,3.8247765018\C,3.626008636 

 1,-1.5265000894,-2.5250764046\C,3.6336343892,-2.9031212384,-2.79920344 

 32\H,2.5026076059,0.132536481,-1.7296660842\H,2.5322654467,-4.76512653 

 38,-2.8439081559\H,4.516257913,-0.9365464345,-2.7438137836\Cl,5.071520 

 6501,-3.6185465131,-3.4109608519\\Version=ES64L-G09RevD.01\HF=-6151.62 

 44985\S2=0.7581\S2-1=0.\S2A=0.750066\RMSD=5.639e-09\RMSF=3.229e-06\Dip 

 ole=0.6000222,-0.5841405,-0.0332361\Quadrupole=7.6779123,13.0273837,-2 

 0.7052959,2.7303431,-14.2922603,22.5539184\PG=C01 [X(C56H24Cl8N6)]\\@ 

 

2.71c.ar_opt 
 1\1\GINC-R05-NODE56\FOpt\UPBE1PBE\Gen\C56H24Cl8N6(1-,2)\GRYNOVA\30-Mar 

 -2018\0\\#PBE1PBE/gen SCF=Tight INT(grid=finegrid) OPT IOP(2/17=4) Emp 

 iricalDispersion=GD3BJ Nosymm\\7e.ar_opt.pbe0.freq\\-1,2\C,-1.02662888 

 76,1.8750019852,0.1326588217\C,-0.9432344946,0.6392009692,-0.631663899 

 6\C,0.0264169492,-0.3071129857,-0.3021452524\C,0.8779992938,-0.1350233 

 551,0.8074245197\C,0.7529191683,1.0644204982,1.6127326969\C,-0.1777991 

 498,2.0405956161,1.2395647403\C,-1.8811653597,2.9181445064,-0.28459158 

 53\N,-2.6065547576,3.7636014161,-0.6284909288\C,1.5347837392,1.2184516 

 317,2.7809320645\N,2.2025608796,1.3397590113,3.7276576414\N,-0.2605256 

 011,3.2309970008,1.9907739703\C,0.7428654844,4.1805565106,2.1083795214 

 \C,-1.361001009,3.6521435196,2.7211840076\N,-1.8529909383,0.4132482733 

 ,-1.6816037149\C,-1.5467294731,0.168698516,-3.0115789487\C,-3.21847312 

 54,0.2392080723,-1.5095076296\N,0.156447267,-1.479469207,-1.0880071795 

 \C,1.3506317248,-1.8735340693,-1.6800504536\C,-0.6829983015,-2.5863325 

 768,-1.0223725934\N,1.8100911949,-1.1334562634,1.1652632803\C,3.167553 
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 5201,-1.0848286065,0.8653867878\C,1.4720298713,-2.4641100754,1.3891306 

 574\C,-1.0633255993,4.896297484,3.3278555935\C,0.2840575082,5.23664336 

 04,2.9322782337\C,3.6910535018,-2.4000509675,0.8264933658\C,2.59828863 

 81,-3.2878730578,1.1550375614\C,0.0003494854,-3.7169319097,-1.53425937 

 13\C,1.3043930614,-3.2589503181,-1.9560301242\C,-2.7281200524,-0.19016 

 20873,-3.7064393738\C,-3.8027106321,-0.1417190112,-2.7419109019\C,2.01 

 29355567,4.2023193164,1.5336434812\C,-2.59009301,3.0228564038,2.912645 

 4974\C,-0.3160106432,0.2403087332,-3.6619668369\C,-3.9787162784,0.3506 

 726562,-0.3449273903\C,2.4703986321,-1.1053709479,-1.9947340493\C,-1.9 

 699030918,-2.6895425603,-0.4990258771\C,3.9568602249,0.0249163673,0.57 

 0884859\C,0.2421698593,-3.0019427408,1.7646972691\C,1.1156670103,6.328 

 4001523,3.1935657978\C,5.0127095023,-2.6115163442,0.4298850438\C,2.467 

 682916,-4.67805324,1.2136082082\C,-0.597354,-4.9768380013,-1.482047639 

 8\C,2.4256361843,-3.8999030432,-2.488937973\C,-2.6707683839,-0.5009864 

 36,-5.0675186388\C,-5.1716682601,-0.4096985955,-2.8102207572\C,-2.0160 

 410024,5.5240968955,4.1340771154\C,-5.9208334433,-0.2938386187,-1.6461 

 839997\C,-5.3390210913,0.0812464562,-0.4249650109\C,-1.4359743781,-0.4 

 449398555,-5.6998433611\C,-0.2684592157,-0.0751592153,-5.0125185697\C, 

 -2.5603819061,-3.9461717104,-0.4633103963\C,-1.8707511581,-5.072973525 

 1,-0.9365029414\C,0.1220008327,-4.3826892844,1.8279638389\C,1.22004228 

 58,-5.2026730933,1.5239300848\C,5.7809016323,-1.5019019384,0.102477571 

 1\C,5.2732901956,-0.1954613684,0.1867953019\C,2.3814897021,6.337176248 

 8,2.6234093087\C,2.8305567426,5.2920007928,1.8007063414\C,-3.239340180 

 9,4.8925261221,4.3135285549\C,-3.5293508399,3.6563167334,3.7148031067\ 

 H,2.3553612979,3.3851139356,0.8979016254\H,-2.809814354,2.0648765314,2 

 .4407710179\H,0.5860239002,0.5326350078,-3.1263091781\H,-3.5192874229, 

 0.6471692907,0.5986691332\H,-2.4959316461,-1.8193861621,-0.108326661\H 

 ,3.5473010197,1.0342822684,0.6275969559\H,-0.6089844563,-2.3534661884, 

 1.9730578135\H,0.7884172131,7.1566372696,3.8235871827\H,5.4295576121,- 

 3.6154416394,0.3403765616\H,3.3068414619,-5.3397192226,0.9946623499\H, 

 -0.0755141258,-5.8710625328,-1.8244614684\H,-3.5640909552,-0.783209932 

 1,-5.6264560013\H,-5.6480322754,-0.7113578029,-3.7441156439\H,-1.81392 

 88604,6.482244783,4.6147758929\Cl,-7.6288049607,-0.6231910929,-1.69476 

 53649\H,-5.9710184967,0.1641633794,0.4601945123\Cl,-1.3247257941,-0.83 

 85894979,-7.3912688775\H,0.6792009265,-0.0420173013,-5.5516262263\H,-3 

 .5653813749,-4.0685925922,-0.057236515\Cl,-2.6298718262,-6.6323102135, 
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 -0.8149270115\H,-0.8336335125,-4.8444598883,2.0778520383\Cl,0.98987294 

 76,-6.9270852061,1.5073195886\Cl,7.4160592717,-1.7293881675,-0.4457241 

 852\H,5.9255690554,0.6433610852,-0.0603210768\Cl,3.4460546942,7.679171 

 5503,2.9297543828\H,3.8339730331,5.3453605105,1.376410516\Cl,-4.451196 

 4192,5.6467409157,5.3087565879\H,-4.5059678253,3.2013026349,3.88464521 

 81\C,3.5779663509,-1.7472683476,-2.5305758905\C,3.5545124135,-3.133395 

 4681,-2.746634039\H,2.4939861706,-0.0355814643,-1.7865783396\H,2.43215 

 12248,-4.974280583,-2.6769508784\H,4.4880660708,-1.1889161237,-2.75120 

 45011\Cl,4.9993313418,-3.9085199755,-3.3256089645\\Version=ES64L-G09Re 

 vD.01\HF=-6151.979874\S2=0.767575\S2-1=0.\S2A=0.750219\RMSD=7.128e-09\ 

 RMSF=4.256e-06\Dipole=0.2153552,-1.5497361,-0.8827777\Quadrupole=4.335 

 4309,-11.535436,7.2000051,14.9557599,-17.0726744,-18.0516664\PG=C01 [X 

 (C56H24Cl8N6)]\\@ 

 

2.71d 
 1\1\GINC-R08-NODE07\FOpt\RPBE1PBE\Gen\C56H24Br8N6\GRYNOVA\30-Mar-2018\ 

 0\\#PBE1PBE/gen SCF=Tight INT(grid=finegrid) OPT IOP(2/17=4) Empirical 

 Dispersion=GD3BJ pseudo=read Nosymm\\7f.pbe0.freq\\0,1\C,-1.0460453376 

 ,1.862909102,0.1737836128\C,-0.9739461744,0.6740272243,-0.5826059837\C 

 ,0.0102655539,-0.2872123607,-0.2831515758\C,0.852214038,-0.0997829243, 

 0.839194809\C,0.7496391724,1.0753630195,1.6045717565\C,-0.1825083455,2 

 .0717523613,1.2620250403\C,-1.9335153293,2.9030185698,-0.2375505035\N, 

 -2.6473834924,3.7491415347,-0.5782268894\C,1.5407570818,1.2143459705,2 

 .7851909895\N,2.184490513,1.3266355764,3.7415458903\N,-0.2444989301,3. 

 2541439224,1.9970757794\C,0.7934473812,4.1798925909,2.1211308406\C,-1. 

 346525816,3.7125942968,2.7213412763\N,-1.8753933243,0.4687089489,-1.62 

 86971638\C,-1.5463936279,0.0743051744,-2.9290880033\C,-3.2500503208,0. 

 2700546275,-1.4395399508\N,0.159279857,-1.4249745346,-1.0845600235\C,1 

 .3730603961,-1.7961647609,-1.6667797286\C,-0.7047677474,-2.5240110239, 

 -1.1234973785\N,1.7612924777,-1.0959967053,1.2232484249\C,3.1406758556 

 ,-1.0301164835,0.9655313371\C,1.4065226801,-2.4469923146,1.3317730665\ 

 C,-1.0119581303,4.9487955519,3.3175829373\C,0.3518604751,5.2472269871, 

 2.9339914349\C,3.6464977034,-2.3442387863,0.84804004\C,2.5389979792,-3 

 .2484614462,1.0799874531\C,-0.012492154,-3.6229717182,-1.6828435372\C, 

 1.3143161618,-3.158306397,-2.0278125497\C,-2.7101974184,-0.3960771239, 

 -3.5733151784\C,-3.7957803215,-0.2752364441,-2.6229823956\C,2.06149606 
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 65,4.1690618027,1.5466149328\C,-2.5860884645,3.1120299538,2.9223859178 

 \C,-0.3213763166,0.1384109235,-3.5853556036\C,-4.0243496089,0.45915214 

 72,-0.2979401403\C,2.5004448795,-1.0182449552,-1.915730777\C,-2.005331 

 6167,-2.6456803335,-0.6445700891\C,3.9449074909,0.0853529598,0.7568475 

 881\C,0.1712107671,-2.9998627081,1.6534789519\C,1.2069178384,6.3187301 

 778,3.1971966125\C,4.9728401922,-2.549389228,0.4695363862\C,2.41054809 

 96,-4.6378788021,1.0461253646\C,-0.6210266122,-4.8768504083,-1.7346865 

 89\C,2.443693129,-3.7819824372,-2.561001724\C,-2.6400503017,-0.8567267 

 915,-4.8892364058\C,-5.145649004,-0.6236893063,-2.671682218\C,-1.94735 

 93581,5.6108181718,4.1144889793\C,-5.9147399285,-0.4245425966,-1.53083 

 09877\C,-5.3693565424,0.1087399003,-0.3552617648\C,-1.4039941917,-0.83 

 04714024,-5.5233034952\C,-0.2553664179,-0.3327245737,-4.8902890142\C,- 

 2.6088116986,-3.8962184574,-0.7121247859\C,-1.9138680897,-4.9944036656 

 ,-1.2388307034\C,0.0488541702,-4.3834291525,1.6235716982\C,1.152611544 

 6,-5.178980673,1.2863560684\C,5.7615188195,-1.4308271261,0.2287726635\ 

 C,5.2678527863,-0.1276778679,0.3840617507\C,2.4781618072,6.2927615286, 

 2.6366668456\C,2.9069561886,5.2383139476,1.817630167\C,-3.1897781771,5 

 .0152658368,4.2950587439\C,-3.5121984932,3.7802507105,3.7142572936\H,2 

 .3919740087,3.3551299479,0.8994431554\H,-2.8341563154,2.1456597604,2.4 

 813595707\H,0.5688466705,0.5390814186,-3.101909268\H,-3.6068861388,0.8 

 694258878,0.6216099774\H,-2.542647993,-1.8057518603,-0.2055744232\H,3. 

 5618855063,1.100425959,0.8673522184\H,-0.6872975022,-2.3731954249,1.89 

 70395171\H,0.8896493709,7.1560868975,3.8201973157\H,5.3730766534,-3.55 

 40774835,0.3277257679\H,3.2597498887,-5.2807283793,0.8109678352\H,-0.0 

 926422474,-5.7478001997,-2.1241191676\H,-3.5245951376,-1.229203414,-5. 

 4074960837\H,-5.585801897,-1.0542682061,-3.5722314324\H,-1.7131057854, 

 6.5657424422,4.586952867\Br,-7.7523074449,-0.8975115096,-1.5553548943\ 

 H,-6.0073033284,0.2512828546,0.5178960801\Br,-1.2616855629,-1.47245618 

 25,-7.3034923816\H,0.6932485153,-0.314538218,-5.428409858\H,-3.6272572 

 27,-4.0286561023,-0.3442617169\Br,-2.759794299,-6.6925695014,-1.249958 

 5513\H,-0.9130166783,-4.8537919483,1.829961352\Br,0.8987150833,-7.0516 

 40154,1.1151258637\Br,7.5512222874,-1.6670554736,-0.3545499315\H,5.928 

 7245554,0.7217777739,0.2065177272\Br,3.6717704323,7.7289965343,2.97749 

 32904\H,3.9106538352,5.2631589447,1.3914662331\Br,-4.4898803324,5.8888 

 946203,5.3674035228\H,-4.4967081841,3.3447388141,3.8896038329\C,3.6180 

 888185,-1.6408239344,-2.4567290384\C,3.5887537581,-3.0140052441,-2.738 
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 8389435\H,2.5291186177,0.0433321556,-1.6678671558\H,2.439143548,-4.843 

 4373224,-2.8122868926\H,4.5316841504,-1.0720986232,-2.6329263306\Br,5. 

 1818005591,-3.8465748389,-3.3477695507\\Version=ES64L-G09RevD.01\HF=-2 

 576.7787164\RMSD=3.411e-09\RMSF=3.761e-06\Dipole=-0.0525069,-0.1498629 

 ,-0.2085434\Quadrupole=4.420551,-4.6488058,0.2282548,8.2778991,-11.174 

 5657,-5.8325233\PG=C01 [X(C56H24Br8N6)]\\@ 

 

2.71d.cr_opt 
 1\1\GINC-R03-NODE39\FOpt\UPBE1PBE\Gen\C56H24Br8N6(1+,2)\GRYNOVA\30-Mar 

 -2018\0\\#PBE1PBE/gen SCF=Tight INT(grid=finegrid) OPT IOP(2/17=4) Emp 

 iricalDispersion=GD3BJ pseudo=read Nosymm\\7f.cr_opt.pbe0.freq\\1,2\C, 

 -1.0630476349,1.8728919291,0.1991275053\C,-0.980181865,0.6954860456,-0 

 .5724661008\C,0.0261338735,-0.2462273119,-0.2844434916\C,0.8760384982, 

 -0.0587711083,0.827013873\C,0.7828718474,1.1100809639,1.5972464576\C,- 

 0.1778263499,2.0921959004,1.2736767497\C,-1.9704470202,2.8990483672,-0 

 .2013414531\N,-2.7043020873,3.7285791092,-0.5398505234\C,1.5964633144, 

 1.2426997853,2.7617834728\N,2.2710482103,1.3354308507,3.6987189167\N,- 

 0.244770197,3.267477255,2.0111876803\C,0.8006643073,4.1841821981,2.160 

 5469993\C,-1.3611366174,3.7325691604,2.7120744783\N,-1.8736002559,0.47 

 20220017,-1.6164576409\C,-1.5252737102,0.0823644421,-2.918066211\C,-3. 

 24252988,0.2288871288,-1.4308844361\N,0.190942487,-1.3905221919,-1.076 

 3447707\C,1.3994438739,-1.7326448713,-1.6720727985\C,-0.6630945141,-2. 

 4943002883,-1.1149204388\N,1.7644285801,-1.0854801974,1.1899602752\C,3 

 .1314374685,-1.0766158646,0.8996119529\C,1.3537701326,-2.4159657654,1. 

 344081507\C,-1.0293587636,4.9649924836,3.3179205633\C,0.348772541,5.25 

 34199572,2.9653170947\C,3.5801208229,-2.4152164382,0.7864144947\C,2.44 

 31739261,-3.2703015667,1.0735922588\C,0.0452197622,-3.5868402774,-1.67 

 06958536\C,1.3640373038,-3.0983924384,-2.0342915522\C,-2.6652022332,-0 

 .4477739162,-3.555681555\C,-3.7588187988,-0.3599202475,-2.6077495359\C 

 ,2.0763707989,4.1702458934,1.6011585376\C,-2.6049022209,3.1325397903,2 

 .89555076\C,-0.3085511417,0.2130995748,-3.5793056166\C,-4.0291336713,0 

 .4069551758,-0.2947743535\C,2.5034242067,-0.9234285662,-1.9450024105\C 

 ,-1.9583329097,-2.6313034162,-0.6209619749\C,3.9764625432,0.0065543472 

 ,0.661702389\C,0.1054029227,-2.907958077,1.7162055244\C,1.1998260703,6 

 .3183594716,3.2439484364\C,4.8783751422,-2.6766424593,0.366285304\C,2. 

 2603327735,-4.6506905296,1.0846656977\C,-0.5367579299,-4.8468300094,-1 



  Chapter 8: Experimental Part 

399 

 .6985614164\C,2.4886965757,-3.691294588,-2.5943285131\C,-2.5746592754, 

 -0.9149959006,-4.866728514\C,-5.0910671246,-0.7657361606,-2.6557992397 

 \C,-1.9710476546,5.6297010788,4.0969543565\C,-5.8752408653,-0.58101110 

 46,-1.5201288236\C,-5.3566965804,-0.0018755711,-0.3515926998\C,-1.3411 

 25891,-0.8326089009,-5.5066872261\C,-0.2210399104,-0.2645756493,-4.881 

 6488008\C,-2.5447683895,-3.8910592454,-0.6776105216\C,-1.834301928,-4. 

 9835225474,-1.192599742\C,-0.0709905169,-4.2868189005,1.7302474797\C,0 

 .986481144,-5.1380065503,1.3819367591\C,5.7085834341,-1.5889055054,0.0 

 858364754\C,5.2763929949,-0.2634866108,0.2528357098\C,2.4868511999,6.2 

 884334054,2.7049486701\C,2.9224797518,5.234068106,1.8884761597\C,-3.22 

 62334758,5.0401356448,4.2550034313\C,-3.5420778921,3.8046532659,3.6697 

 711356\H,2.4128370509,3.3605468145,0.9522348334\H,-2.8488304036,2.1642 

 781551,2.4569359392\H,0.5546500348,0.682169418,-3.107376514\H,-3.63679 

 27472,0.8563403146,0.6175551269\H,-2.5040002594,-1.7976700114,-0.18058 

 09991\H,3.6393280575,1.0365115371,0.7847092393\H,-0.7146628478,-2.2403 

 837414,1.9836811678\H,0.8758864015,7.1591706071,3.8590083426\H,5.23766 

 17558,-3.697121226,0.2261119914\H,3.0766905248,-5.3357432235,0.8513310 

 501\H,0.0023544617,-5.7168521332,-2.0760724308\H,-3.4410252186,-1.3318 

 84752,-5.3821885057\H,-5.5097902631,-1.2285234763,-3.55070091\H,-1.740 

 96908,6.5812767659,4.5783581697\Br,-7.6820364124,-1.1331161677,-1.5413 

 975936\H,-6.0061124488,0.1312454161,0.514705534\Br,-1.1703026079,-1.48 

 33965216,-7.2744269961\H,0.7201284213,-0.1899801283,-5.4282301617\H,-3 

 .5586045443,-4.036063675,-0.3017933934\Br,-2.6293116091,-6.6897746674, 

 -1.1728804381\H,-1.0398163915,-4.7126215651,1.9936328895\Br,0.66520500 

 8,-6.9975978942,1.2933813149\Br,7.4473766572,-1.9108910406,-0.56268894 

 54\H,5.9687055389,0.5555029759,0.0529002153\Br,3.6707316499,7.71086952 

 89,3.0704851769\H,3.9320193411,5.2575178657,1.4763574973\Br,-4.5300120 

 669,5.9188861823,5.2966351209\H,-4.5304480346,3.3723368853,3.830540956 

 9\C,3.6189033075,-1.5164482712,-2.5202415995\C,3.6180475717,-2.8905055 

 366,-2.8025718257\H,2.5018589424,0.1421887174,-1.7141700505\H,2.504627 

 7523,-4.7493956867,-2.8597446643\H,4.5087626327,-0.9236835809,-2.73403 

 39791\Br,5.1927606227,-3.6793084409,-3.4703604512\\Version=ES64L-G09Re 

 vD.01\HF=-2576.5032234\S2=0.757621\S2-1=0.\S2A=0.750059\RMSD=6.355e-09 

 \RMSF=4.719e-06\Dipole=0.7213894,-0.7122403,-0.0429002\Quadrupole=8.00 

 90037,12.4869932,-20.4959968,2.7158059,-14.6119123,21.0889567\PG=C01 [ 

 X(C56H24Br8N6)]\\@ 
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2.71d.ar_opt 
 1\1\GINC-R08-NODE11\FOpt\UPBE1PBE\Gen\C56H24Br8N6(1-,2)\GRYNOVA\30-Mar 

 -2018\0\\#PBE1PBE/gen SCF=Tight INT(grid=finegrid) OPT IOP(2/17=4) Emp 

 iricalDispersion=GD3BJ pseudo=read Nosymm\\7f.ar_opt.pbe0.freq\\-1,2\C 

 ,-1.0251535067,1.8817529787,0.1323267869\C,-0.9398404222,0.6468623161, 

 -0.6324408593\C,0.0266131803,-0.3012799361,-0.2991420682\C,0.874795937 

 6,-0.1311236906,0.8131886192\C,0.7496654678,1.0687330909,1.617480496\C 

 ,-0.1790993995,2.0451304316,1.2413878428\C,-1.8811958023,2.9244065129, 

 -0.282888181\N,-2.6084657512,3.7690552693,-0.6242351382\C,1.531145708, 

 1.2248229288,2.7856840447\N,2.1988452578,1.3486915279,3.7319108362\N,- 

 0.2631814096,3.2356619642,1.9931952281\C,0.7377095887,4.18733701,2.107 

 1756016\C,-1.3617872845,3.6513498091,2.7283664618\N,-1.8469075171,0.42 

 04373946,-1.6850268658\C,-1.5349960532,0.1685000945,-3.0119337781\C,-3 

 .2122917771,0.2448396822,-1.5160100302\N,0.1554912909,-1.4750268756,-1 

 .0835258237\C,1.3485759273,-1.8728892753,-1.6741630684\C,-0.6901685301 

 ,-2.5769014224,-1.021822719\N,1.8077183547,-1.1292985325,1.1705129465\ 

 C,3.1656747503,-1.0758509777,0.8750235422\C,1.4714616239,-2.4608916494 

 ,1.3890544663\C,-1.0656103683,4.8959286043,3.3352129553\C,0.2791622266 

 ,5.2409890564,2.9345280363\C,3.6921703793,-2.3897563647,0.8320776575\C 

 ,2.5998948333,-3.2814058011,1.152099414\C,-0.0121364996,-3.7098584904, 

 -1.5356645636\C,1.2961700686,-3.2581355773,-1.9513655075\C,-2.71294325 

 86,-0.1991556367,-3.7082100355\C,-3.7911543153,-0.1466079673,-2.747701 

 255\C,2.0050502544,4.2115571905,1.526540843\C,-2.5873908944,3.01624183 

 9,2.9229552755\C,-0.3015090864,0.2405075919,-3.6570606669\C,-3.9751782 

 817,0.3625377293,-0.3537233945\C,2.4721599989,-1.1084155187,-1.9844450 

 787\C,-1.9779994416,-2.6728147385,-0.499308232\C,3.9516291765,0.037864 

 5215,0.5861621987\C,0.2414299886,-3.0014620183,1.7603686578\C,1.108666 

 4271,6.3343243598,3.1939678599\C,5.0146461686,-2.5973451829,0.43678882 

 08\C,2.4699960572,-4.6717717943,1.1943781427\C,-0.617169841,-4.9663765 

 705,-1.4889789574\C,2.4184857891,-3.9054973379,-2.4732437133\C,-2.6494 

 429819,-0.5218456276,-5.0658409682\C,-5.1584815989,-0.4206934829,-2.81 

 85310485\C,-2.0168504462,5.5193432217,4.1459023482\C,-5.9073448031,-0. 

 2989622315,-1.6553281624\C,-5.3343502249,0.0873394074,-0.4343174985\C, 

 -1.4106741731,-0.466126912,-5.689645879\C,-0.2458370622,-0.0864936335, 

 -5.0047110204\C,-2.5782252477,-3.9251096318,-0.4699347811\C,-1.8929185 
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 946,-5.0518073567,-0.9478743085\C,0.1205197182,-4.3830085495,1.8105983 

 418\C,1.2205728986,-5.1958104241,1.4973942961\C,5.7774842762,-1.482251 

 2735,0.1170010415\C,5.2697207176,-0.176697982,0.2041685858\C,2.3708026 

 399,6.3429596012,2.6166881125\C,2.8224183455,5.3022405966,1.7911139539 

 \C,-3.2353185961,4.8798035899,4.326894605\C,-3.5269897239,3.6443165047 

 ,3.7292988851\H,2.3461451196,3.3961535701,0.8878350137\H,-2.8046226726 

 ,2.057597894,2.4513231596\H,0.5966160298,0.5425825138,-3.12026853\H,-3 

 .5196050697,0.6678042232,0.5888264063\H,-2.4983933824,-1.8011983789,-0 

 .1046114049\H,3.5397112595,1.0459683179,0.6464372105\H,-0.6096478535,- 

 2.3550324791,1.9752677859\H,0.7778879345,7.1587374592,3.8271828659\H,5 

 .4304546877,-3.6017671475,0.3474724084\H,3.312024276,-5.3270216161,0.9 

 670553007\H,-0.0974138172,-5.8599611977,-1.8365483507\H,-3.5422191005, 

 -0.8114652048,-5.6219348203\H,-5.6266094344,-0.7305728943,-3.754033108 

 4\H,-1.8118543213,6.4775610444,4.6253025624\Br,-7.7759435733,-0.670642 

 2309,-1.7117221013\H,-5.9642973406,0.175389647,0.451852903\Br,-1.28155 

 52623,-0.9162925139,-7.537252751\H,0.7064009435,-0.0515726258,-5.53566 

 82703\H,-3.585136258,-4.0366699041,-0.0653700898\Br,-2.7370502105,-6.7 

 541803687,-0.828378179\H,-0.8368115183,-4.8424372257,2.0587442748\Br,0 

 .9661573002,-7.0828668044,1.4428681364\Br,7.5694309954,-1.7256849254,- 

 0.4815459675\H,5.9162724921,0.6683986902,-0.0362395468\Br,3.5330862845 

 ,7.8166839704,2.9503116595\H,3.822874887,5.353521732,1.3596317278\Br,- 

 4.5591934778,5.7012125687,5.4252563796\H,-4.4995565169,3.1806221478,3. 

 8992898701\C,3.5814162655,-1.7549364203,-2.5120386046\C,3.5506956061,- 

 3.1412755013,-2.72166151\H,2.4983773856,-0.0382037182,-1.7788864137\H, 

 2.4176153446,-4.9808137236,-2.6560981954\H,4.4916716455,-1.1950761822, 

 -2.7287394716\Br,5.1385571934,-4.0021950778,-3.3241236509\\Version=ES6 

 4L-G09RevD.01\HF=-2576.8759924\S2=0.767544\S2-1=0.\S2A=0.75022\RMSD=3. 

 895e-09\RMSF=4.653e-06\Dipole=0.1719442,-0.9812473,-0.5723511\Quadrupo 

 le=2.5482146,-13.5916034,11.0433888,14.8778283,-15.6018832,-22.4645446 

 \PG=C01 [X(C56H24Br8N6)]\\@ 
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8.6 Deoxygenation and deamination strategies 

8.6.1 New reagents preparation 
 

4,5-Dimethyl-1-hydroxy-1,2-benziodoxol-3-(1H)-one (6.10) 

 

Following a reported procedure, 520  NaIO4 (0.81 g, 3.8 mmol, 1.05 equiv) and 2-iodo-4,5-
dimethylbenzoic acid (S6.1) (1.00 g, 3.62 mmol, 1.00 equiv) were suspended in 30% (v:v) aq. 
AcOH (4.8 mL). The mixture was vigorously stirred and refluxed for 3 h30. The reaction mixture 
was then diluted with cold water (8 mL) and allowed to cool to rt, protecting it from light. After 1 
h, the crude product was collected by filtration, washed on the filter with ice water (3 x 5 mL) and 
acetone:water (1:1) (5 mL), and N2-dried in the dark to give the pure product 6.10 (1.00 g, 3.25 
mmol, 90%) as a colorless solid (95% purity by 1H NMR). 
1H NMR (400 MHz, DMSO-d6) δ 7.93 (s, 1H, OH), 7.78 (s, 1H, ArH), 7.54 (s, 1H, ArH), 2.38 (s, 
3H, Me), 2.37 (s, 3H, Me).13C NMR (101 MHz, DMSO-d6) δ 167.9, 144.2, 139.4, 131.8, 129.2, 
126.3, 117.0, 20.1, 18.9. HRMS (ESI) calcd for C9H10IO3

+ [M+H]+ 292.9669; found 292.9667 

4,5-Dimethyl-1-[phenylethynyl]-1,2-benziodoxol-3(1H)-one (6.12) 

 

Following a reported procedure,
520 trimethylsilyltriflate (0.64 mL, 3.5 mmol, 1.1 eq.) was added 

dropwise to a stirred solution of 4,5-dimethyl-2-iodosylbenzoic 6.10 (0.94 g, 3.2 mmol, 1 equiv) 
in CH2Cl2 (16 mL) at RT. The resulting yellow mixture was stirred for 1 h, followed by the 
dropwise addition of trimethyl(phenylethynyl)silane (6.11) (0.69 mL, 3.5 mmol, 1.1 equiv) 
(slightly exothermic). The resulting suspension was stirred for 6 h at RT, during this time a white 
solid was formed. A saturated solution of NaHCO3 (10 mL) was then added and the mixture was 
stirred vigorously. The two layers were separated and the aqueous layer was extracted with DCM 

                                                             
520 PhD Thesis of Dr Jonathan Brand, reagent prepared first within the LCSO. 
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(10 mL). The combined organic extracts were dried over MgSO4, filtered and evaporated under 
reduced pressure. The resulting solid was recrystallized in CH3CN (40 mL) to afford the expected 
reagent (758 mg, 2.02 mmol, 63%) as a colorless solid. The mother liquors was condensed then 
reflux in CH3CN (4 mL), filtered and washed with cold CH3CN and pentane and dried under high 
vacuum to afford the reagent 6.12 (100 mg, 0.266 mmol, 8.3%, not pure) as a colorless solid. 
Combined yield: 71%. 

Mp (Dec.) 159.9 – 160.8 °C. 1H NMR (400 MHz, Chloroform-d) δ 8.16 (s, 1H, ArH), 7.90 (s, 1H, 
ArH), 7.72 – 7.57 (m, 2H, ArH), 7.57 – 7.40 (m, 3H, ArH), 2.41 (d, J = 7.3 Hz, 6H, 2 x CH3). 13C 
NMR (101 MHz, Chloroform-d) δ 167.1, 145.2, 141.2, 133.2, 132.8, 130.7, 128.9, 128.8, 126.5, 
120.7, 112.6, 106.2, 20.7, 19.4. (1C not resolved) IR (νmax, cm-1) 3052 (m), 2900 (m), 2130 (s), 
1648 (s), 1469 (s), 1382 (s), 1277 (s), 1073 (s). HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for 
C17H14IO2

+ 377.0033; Found 377.0031. 

4,5-Dimethoxy-1-[phenylethynyl]-1,2-benziodoxol-3(1H)-one (6.14) 

 

Following a reported procedure,520 trimethylsilyl triflate (1.47 mL, 8.15 mmol, 1.10 equiv) was 
added to a suspension of 74r (2.40 g, 7.41 mmol, 1.00 equiv) in CH2Cl2 (37 mL) at RT. The 
resulting yellow mixture was stirred for 1 h, followed by the dropwise addition of 
trimethyl(phenylethynyl)silane (1.60 mL, 8.15 mmol, 1.10 equiv). The resulting suspension was 
stirred for 6 h at RT, during this time a yellow suspension was formed. A saturated solution of 
NaHCO3 (25 mL) was then added. The two layers were separated and the aqueous layer was 
extracted with DCM (25 mL). The combined organic extracts were dried over MgSO4, filtered and 
evaporated under reduced pressure. The resulting solid was recrystallized in CH3CN (50 mL) and 
a few EtOH to afford the reagent (2.41 mg, 5.90 mmol, 80%) as a colorless solid. The mother 
liquors was reflux in CH3CN (4 mL), filtered and washed with cold CH3CN and pentane and dried 
under high vacuum to afford the reagent (100 mg, 0.245 mmol, 3.3%) as a colorless solid. 
Combined yield: 81%. 

Mp (Dec.) 176-179 °C. 1H NMR (400 MHz, CDCl3) (ca 0.08 mmol/ml) 7.89 (s, 1 H; ArH), 7.70 
(s, 1 H; ArH), 7.60 (m, 2 H; ArH), 7.50 (m, 3 H; ArH), 4.05 (s, 3 H; CH3), 3.98 (s, 3 H; CH3). 13C 
NMR (101 MHz, CDCl3) 166.8, 154.9, 152.2, 132.6, 130.8, 128.9, 124.4, 120.5, 113.3, 107.6, 
106.3, 105.3, 56.7, 56.4, 51.2. IR 3079 (w), 2935 (w), 2854 (w), 2147 (w), 1742 (w), 1623 (s), 
1569 (m), 1497 (s), 1442 (m), 1396 (s), 1300 (m), 1272 (s), 1215 (s), 1167 (m), 1128 (w), 1023 
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(m), 906 (w), 781 (m), 735 (s), 656 (w), 635 (s). HRMS(ESI) calcd for C17H14O4I+ (M+H) 
408.9937, found 408.9949. 

4,5-Dimethoxy-1-[(triisopropylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one (6.16) 

 
Following a reported procedure,520 trimethylsilyltriflate (400 μL, 2.20 mmol, 1.1 equiv, freshly 
distilled) was added dropwise to a stirred solution of 6.13 (648 mg, 2.00 mmol, 1.0 equiv) in 
acetonitrile (10 mL). After 2 min, (trimethylsilyl)(triiso-propylsilyl)acetylene (S6.2) (560 mg, 2.20 
mmol, 1.1 equiv) was added dropwise, followed, after 20 min, by the addition of pyridine (180 μL, 
2.20 mmol, 1.1 equiv). The mixture was stirred 20 min. The solvent was then removed under 
reduced pressure and the yellow crude oil was dissolved in dichloromethane (20 mL). The organic 
layer was washed with 1 M HCl (20 mL) and the aqueous layer was extracted with CH2Cl2 (20 
mL). The organic layers were combined, washed with a saturated solution of NaHCO3 (40 mL), 
dried over MgSO4, filtered and the solvent was evaporated under reduced pressure. 
Recrystallization from acetonitrile (ca 8 mL) and wash with hexanes afforded 6.16 (575 mg, 1.18 
mmol, 59%) as colorless cristals.  

Mp (Dec.) 180-183°C. 1H NMR (400 MHz, CDCl3) (ca 0.09 mmol/mL) 7.83 (s, 1 H, ArH), 7.61 
(s, 1 H, ArH), 3.99 (s, 3 H, OMe), 3.97 (s, 3 H, OMe), 1.14 (m, 21 H, TIPS). 13C NMR (101 MHz, 
CDCl3) 166.7, 154.9, 152.2, 124.5, 113.8, 113.2, 107.8, 104.7, 66.0, 56.7, 56.5, 18.5, 11.2. IR 2945 
(w), 1616 (m), 1569 (w), 1497 (m), 1464 (w), 1396 (m), 1317 (w), 1269 (m), 1215 (m), 1181 (w), 
1129 (w), 1026 (w), 921 (w), 884 (w), 778 (w), 734 (m), 708 (m), 639 (s). HRMS(ESI) calcd for 
C20H30O4ISi+ (M+H) 489.0958, found 489.0950. 

1-[(Triiso-propylsilyl)ethynyl]-4-tertbutyl-1,2-benziodoxol-3(1H)-one (4-tBu-TIPS-EBX, 

S6.4) 

 
Following a reported procedure,270 2-iodosyl-4-tert-butylbenzoic acid (S6.3) (340 mg, 0.903 mmol, 
1.0 equiv) was charged in a flame-dried 25 mL flask equipped with a magnetic stirrer. After 3 
vacuum/nitrogen cycles, anhydrous acetonitrile (5.6 mL, 0.16 M) was added via syringe and cooled 
to 0 °C. Trimethylsilyltriflate (0.18 mL, 0.99 mmol, 1.1 equiv) was added dropwise via syringe 
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funnel over 10 min (no temperature increase was observed). After 15 min, 
(trimethylsilyl)(triisopropylsilyl)acetylene (S6.2) (0.31 mL, 0.99 mmol, 1.1 equiv) was added via 
syringe over 5 min (no temperature increase was observed). After 30 min, the suspension became 
a light orange solution. After 10 min, pyridine (80 L, 0.99 mmol, 1.1 equiv) was added via syringe. 
After 15 min, the reaction mixture was concentrated under reduced pressure until a solid was 
obtained. The solid was dissolved in DCM (20 mL) and transferred in a 100 mL separatory funnel. 
The organic layer was added and washed with 1 M HCl (20 mL) and the aqueous layer was 
extracted three times with CH2Cl2 (20 mL). The organic layers were combined, washed with a 
saturated solution of NaHCO3 (2 x 20 mL), dried over MgSO4, filtered and the solvent was 
evaporated under reduced pressure. Recrystallization from acetonitrile (ca 3 mL) afforded S6.4 
(260 mg, 0.537 mmol, 59%) as colorless crystals. 

Mp (Dec.) 158.3-160.3 °C. 1H NMR (400 MHz, CDCl3) δ 8.30 (d, J = 7.9 Hz, 1H, ArH), 8.26 (d, 
J = 1.5 Hz, 1H, ArH), 7.75 (dd, J = 7.9, 1.5 Hz, 1H, ArH), 1.40 (s, 9H, tBu), 1.18 – 1.13 (m, 21H, 
TIPS). 13C NMR (101 MHz, CDCl3) δ 166.5, 159.5, 132.0, 128.9, 128.7, 123.2, 116.4, 114.3, 65.3, 
36.1, 31.2, 18.6, 11.2. IR ν 3063 (w), 2948 (m), 2879 (w), 2867 (m), 2240 (w), 2140 (w), 1621 (s), 
1546 (w), 1465 (w), 1390 (w), 1341 (m), 1286 (w), 1251 (w), 1205 (w), 1170 (w), 1128 (w), 1109 
(w), 1074 (w), 1020 (w), 999 (w), 914 (w), 885 (w), 859 (w), 830 (w). HRMS (ESI) calcd for 
C22H34IO2Si+ [M+H]+ 485.1367; found 485.1371. 

 

 

8.6.2 Oxalates synthesis 
 

Ethyl (1-methylcyclohexyl) oxalate (6.2a) 

 

Following a reported procedure,406 1 methylcyclohexan-1-ol (6.1a) (2.28 g, 20.0 mmol, 1.0 equiv) 
was dissolved in THF (40 mL, 0.5 M). Triethylamine (2.9 mL, 21 mmol, 1.05 equiv) and DMAP 
(61 mg, 0.5 mmol, 0.025 equiv) were added followed by drop-wise addition of ethyl 2-chloro-2-
oxoacetate (2.3 mL, 21 mmol). The reaction was stirred for 1 hour at room temperature, and then 
quenched with sat. brine (50 mL). The layers were separated and the organic extracts washed again 
with 50% sat. brine (50 mL). The organic layer was separated, dried over Na2SO4 and concentrated 
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under reduced pressure. The crude mixture is purified by column chromatography to give ethyl (1-
methylcyclohexyl) oxalate (2.60 g, 12.1 mmol, 61 % yield) 

Rf = 0.45 (4:1hexanes:EtOAc); visualized with KMnO4. 1H NMR (400 MHz, Chloroform-d) δ 4.31 
(q, J = 7.2 Hz, 2H, OCH2), 2.28 – 2.13 (m, 2H, CH2), 1.53 (d, J = 14.2 Hz, 11H, CH2 + Me), 1.36 
(t, J = 7.1 Hz, 3H, OCH2CH3). 13C NMR (101 MHz, Chloroform-d) δ 158.6, 157.0, 86.5, 62.7, 
36.2, 25.1, 25.0, 21.9, 13.9. 

Following a reported procedure,406 a round-bottom flask was charged with ethyl (1-
methylcyclohexyl) oxalate 6.9a (5.58 g, 12.0 mmol, 1.0 equiv) followed by the addition of THF 
(15 mL, 0.8 M). To this solution, 1 N aq. CsOH (11.4 mL, 11.4 mmol, 0.95 equiv) was added 
dropwise. The mixture was stirred vigorously for 5 min at room temperature, then concentrated 
under reduced pressure to give 6.2a as a colorless solid (3.8 g, 12.0 mmol, 99% yield). 1H NMR 
(600 MHz, DMSO-d6): δ 2.02 (app d, 2H, CH2), 1.52−1.44 (m, 3H, CH2), 1.43−1.28 (m, 7H, Me 
and CH2), 1.26−1.20 (m, 1H, CH2). The 1H NMR reported correspond to those in literature.406 

 

Caesium 2-((3s,5s,7s)-adamantan-1-yloxy)-2-oxoacetate (6.2b) 

 

Following a reported procedure, (3s,5s,7s)-adamantan-1-ol (6.1b) (2.10 g, 13.8 mmol, 1.0 equiv.) 
was dissolved in THF (Volume: 27.6 mL) (0.5M) Triethylamine (2.00 mL, 14.5 mmol, 1.2 equiv.) 
and N,N-dimethylpyridin-4-amine (42.0 mg, 0.345 mmol) were added followed by drop-wise 
addition of ethyl 2-chloro-2-oxoacetate (1.62 mL, 14.5 mmol). The reaction was stirred for 1 hour 
at room temperature, and then quenched with sat. brine (50 mL). The layers were separated and the 
organic extracts washed again with 50% sat. brine (50 mL). The organic extracts were then treated 
with 1 M CsOH (aq) (13.5 mL, 13.5 mmol, 0.98 equiv), and the mixture was shaken 5 min. Hexanes 
(50 mL) were added, and the aqueous layer was collected. The organic extracts were washed with 
a second portion of water (10 mL), and the combined aqueous layers were concentrated under 
reduced pressure to give cesium 2-((3s,5s,7s)-adamantan-1-yloxy)-2-oxoacetate (6.2b) (4.90 g, 
13.8 mmol, 100 % yield) as a colorless solid. 

1H NMR (400 MHz, DMSO-d6) δ 2.13 – 2.08 (m, 3H, 3 x CH), 2.03 (d, J = 3.0 Hz, 6H, 3 x CH2), 
1.61 (s, 6H, 3 x CH2). 13C NMR (101 MHz, DMSO-d6) δ 167.7, 163.8, 78.5, 41.5, 36.2, 30.6. 
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Caesium 2-(tert-butoxy)-2-oxoacetate (6.2c) 

 

Ethyl 2-chloro-2-oxoacetate (3.6 mL, 32 mmol, 1.2 equiv) was added to a solution of 2-
methylpropan-2-ol (6.1c) (2.00 g, 27 mmol, 1.0 equiv) and pyridine pyridine (3.26 mL, 40.5 mmol) 
in Et2O (100 mL) and the resulting yellow solution was stirred at room temperature for 4 hours. 
The organic phase was washed with water (2 x 50 mL) and saturated aqueous NaHCO3 solution 
(50 mL), dried over MgSO4 and concentrated. The crude material was purified by flash column 
chromatography on a short column of silica gel (1:20 Et2O:pentane) to give 6.9c as a colorless oil 
(4.37 g, 98%):  

Rf = 0.40 (1:20 Et2O:pentane, stained with KMnO4); 1H NMR (400 MHz, Chloroform-d) δ 4.30 
(q, J = 7.1 Hz, 2H, OCH2), 1.54 (s, 9H, tBu), 1.35 (t, J = 7.1 Hz, 6H, CH2CH3).  

Then, oxalate 6.9c (2.00 g, 11.5 mmol, 1.0 equiv) was dissolved in 30 mL of THF (0.38 M), and 1 
M CsOH (aq) (11.25 mL, 11.25 mmol, 0.98 equiv) was added to the reaction mixture and stirred 
for 5 min, before being concentrated under reduced pressure to give the cesium oxalate as a 
colorless solid (2.89 g, 91% yield). 

1H NMR (400 MHz, Deuterium Oxide) δ 1.53 (s, 9H). The 1H NMR reported correspond to those 
in literature.406 

1-(4-Methoxyphenyl)-2-methylpropan-2-ol (S6.6) 

 

Following a modified reported procedure,521 methyl lithium (in Et2O 1.6 M, 5.4 mL, 8.6 mmol, 1.3 
equiv.) and Et2O (100 mL) was added to an oven dried flask equipped with magnetic stirrer and 
cooled to -78 °C. A solution of 4-methoxyphenylacetone (S6.5, 1.0 mL, 6.5 mmol, 1 equiv.) in 
Et2O (15 mL, 0.43 M) was added dropwise over a period of 20 min to the reaction mixture at -78 
°C. The resulting solution was left to stir at -78 °C for one hour and then left to warm to 0 °C then 
stirred at this temperature for one hour until full conversion. The reaction was quenched at 0 °C 
with sat. aq. NH4Cl ca. 40 mL and water ca. 20 mL until dissolution of formed precipitate. The 
aqueous layer was then extracted with three times with Et2O (100 mL). The organic layers were 
                                                             
521 Coutts, R. T.; Benderly, A.; Mak, A. L. C.; Taylor, W. G. Can. J. Chem. 1978, 56, 3054. 
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combined, dried over Na2SO4, filtered and concentrated. The obtained crude oil was then submitted 
to column chromatography (8:2, Pent:Et2O) affording pure 1-(4-methoxyphenyl)-2-methylpropan-
2-ol (S6.6, 0.835 g, 4.63 mmol, 71%).  

1H NMR (400 MHz, Chloroform-d) δ 7.13 (d, J = 8.6 Hz, 2H, ArH), 6.86 (d, J = 8.6 Hz, 2H, ArH), 
3.80 (s, 3H, OCH3), 2.71 (s, 2H, Ar-CH2), 1.21 (s, 6H, (CH3)2). 13C NMR (101 MHz, Chloroform-
d) δ 158.4, 131.4, 129.8, 113.7, 70.8, 55.3, 48.8, 29.1. The results reported correspond to those in 
literature.521 

Methyl 1-(4-methoxyphenyl)-2-methylprop-2-yloxalate (6.9d) 

 

Following a reported procedure,406 N,N-dimethylpyridin-4-amine (0.017 g, 0.14 mmol, 5 mol%) 
and triethylamine (0.38 mL, 2.9 mmol, 1.05 equiv.) were added to a solution of 1-(4-
methoxyphenyl)-2-methylpropan-2-ol (S6.6, 0.50 g, 2.8 mmol, 1.0 equiv.) in DCM (27.7 mL, 0.2 
M), in a round bottomed 50 mL flask equipped with magnetic stirrer. To the latter solution, methyl 
2-chloro-2-oxoacetate (0.28 ml, 3.0 mmol, 1.1 equiv.) was added dropwise over a period of 10 min. 
The reaction was stirred for 4 hours at room temperature. Additional, methyl 2-chloro-2-oxoacetate 
(0.20 mL, 2.2 mmol) was added, and the reaction mixture was stirred for further 3 hours, before 
being quenched with 14 mL of sat. aq. NH4Cl. The aqueous layer was extracted three times with 
DCM (3 x 10mL). The combined organic layers were washed with brine then dried over Na2SO4 
and filtered. The resulting extract was concentrated under reduced pressure. The crude mixture was 
purified by column chromatography (Pentane), affording methyl 1-(4-methoxyphenyl)-2-
methylprop-2-yloxalate (6.9d, 0.300 g, 1.12 mmol, 41%) as a whitish solid. 

1H NMR (400 MHz, Chloroform-d) δ 7.19 – 7.06 (m, 2H, ArH), 6.83 (d, J = 8.6 Hz, 2H, ArH), 
3.86 (s, 3H, OCH3), 3.78 (s, 3H, OCH3), 3.04 (s, 2H, Ar-CH2), 1.52 (s, 6H, (CH3)2). 13C NMR (101 
MHz, Chloroform-d) δ 158.9, 158.5, 156.7, 131.6, 128.3, 113.5, 86.9, 55.2, 53.3, 45.8, 25.3. The 
results reported correspond to those in literature.406 

Caesium 1-(4-methoxyphenyl)-2-methylprop-2-yloxalate (6.2d) 
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Following a reported procedure,406 In a 10 mL flask equipped with magnetic stirrer, to a solution 
of 1-(4-methoxyphenyl)-2-methylpropan-2-yl methyl oxalate (6.9d, 0.200 g, 0.751 mmol, 1.00 
equiv.) in THF (3.41 mL, 0.2 M), caesium hydroxide hydrate (0.126 g, 0.751 mmol, 1.00 equiv.) 
and water (0.34 mL) were added. The reaction was stirred at room temperature for 1 hour. n-Hexane 
(10 mL) was added and the organic layer was extracted with water (3 x 10 mL). The combined 
aqueous layers were then concentrated under reduced pressure affording pure 6.2d (0.185 g, 0.482 
mmol, 64%) as a white solid. 

1H NMR (400 MHz, DMSO-d6) δ 7.20 – 7.10 (m, 2H, ArH), 6.86 – 6.76 (m, 2H, ArH), 3.72 (s, 
3H, OMe), 2.95 (s, 2H, CH2Ar), 1.31 (s, 6H, C(Me)2). 13C NMR (101 MHz, DMSO-d6) δ 168.1, 
163.8, 158.2, 131.9, 129.8, 113.7, 80.7, 55.4, 44.9, 26.2. The results reported correspond to those 
in literature.406 

Caesium 2-methyl-4-phenylbut-2-yloxalate (6.2e) 

 

Following a modified reported procedure,406 2-methyl-4-phenylbutan-2-ol (6.1e) (1.00 g, 6.09 
mmol, 1.00 equiv.) was charged into a two necked round bottomed flask with THF (Volume: 30.4 
mL) equipped with a magnetic stirrer. Triethylamine (0.90 mL, 6.4 mmol, 1.1 equiv.) and N,N-
dimethylpyridin-4-amine (0.037 g, 0.30 mmol, 5 mol%) were then added. Ethyl 2-chloro-2-
oxoacetate (0.72 ml, 6.4 mmol, 1.1 equiv.) was then added dropwise (exothermic addition!). The 
reaction was then stirred for 1 hour at room temperature. The reaction was quenched with sat. aq. 
NaCl (15 mL), then washed with 50%vv sat. aq. NaCl (2 x 6 mL) and concentrated under reduced 
pressure affording ethyl 2-methyl-4-phenylbut-2-yloxalate as a crude yellow oil (1.59 g, 6.03 
mmol, 99%). This oil was used directly in next step. Ethyl 2-methyl-4-phenylbut-2-yloxalate (0.50 
g, 1.9 mmol, 1.0 equiv.) was solubilised in THF (9.5 mL, 0.2 M). Caesium hydroxide hydrate 
(0.318 g, 1.89 mmol, 1.00 equiv.) was added with water (2 mL), and the reaction mixture was 
stirred for 1 hour at room temperature. n-Hexane was added (20 mL), aqueous layer was separated. 
The organic layer was back-extracted with water (2 x 5 mL). The resulting aqueous layer was 
concentrated under reduced pressure. The resulting crude solid was triturated with ethyl acetate. 
Filtration afforded 6.2e (0.547g, 1.49 mmol, 79%) as off-white crystals. 

Mp (Dec.) 35.6-37.2 °C. 1H NMR (400 MHz, DMSO-d6) δ 7.27 (td, J = 7.2, 1.5 Hz, 2H, ArH), 
7.22 - 7.05 (m, 3H, ArH), 2.64 - 2.56 (m, 2H, Ph-CH2-CH2-), 2.08 - 1.91 (m, 2H, Ph-CH2-CH2-), 
1.41 (s, 6H, Me2). 13C NMR (101 MHz, DMSO-d6) δ 168.1, 163.9, 142.7, 128.8, 128.6, 126.1, 
80.3, 42.6, 30.0, 26.6. The results reported correspond to those in literature.406 
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Ethyl ((3R,3aS,6R,7R)-3,6,8,8-tetramethyloctahydro-1H-3a,7-methanoazulen-6-yl) oxalate 
(6.9f) 

 

Following a reported procedure,406 a round-bottom flask was charged with (3R,3aS,6R,7R)-3,6,8,8-
tetramethyloctahydro-1H-3a,7-methanoazulen-6-ol (6.1f) (2.30 g, 10.3 mmol) and DCM (Volume: 
100 mL). Triethylamine (1.5 mL, 11 mmol, 1.05 equiv.) and N,N-dimethylpyridin-4-amine (0.126 
g, 1.03 mmol, 0.1 equiv.) were added followed by dropwise addition of ethyl 2-chloro-2-oxoacetate 
(1.20 ml, 11.4 mmol, 1.1 equiv). The reaction was stirred for 1 hour and 30 min at 23 ºC, and then 
quenched with sat. NH4Cl (aq) (50 mL). The aqueous layer was extracted with DCM (50 mL), and 
the organic extracts were dried over Na2SO4 and concentrated. The crude material was purified by 
flash column chromatography on silica gel (85:15 hexanes:Et2O) to give 6.9f as colorless oil (3.35 
g, 10.4 mmol, 99% yield). Rotamer or diasteroisomer not fully resolved (only one spot on TLC). 
Only the major isomer is shown. 

Rf(ester intermediate) 0.45 (4:1hexanes:EtOAc); visualized with KMnO4. 1H NMR (400 MHz, 
Chloroform-d) δ 4.30 (q, J = 7.2 Hz, 2H, OCH2), 2.44 – 2.39 (m, 1H, CH2), 2.16 (ddt, J = 13.6, 
5.8, 1.8 Hz, 1H, CH2), 2.11 – 2.00 (m, 1H, CH2), 1.92 – 1.75 (m, 2H, CH2), 1.68 (tdd, J = 9.1, 6.3, 
4.5 Hz, 2H, CH2), 1.62 (d, J = 1.0 Hz, 3H, Me), 1.59 – 1.45 (m, 2H, CH2), 1.46 – 1.36 (m, 2H, 
CH2), 1.34 (t, J = 7.1 Hz, 3H, OCH2CH3), 1.32 – 1.22 (m, 2H, CH2), 1.17 (s, 3H, Me), 0.98 (d, J = 
3.4 Hz, 3H, Me), 0.83 (dd, J = 7.0, 1.3 Hz, 3H, CHMe). 13C NMR (101 MHz, Chloroform-d) δ 
158.6, 156.9, 91.0, 62.6, 56.8, 56.7, 53.9, 43.5, 41.2, 41.0, 36.9, 32.8, 31.2, 28.3, 26.9, 25.3, 25.2, 
15.5, 13.9. 

Caesium 2-oxo-2-(((3R,3aS,6R,7R)-3,6,8,8-tetramethyloctahydro-1H-3a,7 -methanoazulen-
6-yl)oxy)acetate (6.2f) 

 

Following a reported procedure,406 ethyl oxalate 6.9f (0.32 g, 1.0 mmol, 1.0 equiv) of was dissolved 
in 1.0 mL of THF, and then 1 M CsOH (aq) (1.0 mL, 1.0 mmol, 1.0 equiv) was added before being 
stirred for 5 min and concentrated under reduced pressure to give the cesium oxalate as a colorless 
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solid (426 mg, 0.990 mmol, 99% yield). Rotamers (ratio 0.9:2.1 on methyl peak at 0.99 ppm) (or 
less probably diasteroisomers) not fully resolved (only one spot on TLC). 

1H NMR (400 MHz, Chloroform-d) δ 2.45 (d, J = 4.8 Hz, 0.7H, CH2, M), 2.04 (h, J = 7.3, 6.2 Hz, 
1.5H, CH2, M+m), 1.84 (ddd, J = 28.1, 13.7, 6.9 Hz, 2H, CH2, M+m), 1.73 – 1.10 (m, 15H, CH2 + 
Me, M+m), 0.99 (s, 0.9H CH2, Me, m), 0.95 (s, 2.1H, Me, M), 0.83 (t, J = 6.4 Hz, 3H, Me, M+m). 
13C NMR (101 MHz, Chloroform-d) δ 165.5, 163.7, 87.5, 75.1, 61.0, 56.7, 56.6, 56.5, 54.1, 53.9, 
43.5, 43.4, 42.0, 41.5, 41.3, 41.1, 37.0, 36.9, 35.3, 33.3, 31.6, 31.3, 30.2, 28.9, 28.6, 27.6, 27.5, 
25.8, 25.4, 25.3, 15.6, 15.5. 

 

8.6.3 Photoredox catalyzed deoxygenative alkynylation 
 

General procedure for the photoredox catalyzed fragmentation alkynylation of oxalates  

To an oven-dried 5 mL test-tube was charged caesium oxalate (6.2, 0.095 g, 0.30 mmol, 1.0 equiv.), 
6.14 (0.184 g, 0.450 mmol, 1.5 equiv.) and 2.71 (12 mg, 15 μmol, 5 mol%). After three vacuum/N2 
cycles, dry DCE (3 mL, 0.1 M), degassed by Ar bubbling prior to addition, was added. The reaction 
was irradiated with blue LEDs at 55 °C for 15 hours under rigorous stirring. The reaction was 
filtered over a celite pad and washed with EtOAc and concentrated under reduced pressure. The 
crude was purified by column chromatography (pentane or pentane/Et2O). 

1-Methyl-1-phenylethynylcyclohexane (6.5a) 

 

Starting from 6.2a (95 mg, 0.30 mmol, 1.0 equiv) and 4,5-dOMe-Ph-EBX (6.14) (245 mg, 0.450 
mmol, 2.0 equiv), the crude product was purified by preparative TLC (Pentane/Ethyl Acetate = 
9:1) to afford 6.5a as a yellowish oil (51 mg, 0.26 mmol, 86%). 

1H NMR (400 MHz, Chloroform-d). δ 7.44 - 7.39 (m, 2H), 7.32 - 7.26 (m, 2H, ArH), 7.24 (dd, J = 
6.5, 1.6 Hz, 1H, ArH), 1.86 - 1.78 (m, 2H, CH2), 1.78 - 1.51 (m, 5H, CH2), 1.28 (s, 3H, CH3), 1.26 
- 1.08 (m, 3H, CH2).13C NMR (101 MHz, Chloroform-d) δ 131.5, 128.1, 127.3, 124.2, 96.7, 81.7, 
39.5, 33.1, 30.3, 25.9, 23.4. The results reported correspond to those in literature.219 

(3r,5r,7r)-1-(phenylethynyl)adamantine (6.5b) 
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Starting from 6.2b (36 mg, 0.10 mmol, 1.0 equiv) and Ph-EBX (2.95b) (0.52 g, 0.15 mmol, 1.5 
equiv), the crude product was purified by column chromatography (Pentane/Ethyl Acetate = 20:1) 
to afford 6.5b as light yellow oil (6.5 mg, 0.028 mmol, 28%). 

Rf (Heptane) = 0.50. 1H NMR (400 MHz, Chloroform-d) δ 7.38 (dd, J = 7.8, 1.9 Hz, 1H, ArH), 
7.29 – 7.22 (m, 4H, ArH), 1.99 (t, J = 3.1 Hz, 3H, CH), 1.96 (d, J = 2.8 Hz, 6H, CH2), 1.72 (t, J = 
3.1 Hz, 6H, CH2). 13C NMR(100 MHz, CDCl3) δ= 131.6, 128.0, 127.3, 124.0, 98.3, 79.3, 42.8, 
36.3, 30.0, 28.0. The reported values are in agreement with the characterization data reported in 
the literature.330 

1-(2,2-Dimethyl-4-phenylbut-3-yn-1-yl)-4-methoxybenzene (6.5d) 

 

Starting from 6.2d (0.038 g, 0.10 mmol, 1.0 equiv) and 4,5-dOMe-Ph-EBX (6.14) (61 mg, 0.15 
mmol, 1.5 equiv), the crude product was purified by preparative TLC (Pentane/Ethyl Acetate = 
9:1) to afford 6.5d as a colourless oil (5.0 mg, 0.019 mmol, 19%). 

1H NMR (400 MHz, Chloroform-d) δ 7.42 – 7.32 (m, 2H, ArH), 7.32 – 7.20 (m, 5H, ArH), 6.89 – 
6.80 (m, 2H, ArH), 3.80 (s, 3H, OCH3), 2.74 (s, 2H, Ar-CH2), 1.28 (s, 6H, (CH3)2). 13C NMR (101 
MHz, Chloroform-d) δ 158.3, 131.5, 131.5, 130.5, 128.1, 127.5, 124.1, 113.1, 97.1, 81.5, 55.2, 
48.3, 34.1, 29.0. IR (νmax, cm-1) 2968 (w), 2918 (m), 2835 (s), 1610 (s), 1511 (m), 1248 (w), 1177 
(s), 1041 (w), 907 (w), 733 (w). HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C19H21O+ 265.1587; 
Found 265.1585. 

 

3,3-Dimethyl-1,5-diphenylpent-1-yne (6.5e) 

 

Starting from 6.2e (0.11 g, 0.30 mmol, 1.0 equiv) and 4,5-dOMe-Ph-EBX (6.14) (184 mg, 0.450 
mmol, 1.5 equiv), the crude product was purified by preparative TLC (Pentane/Ethyl Acetate = 
9:1) to afford 6.5e as a yellowish oil (35 mg, 0.14 mmol, 47%). 
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1H NMR (400 MHz, Chloroform-d) δ 7.45 – 7.37 (m, 2H, ArH), 7.35 – 7.12 (m, 8H, ArH), 2.97 – 
2.76 (m, 2H, Ar-CH2), 1.86 – 1.68 (m, 2H, Ar-CH2-CH2), 1.34 (s, 6H, (CH3)2).The results reported 
correspond to those in literature.522 

(3R,3aS,6R,7R)-3,6,8,8-tetramethyl-6-(phenylethynyl)octahydro-1H-3a,7-methanoazulene 
(6.5f) 

 

Starting from 6.2f (43 mg, 0.10 mmol, 1.0 equiv) and Ph-EBX (2.95b) (0.070 g, 0.20 mmol, 2.0 
equiv), the crude product was purified by column chromatography (Pentane/Ethyl Acetate = 20:1) 
to afford 6.5f as light yellow oil (unpure (70% purity)523, 18 mg, 0.041 mmol, 41% yield). 

Rf (Heptane/Ethyl Acetate = 85:15) 0.40. 1H NMR (400 MHz, Chloroform-d) δ 7.41 (dd, J = 7.8, 
1.8 Hz, 2H, ArH), 7.32 – 7.23 (m, 3H, ArH), 2.22 – 2.13 (m, 1H, CH2), 1.97 – 1.87 (m, 2H, CH2), 
1.86 – 1.67 (m, 7H, CH2 + Me), 1.61 – 1.52 (m, 1H, CH2), 1.51 (s, 3H, Me), 1.44 (dtd, J = 12.5, 
7.8, 6.0 Hz, 2H, CH2), 1.36 – 1.27 (m, 1H, CH2), 1.25 (s, 3H, Me), 1.06 (s, 3H Me), 0.90 (d, J = 
7.1 Hz, 3H Me). 13C NMR (101 MHz, Chloroform-d) δ 132.3, 131.4, 128.2, 127.2, 99.8, 80.6, 58.8, 
57.3, 54.0, 44.2, 43.8, 41.8, 38.9, 36.9, 34.7, 31.7, 29.6, 28.9, 28.3, 25.4, 15.5. HRMS (APPI/LTQ-
Orbitrap) m/z: [M + H]+ Calcd for C23H31

+ 307.2420; Found 307.2427. 

 

Triisopropyl((1-methylcyclohexyl)ethynyl)silane (6.17) 

 

Starting from 6.2a (at 0.1 mmol scale), using TIPS-EBX (2.95a) (64 mg, 0.15 mmol, 1.5 equiv) 
Isolation of pure compound was possible by prep TLC in pure heptane (Rf 0.90), affording 
triisopropyl((1-methylcyclohexyl)ethynyl)silane (6.17) as a yellowish oil (7.5 mg, 0.027 mmol, 
29%). The same reaction using 4,5-dOMe-TIPS-EBX (6.16) afforded 50% yield of 6.17 at 0.1 
mmol scale. 

1H NMR (400 MHz, Chloroform-d) δ 1.75 - 1.60 (m, 5H, CH2), 1.55 (m, 3H, CH2), 1.19 (s, 3H, 
Me), 1.17 - 1.08 (m, 2H, CH2), 1.08 - 1.05 (m, 18H, TIPS), 1.05 - 0.96 (m, 3H, TIPS). 13C NMR 
(101 MHz, Chloroform-d) δ 115.9, 80.1, 39.5, 33.5, 30.6, 25.9, 23.4, 18.7, 11.3. The reported 
values are in agreement with the characterization data reported in the literature.300 

                                                             
522 Nishimoto, Y.; Saito, T.; Yasuda, M.; Baba, A. Tetrahedron, 2009, 65, 5462. 
523 Copolar with 1,4-diphenylbuta-1,3-diyne making separation difficult. 
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(Adamantan-1-ylethynyl)triisopropylsilane (6.18) 

  

Starting from 6.2b (35.6 mg, 0.10 mmol), TIPS-EBX (2.95a) (64 mg, 0.15 mmol, 1.5 equiv) and 
using 2 mol% of catalyst 2.71, the crude product was purified by column chromatography (100% 
Pentane) to afford 6.18 as colorless oil (5.0 mg, 0.016 mmol, 16%). 

Rf: 0.85 (Pentane) 1H NMR (400 MHz, CDCl3) δ 1.96 – 1.91 (m, 3H, 3 x CH), 1.88 (dd, J = 3.1, 
3.1 Hz, 6H, 3 x CH2), 1.68 (dd, J = 3.1, 3.1 Hz, 6H, 3 x CH2), 1.12 – 1.00 (m, 21H, TIPS). 13C 
NMR (101 MHz, CDCl3) δ 118.1, 77.3, 43.1, 36.4, 30.4, 28.0, 19.9, 18.5, 11.4. IR 2920 (s), 2865 
(s), 2164 (w), 2098 (m), 1464 (m), 1383 (w), 1247 (w), 1155 (w), 1017 (w), 997 (m), 923 (m), 883 
(s). The data correspond to the reported values.524  

                                                             
524 R. H. Pouwer, J. B. Harper, K. Vyakaranam, J. Michl, C. M. Williams, C. H. Jessen, P. V. Bernhardt, Eur. J. Org. 
Chem. 2007, 2007, 241. 
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8.6.4 Photoredox catalyzed fragmentation cyanation of cesium oxalate salts  

 

To an oven-dried 5 mL test-tube was charged 6.2e (0.037 g, 0.10 mmol, 1.0 equiv.), 2.96a (0.055 
g, 0.20 mmol, 2.0 equiv.) and 2.71 (3.9 mg, 5.0 μmol, 5 mol%). After three vacuum/N2 cycles, 
DME (2 mL, 0.05M) was added the reaction was degassed for 5 min with argon bubbling. The 
reaction was irradiated under ventilation with blue LEDs at 28 °C for 4 hours. The reaction was 
filtered over a celite pad and washed with acetone and concentrated under reduced pressure. The 
crude was purified by prep TLC (9:1 Hept:EtOAc) affording 6.6c (7 mg, 0.04 mmol, 39%).  

For 1H NMR yield calculations. CH2Br2 (6.0 μL, 0.87 mmol, 0.87 equiv.) was added as internal 
standard after work-up and concentration. The crude was immediately solubilised in CDCl3 after 
addition. Using 6H singlet at 1.41 ppm for 6.6c. 

1H NMR (400 MHz, Chloroform-d) δ 7.33 – 7.28 (m, 2H, ArH), 7.24 – 7.19 (m, 3H, ArH), 2.86 – 
2.76 (m, 2H, Ar-CH2), 1.86 – 1.80 (m, 2H, Ar-CH2-CH2), 1.41 (s, 6H, (CH3)2). 13C NMR (101 
MHz, Chloroform-d) δ 140.8, 128.6, 128.3, 126.3, 124.8, 43.1, 32.5, 31.8, 26.7. 

The 1H NMR spectra correspond to those in literature.525 

 

8.6.5 Photoredox catalyzed desulfurization alkynylation  
 

Caesium 2-((3S,5S,7S)-adamant-1-ylthio)oxo-2-acetate (6.19a) 

 

(3S,5S,7S)-adamantane-1-thiol (6.4a, 1.2 g, 7.1 mmol, 1.00 equiv.) was charged into a two necked 
round-bottomed flask with THF (35.7 ml, 0.2 M) equipped with a magnetic stirrer. Triethylamine 
(1.1 ml, 7.5 mmol, 1.1 equiv.) and N,N-dimethylpyridin-4-amine (0.044 g, 0.36 mmol, 10 mol%) 
were then added. Ethyl 2-chloro-2-oxoacetate (0.84 ml, 7.5 mmol, 1.1 equiv.) was then added 
dropwise (exothermic addition!). The reaction was then stirred for 1 hour at room temperature. The 
reaction was quenched with sat. aq. NaCl (15 mL), then washed with 50%vv sat. aq. NaCl (2 x 6 

                                                             
525 Zhang, L.; Ang, G. Y.; Chiba, S. Org. Lett. 2011, 13, 1622. 
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mL). Caesium hydroxide hydrate (1.19 g, 7.06 mmol) with water (7 mL) was added to the organic 
layer. The latter was agitated for 5 min. Hexane (25 mL) was added. The aqueous layer was 
separated. The organic layer was back extracted with water (2 x 10 mL). The aqueous layers 
combined were then concentrated under reduced pressure. The resulting salt was dried overnight 
under reduced pressure by means of a desiccator (drying agent: SiO2). The crude was suspended in 
Et2O for 1 h, washed and dried in desiccator (drying agent: SiO2) affording 6.19a (1.6 g, 4.3 mmol, 
60.3 % yield) as a white solid. 

1H NMR (400 MHz, DMSO-d6) 2.00 (bs, 6H, adamantyl-CH2), 1.97 (bs, 3H, adamantyl-CH), 
1.71-1.64 (m, 6H, adamantyl-CH2). 13C NMR (101 MHz, DMSO-d6) δ 197.2, 162.5, 47.6, 41.9, 
36.5, 29.5. IR (νmax, cm-1) 2908 (m), 2855 (w), 1667 (s), 1642 (s), 1580 (s), 1354 (m), 1300 (m), 
984 (m), 778 (s), 758 (m). HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C12H15CsNaO3S+ 
394.9689; Found 394.9686. 

 

To an oven-dried 5 mL test-tube was charged 6.19a (0.037 g, 0.10 mmol, 1.0 equiv.), 2.95b (0.070 
g, 0.20 mmol, 2.0 equiv.) and 2.71 (3.9 mg, 5.0 μmol, 5 mol%). After three vacuum/N2 cycles, 
DCE (1 mL, 0.1 M) was added and the reaction was degassed for 5 min with argon bubbling. The 
reaction was irradiated with blue LEDs at 55 °C for 15 hours. The reaction was filtered over a celite 
pad and washed with acetone and concentrated under reduced pressure. The crude was purified by 
prep TLC (Heptane) affording 6.5b and 6.20 as impure fractions. 

For 1H NMR yield calculations. CH2Br2 (6.0 μL, 0.87 mmol, 0.87 equiv.) was added as internal 
standard after work-up and concentration. The crude was immediately solubilised in CDCl3 after 
addition. Using 6H multiplet at 1.94-1.96 for 6.5b and 3H broad singlet at 2.11-2.13 for 6.20. 

(2-(Adamant-1-yl)-ethyn-1-yl)benzene (6.5b) 

Rf (Heptane) = 0.50. 1H NMR (400 MHz, Chloroform-d) δ 7.38 (dd, J = 7.8, 1.9 Hz, 1H, ArH), 
7.29 – 7.22 (m, 4H, ArH), 1.99 (t, J = 3.1 Hz, 3H, CH), 1.96 (d, J = 2.8 Hz, 6H, CH2), 1.72 (t, J = 
3.1 Hz, 6H, CH2). 13C NMR(100 MHz, cdcl3) δ 131.6, 128.0, 127.3, 124.0, 98.3, 79.3, 42.8, 36.3, 
30.0, 28.0. 
Phenylethynyl adamant-1-yl mercaptan (6.20) 

1H NMR (400 MHz, Chloroform-d) δ 7.45 – 7.42 (m, 2H, ArH), 7.31 – 7.28 (m, 3H, ArH), 2.12 
(t, J = 3.2 Hz, 3H, adamantyl-CH), 2.03 (d, J = 2.9 Hz, 6H, adamantyl-CH2), 1.72 (t, J = 2.3 Hz, 
6H, adamantyl-CH2). HRMS (ESI+) calcd. for [M+H]+ 269.1364. Found 269.1358. 
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8.6.6 Deamination strategy 
 

Cesium 2-(benzylimino)-2-phenylacetate (6.31) 

 

(1) Cesium carbonate (2.17 g, 6.66 mmol) was introduced into a 100 mL flask, then 45 mL of dry 
methanol was added. At this point a solution of 2-oxo-2-phenylacetic acid (2.00 g, 13.3 mmol) in 
20 mL of dry methanol was slowly added under nitrogen to the basic solution. The solution was 
stirred for 15 min before evaporation under reduced pressure to give the corresponding dry cesium 
2-oxo-2-phenylacetate (6.25a’) (3.76 g, 13.3 mmol, 100 % yield)  

Mp: too hygroscopic for measurement. 1H NMR (400 MHz, DMSO-d6) δ 7.86 - 7.75 (m, 2H, 
ArH), 7.58 - 7.51 (m, 1H, ArH), 7.46 (t, J = 7.5 Hz, 2H, ArH). 

(2) Cesium 2-oxo-2-phenylacetate (6.25a’) (126 mg, 0.447 mmol) was dissolved in 2.2 mL of 
anhydrous THF in a flame dried round bottom MW tube equipped with a teflon coated stir bar and 
250 mg of 4A MS under N2 at rt. To this solution was added phenylmethanamine (6.22a) (53.7 μL, 
0.491 mmol). And the resulting mixture was stirred for 5 min at RT then overnight at 60 °C. NMR 
aliquot show full conversion to the corresponding iminocarboxylate 6.31. 

Filtration through a dry HPLC filter, and two washs of the MW tube with DCM, followed by 
evaporation under reduced pressure gave the crude material as a white solid. 
Mp: too hygroscopic for measurement. 
1H NMR (400 MHz, Methanol-d4) δ 7.90 – 7.83 (m, 2H, ArH), 7.47 – 7.37 (m, 5H, ArH), 7.36 – 
7.28 (m, 2H, ArH), 7.28 – 7.19 (m, 1H, ArH), 4.75 (s, 2H, CH2). 13C NMR (101 MHz, Methanol-
d4) δ 173.4, 171.6, 141.1, 137.0, 131.6, 129.6, 129.5, 129.5, 129.1, 128.0, 59.6. 
HRMS (ESI) calcd for C15H12NO2 [M+H-1] 238.0868; found 238.0870. 
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KAT reagent (6.36a) 

 
 

Following a reported procedure,431 In a 250 mL flask,1-((4-fluorophenyl)(methoxy)methyl)-1H-
benzo[d][1,2,3]triazole (6.35a, 2.5 g, 9.7 mmol)  was dissolved in dry THF (100 mL) at RT. The 
flask was placed in a dry ice/acetone bath (at -78 °C) ) and stirred for at least 15 minutes. 
butyllithium (3.70 mL, 9.25 mmol) was added slowly down the side of the flask over 6 min. During 
this time, an intense green colour developed. The solution was stirred for 2 min following the end 
of nBuLi addition, and neat trimethyl borate (2.10 mL, 18.5 mmol) was added slowly over 1 min 
directly into the solution. The deep green colour gradually became red after 5-10 minutes of 
stirring. The flask was kept in the dry ice/acetone bath for 1 h, which slowly warmed to -78 °C, 
and then removed from the bath and, with vigorous stirring, five portions of sat aq KHF2 were 
added (5 x 20 mL, 100 mL total). As the reaction warmed, a biphasic mixture consisting of a milky 
white aqueous layer and a yellow organic layer formed. This was stirred overnight (~12 hours from 
the time of KHF2 addition) over which time the organic layer stayed yellow. The two layers were 
separated and the yellow organic layer was evaporated until some water remained. This yellow wet 
slurry was mixed with 40 mL Et2O. Filtration, washing with additional Et2O (4 x 30 mL), and 
drying under high vacuum gave product 6.36a as a white solid KAT (1.52 g, 6.61 mmol, 71.4 % 
yield)  
M.p. 257 °C (decomp.); 1H NMR (400 MHz, Acetone-d6) δ 8.15 (dd, J = 8.6, 6.1 Hz, 2H, ArH), 
7.14 (t, J = 8.9 Hz, 2H, ArH)). 19F NMR (376 MHz, Acetone-d6) δ -111.44 (1F), -144.66 (dd, J = 
101.6, 48.9 Hz, 3F). The 1H and 19F NMR spectra correspond to those in literature.431 
 
3,3-Dimethyl-1,5-diphenylpent-1-yne (6.38) 

 



  Chapter 8: Experimental Part 

420 

Following a reported procedure,526 to a solution of paramethylbenzaldehyde 6.33b (0.54 mL, 4.6 
mmol, 1.0 equiv) in CHCl3 (5 mL) was added benzylamine 6.22a (0.50 mL, 4.6 mmol, 1.0 equiv). 
The reaction mixture was stirred at room temperature for 1 h. The solvent was evaporated to give 
imine 6.38 in 99% yield as a white solid (0.95 g, 4.5 mmol) 

1H NMR (400 MHz, Chloroform-d) δ 8.41 (d, J = 1.5 Hz, 1H, ArCHN), 7.75 (d, J = 8.2 Hz, 2H, 
ArH), 7.40 (d, J = 4.4 Hz, 4H, ArH), 7.37 – 7.30 (m, 1H, ArH), 7.28 (d, J = 7.9 Hz, 2H, ArH), 4.87 
(d, J = 1.4 Hz, 2H, CH2), 2.43 (s, 3H, Me). 13C NMR (101 MHz, Chloroform-d) δ 161.8, 140.9, 
139.3, 133.4, 129.2, 128.3, 128.2, 127.9, 126.8, 64.9, 21.4. The 1H and 13C NMR spectra 
correspond to those in literature.526 
 

Pyridinium salts were prepared according to the publications of Watson418 and Glorius.137 All 1H 
NMR (and 13C or 19F if available) matched the reported data. 

1-Benzyl-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (6.44a) 

 

Benzylamine (6.22a) (1.0 mL, 9.2 mmol, 1.2 equiv) was added to a suspension of 2,4,6-
triphenylpyrylium tetrafluoroborate (6.43) (3.0 g, 7.6 mmol, 1.0 equiv) and EtOH (7.6 mL, 1.0 M) 
in a 20 mL microwave vial. The vial was sealed and the mixture was stirred and heated at reflux 
(at 85 ºC) for 4 h. The mixture was then allowed to cool to room temperature.  

General procedure said: If product precipitation occurred during reflux, the solid was filtered, 
washed with EtOH (3 x 50 mL) and then Et2O (3 x 50 mL), and dried under high vacuum. If product 
precipitation did not occur during reflux, the solution was diluted with Et2O (2-3x volume of EtOH 
used) and vigorously stirred for 1 h to induce trituration. The resulting solid pyridinium salt was 
filtered and washed with Et2O (3 x 50 mL). 

In this case, precipitation occured but to be sure all the salt precipitated, Et2O (8 mL) was added 
and the resulting mixture vigorously stirred for 30 min before being filtrated (filtrate solution had 
a strong red color). Washing with 30 mL about of Et2O afforded product 6.44a as a white solid (3.2 
g, 6.7 mmol, 87%). 

                                                             
526 Gaeta, C.; Talotta, C.; Neri, P. Chem. Commun. 2014, 50, 9917. 
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1H NMR (400 MHz, Chloroform-d) δ 7.93 (s, 2H, ArH), 7.84 – 7.77 (m, 2H, ArH), 7.64 (d, J = 7.2 
Hz, 5H, ArH), 7.61 – 7.38 (m, 8H, ArH), 7.16 (t, J = 7.3 Hz, 1H, ArH), 7.09 (t, J = 7.4 Hz, 2H, 
ArH), 6.46 (d, J = 7.5 Hz, 2H, ArH), 5.76 (s, 2H, CH2). The 1H NMR spectrum correspond to the 
one in literature.418 
1-Cyclohexyl-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (6.44b) 

 

Cyclohexylamine (6.22b) (1.0 mL, 8.7 mmol, 1.15 equiv) was added to a suspension of 2,4,6-
triphenylpyrylium tetrafluoroborate (6.43) (3.0 g, 7.5 mmol, 1.0 equiv) and EtOH (7.5 mL, 1.0 M) 
in a 20 mL microwave vial. The vial was sealed and the mixture was stirred and heated at reflux 
(at 85 ºC) for 4 h. The mixture was then allowed to cool to room temperature.  

In this case, precipitation occured but to be sure all the salt precipitated, Et2O (8 mL) was added 
and the resulting mixture vigorously stirred for 30 min before being filtrated (filtrate solution had 
a strong red color). Washing with 30 mL about of Et2O afforded product 6.44b as a white solid 
(2.1 g, 4.4 mmol, 59%). 

1H NMR (400 MHz, Chloroform-d) δ 7.82 (s, 2H, ArH), 7.75 (td, J = 8.0, 1.7 Hz, 6H, ArH), 7.65 
– 7.54 (m, 6H, ArH), 7.54 – 7.43 (m, 3H, ArH), 4.62 (tt, J = 12.2, 2.9 Hz, 1H, NCH), 2.13 (d, J = 
11.9 Hz, 2H, CH2), 1.58 (dd, J = 10.0, 3.4 Hz, 2H, CH2), 1.47 (td, J = 12.2, 3.3 Hz, 2H, CH2), 1.35 
(d, J = 13.1 Hz, 1H, CH2), 0.88 – 0.69 (m, 2H, CH2), 0.62 (tt, J = 13.1, 3.4 Hz, 1H, CH2). The 1H 
NMR spectrum correspond to the one in literature.137 
2,4,6-Triphenyl-1-(tetrahydro-2H-pyran-4-yl)pyridin-1-ium tetrafluoroborate (6.44c) 

 

Benzylamine (6.22a) (1.0 mL, 9.2 mmol, 1.0 equiv) was added to a suspension of 2,4,6-
triphenylpyrylium tetrafluoroborate (6.43) (3.0 g, 7.6 mmol, 1.0 equiv) and EtOH (7.6 mL, 1.0 M) 
in a 20 mL microwave vial. The vial was sealed and the mixture was stirred and heated at reflux 
(at 85 ºC) for 4 h. The mixture was then allowed to cool to room temperature. 
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In this case, precipitation occured but to be sure all the salt precipitated, Et2O (8 mL) was added 
and the resulting mixture vigorously stirred for 30 min before being filtrated (filtrate solution had 
a strong red color). Washing with 30 mL about of Et2O afforded product 6.44a as a white solid (3.2 
g, 6.7 mmol, 87%). 

1H NMR (400 MHz, Chloroform-d) δ 7.81 (s, 2H, ArH), 7.79 – 7.70 (m, 6H, ArH), 7.66 – 7.56 (m, 
6H, ArH), 7.56 – 7.41 (m, 3H, ArH), 4.89 (ddd, J = 12.3, 9.1, 3.2 Hz, 1H, NCH), 3.73 (dd, J = 
11.6, 4.1 Hz, 2H OCH2), 2.81 (td, J = 11.7, 1.8 Hz, 2H OCH2), 2.07 (dd, J = 12.0, 2.8 Hz, 2H 
OCH2CH2), 1.89 (qd, J = 12.2, 4.2 Hz, 2H OCH2CH2). 19F NMR (376 MHz, Chloroform-d) δ -
153.01, -153.06 (d, J = 2.2 Hz). The 1H and 19F NMR spectra correspond to the one in literature.137 
1-Phenethyl-2,4,6-triphenylpyridin-1-ium tetrafluoroborate (6.44d) 

 

2-Phenylethanamine (6.22d) (0.38 mL, 3.0 mmol, 1.2 equiv) was added to a suspension of 2,4,6-
triphenylpyrylium tetrafluoroborate (6.43) (1.0 g, 2.5 mmol, 1.0 equiv) and EtOH (2.5 mL, 1.0 M) 
in a 20 mL microwave vial. The vial was sealed and the mixture was stirred and heated at reflux 
(at 85 ºC) for 4 h. The mixture was then allowed to cool to room temperature.  

In this case, precipitation occured but to be sure all the salt precipitated, Et2O (8 mL) was added 
and the resulting mixture vigorously stirred for 30 min before being filtrated (filtrate solution had 
a strong red color). Washing with 30 mL about of Et2O afforded product 6.44d as a white solid 
(1.20 g, 2.40 mmol, 95% yield). 

1H NMR (400 MHz, Chloroform-d) δ 7.89 (s, 2H, ArH), 7.78 (ddd, m, 6H, ArH), 7.67 - 7.59 (m, 
6H, ArH), 7.59 - 7.48 (m, 3H, ArH), 7.15 - 7.08 (m, 1H, ArH), 7.08 - 7.00 (m, 2H, ArH), 6.28 (dt, 
J = 6.9, 1.4 Hz, 2H, ArH), 4.68 - 4.58 (m, 2H, ArCH2CH2N), 2.74 - 2.63 (m, 2H). 13C NMR (101 
MHz, Chloroform-d) δ 156.6, 156.0, 135.2, 134.0, 132.7, 132.1, 131.1, 129.7, 129.4, 129.1, 128.8, 
128.2, 128.1, 127.3, 126.7, 55.8, 35.7. (One carbon signal not resolved). The 1H and 13C NMR 
spectra correspond to the one in literature.418 
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9. Annexes 
 

9.1 Spectra of new compounds 
 

See USB stick for spectra 
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