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Abstract 

Among the numerous existing chemical motifs, alkenes, alkynes, enol ethers and enamides, with an 

unsaturated carbon-carbon bond, are versatile functional groups that are found in many natural 

products and bioactive compounds. They are widely used as valuable building blocks for the design 

and synthesis of complex organic molecules, for example in the pharmaceutical industry. Therefore, 

the development of new strategies to introduce those motifs into molecules is highly desirable.  

Traditionally, the treatment of human disease has been dominated by small-molecule drugs, but new 

therapeutic agents, such as middle size molecules and peptide conjugates, have emerged as promising 

next generation of medications. Besides, the development of new therapeutics to cure diseases 

strongly relies on the study and understanding of biological processes. In this regard, the 

functionalization of peptides and proteins is of high interest and spite of significant achievements, the 

need for more efficient and diverse strategies remains present. Chemo- and site-selective chemical 

modifications of peptides and native proteins is particularly challenging, as it requires mild 

physiological conditions. Because of their low toxicity, high functional group tolerance, and stability in 

biocompatible media, hypervalent iodine reagents are valuable tools for late-stage peptide and 

protein functionalization. 

In this context, the first goal of my PhD was to develop new hypervalent iodine reagents to access 

valuable enamide and enol ether motifs. To this end, the synthesis of stereodefined enamide- and 

enol ether-based vinylbenziodoxolone reagents (N- and O-VBX) was achieved. The N- and O-VBXs 

were obtained by stereoselective addition of sulfonamide and phenol nucleophiles onto the alkynyl 

triple bond of ethynylbenziodoxolone reagents (EBX). The reaction proceeded at room temperature 

in ethanol and tolerated a broad range of EBXs. Various sulfonamides and phenols could be used as 

nucleophiles in the transformation, including natural products and drugs bearing other nucleophilic 

functional groups. The use of a catalytic amount of cesium carbonate was essential to the reaction. 

The stable VBXs reagents could be isolated in high yield.  

The second objective of this thesis was to study the reactivity of the newly developed VBX reagents. 

The enhanced reactivity of the hypervalent bond allowed their use as formal vinyl cations in presence 

of nucleophiles and in palladium catalyzed cross-coupling reactions at room temperature. In addition, 

a new mode of reactivity of hypervalent iodine was described. The O-VBX reagents were shown to be 

synthetic equivalents of oxy-allyl cation precursors. The new transformation, promoted by an excess 

of base, was working especially well with phenol nucleophiles, leading to aryl enol ethers bearing an 

allylic ether with complete E-stereoselectivity. In absence of external nucleophiles, the 2-

iodobenzoate group of the reagent could be transferred, leading to aryl enol esters with still complete 

E-stereoselectivity. Under oxidative conditions, the obtained products were transformed in α-

functionalized ketones.  

Finally, this chemistry was applied to the late-stage functionalization of peptides and proteins. Taking 

advantage of the ability of phenol nucleophiles to react with EBXs, we developed a selective tyrosine 

bioconjugation methodology. Under physiological conditions, tyrosine-containing peptides and 

proteins could react with EBXs to give stable O-VBX bioconjugates. The methodology tolerated a broad 

range of functional groups, with the exception of the cysteine side-chain. Complex peptides of 

different sizes and proteins were successfully labelled with high chemo- and site-selectivity. The 
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installed hypervalent iodine bioconjugates could be further functionalized, enriching the currently 

existing post-synthetic modification toolbox for peptides. Palladium-catalyzed Suzuki-Miyaura cross-

coupling reactions of the hypervalent iodine bond were successfully achieved. When an azide-

containing EBX reagent was employed, strain-promoted azide-alkyne cycloadditions could be 

orthogonally performed on the O-VBX bioconjugates. The potential of the doubly-orthogonal 

functionalization was further demonstrated in a cellular uptake experiment. 

Keywords: vinylation, alkynylation, hypervalent iodine reagents, VBX, EBX, oxy-allyl cation, 

bioconjugation, peptides, proteins, late-stage functionalization 
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Résumé 

Parmi les nombreux motifs chimiques existants, les alcènes, les alcynes, les éthers d'énol et les 

énamides, contenant des liaisons carbone-carbone insaturées, sont des groupements fonctionnels 

polyvalents que l'on retrouve dans de nombreux produits naturels et composés bioactifs. Ils sont 

largement utilisés comme synthons moléculaires pour la conception et la synthèse de molécules 

organiques complexes, notamment dans l'industrie pharmaceutique. Par conséquent, le 

développement de nouvelles stratégies pour introduire ces motifs dans des molécules est un domaine 

de recherche important. 

Le marché pharmaceutique a longtemps été dominé par les médicaments à petites molécules. 

Récemment, de nouveaux agents thérapeutiques prometteurs sont apparus, tels que les médicaments 

peptidiques. De plus, le développement de nouveaux traitements pour guérir les maladies repose sur 

l'étude et la compréhension des processus biologiques. Les méthodes pour fonctionnaliser les 

peptides et les protéines sont donc très demandées. En dépits des importants progrès réalisés, il reste 

nécessaire de développer de nouvelles stratégies plus efficaces et diversifiées. La modification 

chimique de peptides et de protéines natives de façon sélective est particulièrement difficile, car elle 

nécessite des conditions physiologiques douces. En raison de leur faible toxicité, de leur tolérance 

élevée aux groupes fonctionnels et de leur stabilité dans les milieux biologiques, les réactifs à base 

d'iode hypervalent sont des outils précieux pour la fonctionnalisation des peptides et des protéines.  

Dans ce contexte, le premier objectif de ma thèse était de développer de nouveaux réactifs à base 

d'iode hypervalent pour permettre l'introduction d'énamides et d'énol éthers dans les molécules. Pour 

cela, la synthèse de réactifs vinylbenziodoxolones à base d'énamide et d'éther d'énol (N- et O-VBX) a 

été réalisée. Les N- et O-VBX ont été obtenus par addition stéréosélective de nucléophiles sulfonamide 

et phénol sur la triple liaison alcynyle des réactifs ethynylbenziodoxolone (EBX). La réaction se déroule 

à température ambiante dans l'éthanol et tolère de nombreux réactifs EBX. Plusieurs molécules 

contenant un groupement sulfonamide ou phénol, dont des produits naturels et des médicaments 

contenant des groupes fonctionnels complexes, ont pu réagir en tant que nucléophiles dans la 

réaction. L'utilisation d'une quantité catalytique de carbonate de césium était nécessaire pour 

permettre la réaction. Les réactifs N- et O-VBXs sont stables et ont pu être isolés avec un rendement 

élevé et une stéréosélectivité complète. 

Le deuxième objectif de cette thèse était d'étudier la réactivité des nouveaux réactifs développés. La 

réactivité accrue de la liaison hypervalente a permis leur utilisation en tant que cations vinyliques en 

présence de nucléophiles. Ils ont pu également réagir à température ambiante dans des réactions de 

couplage croisé catalysées au palladium. De plus, un nouveau mode de réactivité des réactifs à base 

d'iode hypervalent a été découvert. En effet, les réactifs O-VBX ont pu réagir en tant que cation oxy-

allylic. Cette réactivité fut favorisée par l'utilisation d'un excès de base et fonctionne particulièrement 

bien avec les nucléophiles phénols. La réaction a permis de synthétiser des aryl énol éthers portant 

un éther allylique avec une stéréosélectivité E complète. En l'absence de nucléophiles externes, le 

groupement 2-iodobenzoate du réactif a pu réagir, conduisant à la formation d'aryl énol esters avec 

une stéréosélectivité E. Dans des conditions oxydantes, les produits obtenus ont été transformés en 

cétones, offrant une nouvelle voie de synthèse pour accéder à des cétones fonctionnalisées. 
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Enfin, cette chimie a été appliquée à la fonctionnalisation de peptides et de protéines. La capacité des 

nucléophiles phénols à réagir avec les réactifs d'EBX nous a permis de développer une méthodologie 

de bioconjugaison sélective et robuste des tyrosines. Sous conditions physiologiques, de nombreux 

peptides et protéines comprenant une tyrosine ont pu réagir avec des EBXs pour donner des 

bioconjugués O-VBX stables. La méthodologie tolère de multiples groupes fonctionnels, avec la seule 

exception des cystéines. Des peptides complexes de différentes tailles et des protéines ont été 

modifiés avec succès et avec une excellente régio- et chimio-sélectivité. La fonction d'iode hypervalent 

des groupements O-VBXs a pu être engagée dans des réactions de Suzuki-Miyaura, couplage croisé 

catalysé au palladium, en conditions aqueuses. Quand le réactif d’EBX utilisé contenait un azoture, 

des réactions d’annélation non-catalysées ont été réalisés grâce à la tension des triples liaisons 

contenues dans les cycloalcynes. Les réactions de couplages et de cycloadditions ont pu être réalisées 

de manière orthogonale, ce qui a permis de doublement-fonctionnaliser les bioconjugués O-VBXs. 

Cette méthodologie a pu être utilisée pour réaliser des expériences d'absorption cellulaire, 

démontrant le potentiel de la méthode développée pour des études biochimiques.  

Mots clés: vinylation, alkynylation, réactifs d'iode hypervalent, VBX, EBX, oxy-allyl cation, 

bioconjugaison, peptides, protéines 
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 Introduction 

Organic chemistry is the study of the syntheses, structures, properties and reactivities of carbon-

containing compounds. Originally limited to substances produced by living organisms, the field has 

been expanded to human-made substances. Organic chemistry plays a key role in the development of 

new medicines or agricultural products to sustain the needs of our modern society. In addition, the 

study of organic molecules and their interactions has offered a better understanding of the nature 

and the elemental mechanisms of life. In this context, the demand for new synthetic methodologies 

has increased over the past decade. Simple and convenient procedures using readily available 

feedstocks and easy-to-handle reagents are highly valuable for the synthesis of building blocks and 

complex chemicals. In addition, curing diseases strongly relies on the study and understanding of 

biological processes. Therefore, access to new structures and reactivities compatible with 

biomolecules is of a high interest to allow their studies in their native environment.  

Developing new methodologies allowed known structures to be made more efficiently and 

unexplored chemical space to be targeted. In standard organic reactions, new bonds are formed 

between atoms of opposite polarity. Therefore, conventional strategic bond disconnections to build 

molecules are based on the inherent polarity of the neighboring atoms and functional groups.1 

However, non-classical methodologies are interesting approaches to access new or straightforward 

synthetic pathways to molecules that would require multiple steps with conventional methodologies. 

First introduced by Seebach,2 Umpolung is a polarity inversion strategy through the chemical 

modification of a functional group. This new tool allows new disconnections and the development of 

chemical transformations impossible with the normal mode of reactivity. In this context, 

environmentally sustainable hypervalent iodine compounds are powerful reagents because of their 

particular reactivity that allows Umpolung of many functional groups. Their potential for functional-

group transfer has been broadly explored during the past decades.3 The polarity of many functional 

groups, commonly considered as nucleophilic synthons, was successfully inverted using hypervalent 

iodine reagents.4  

Among the numerous existing functional groups, alkynes and alkenes are valuable and versatile 

building blocks in organic chemistry, with applications in materials science, chemical biology, or 

medicinal chemistry. In this regard, the development of alkynylation and vinylation reactions is highly 

relevant and has been broadly studied. Ethynylbenziodoxolone (EBX) reagents, first synthesized by 

Ochiai and Zhdankin,5 are hypervalent iodine reagents extensively used for the Umpolung of alkynes,6 

whereas vinylbenziodoxolone (VBX) reagents are used for vinylation.7 In addition, as valuable alkenes 

                                                            
1 (a) Corey, E. J.; Cheng, X. M. The logic of Chemical Synthesis; J. Wiley: New-York, 1989. (b) Corey, E. J. Angew. 
Chem. Int. Ed. 1991, 30, 455–465. (c) Corey, E. J. Chem. Soc. Rev. 1988, 17, 111–133.   
2 Seebach, D. Angew. Chem. Int. Ed. 1979, 18, 239–258.  
3 V. V. Zhdankin, Hypervalent Iodine Chemistry: Preparation, Structure and Synthetic Applications of Polyvalent 

Iodine Compounds, In Hypervalent Iodine Chemistry; John Wiley & Sons, Ltd, 2013, pp 1–20.  
4 Yoshimura, A.; Zhdankin, V. V. Chem. Rev. 2016, 116, 3328–3435.  
5 (a) Ochiai, M.; Masaki, Y.; Shiro, M. J. Org. Chem. 1991, 56, 5511–5513. (b) Zhdankin, V. V.; Kuehl, C. J.; 
Krasutsky, A. P.; Bolz, J. T.; Simonsen, A. J. J. Org. Chem. 1996, 61, 6547–6551. 
6 Waser, J. Alkynylation with Hypervalent Iodine Reagents. In Hypervalent Iodine Chemistry, 373; Wirth, T. Eds.;     
Top. Curr. Chem; Springer, Cham, 2016, pp 187-222. 
7 Declas, N.; Pisella, G.; Waser, J. Helv. Chim. Acta 2020, 103, e2000191. 
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derivatives,8 a few examples of Umpolung of enol ethers using hypervalent iodine have been 

successfully developed.9,10 However, new approaches are still needed to make the synthesis of such 

building blocks more efficient. In this regard, our group is investigating the use of hypervalent iodine 

reagents to transfer various electrophilic functional groups in order to deliver interesting building 

blocks for the synthesis of bioactive compounds, but also for the late-stage functionalization of 

complex molecules such as peptides or proteins.  

In this thesis, our research on the development of new hypervalent iodine reagents for the transfer of 

hetero-vinyl groups will be presented. First, we will establish the background and significance of this 

research (Chapter 2). The versatility of the alkene, alkyne, enamide and enol ether functional groups 

will first be discussed. We will then introduce hypervalent iodine reagents with a focus on (hetero)-

vinylbenziodoxol(on)e reagents. The principle of peptide and protein functionalization will then be 

presented, with emphasis on the use of hypervalent iodine reagents for biomolecule functionalization 

and tyrosine-selective bioconjugation methodologies. In the next chapter, we will establish the 

objectives and goal of this research (Chapter 3). The four following chapters will cover the findings of 

this research. Our efforts toward the development of a stereoselective synthesis of enamide- and enol 

ether-vinylbenziodoxolone reagents will be first described (Chapter 4). The study of their reactivity 

will then be disclosed (Chapter 5). Further extension of the research to the benziodoxole core will also 

be discussed (Chapter 6). Then, our results on a tyrosine-selective bioconjugation methodology in 

aqueous media with hypervalent iodine reagents will be reported (Chapter 7). Finally, a general 

conclusion of the work achieved during this thesis together with an outlook for the future research 

will be proposed (Chapters 8). The last chapter will consist of experimental and characterization data 

(Chapter 9). 

 

                                                            
8 (a) Carbery, D. R. Org. Biomol. Chem. 2008, 6, 3455–3460. (b) Courant, T.; Dagousset, G.; Masson, G. Synthesis, 

2015, 47, 1799. (c) Effenberger, F. Angew. Chem. Int. Ed. 1969, 8, 295–312.  
9 Wu, J.; Deng, X.; Hirao, H.; Yoshikai N. J. Am. Chem. Soc. 2016, 138, 9105–9108. 
10 Arava, S.; Kumar, J. N.; Maksymenko, S.; Iron, M. A.; Parida, K. N.; Fristrup, P.; Szpilman, A. M. Angew. Chem. 

Int. Ed. 2017, 56, 2599–2603.  
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 Background and significance 

2.1 Alkenes and alkynes 

2.1.1 Structure and occurrence 

Unsaturated molecules contain double or triple carbon-carbon bonds, alkenes or alkynes, 

respectively. These functional groups are highly relevant structural motifs with application in many 

fields, such as medicinal chemistry or materials science. Their unique planar character, relative 

stability and high lipophilicity confer rigidity upon molecules. Many important pharmaceutical drugs 

possess unsaturated carbon-carbon bonds in their structure (Figure 2.1). For example, ethinylestradiol 

(2.1) is an estrogen widely used in birth control medications and is a synthetic derivate of the natural 

estrogen steroid hormone estradiol (2.2). Compared to the natural hormone, lacking the terminal 

alkyne, ethinylestradiol (2.1) showed an improved bioavailability and enhanced metabolic resistance.1 

Another example is the nonsteroidal estrogen drug, trans-diethylstilbestrol (2.3), which mimics the 

structure of estradiol (2.2) with open central rings. The rigidity of the molecule is provided by the 

internal alkene and only the E-isomer displayed significant estrogen activity.2
 

 
Figure 2.1: Estradiol-derived drugs containing aliphatic alkene and alkyne motifs. 

2.1.2 Reactivity and synthesis 

2.1.2.1 Synthetic transformations of alkenes and alkynes 

In addition to their interesting structural properties, alkenes and alkynes can undergo a broad range 

of transformations (Scheme 2.1). Alkenes and alkynes have similar reactivity, and the most common 

derivatizations include: stereoselective reduction (a), hydration (b), cross-coupling and metathesis (c), 

metalation (d), difunctionalization (e) and cycloaddition (f). The selective reduction of alkenes and 

alkynes is usually performed by hydrogenation with molecular hydrogen in the presence of a 

heterogeneous or homogeneous metal catalyst (a).3 The partial reduction of alkynes allowed access 

to alkenes with excellent control of the stereoselectivity (E or Z) depending on the catalyst used.4 As 

precursors of carbonyl compounds, olefins can be transformed into aldehydes and carboxylic acids by 

oxidative cleavage or into ketones using the Wacker process (b).5,6 Similarly, the hydration of alkynes 

                                                            
1 Norethynodrel, IARC Monogr. Eval. Carcinog. Risk Chem. Hum. 1979, 21, 461.   
2 Dodds, E. C.; Goldberg, L.; Lawson, W.; Robinson, R. Nature 1938, 141, 247–248. 
3 Knowles, W. S. Angew. Chem. Int. Ed. 2002, 41, 1998–2007. 
4 Lindlar, H.; Dubuis, R. Org. Synth. 1966, 46, 89. 
5 Fisher, T. J.; Dussault, P. H. Tetrahedron 2017, 73, 4233–4258.  
6 Fernandes, R. A.; Jha, A. K.; Kumar, P. Catal. Sci. Technol. 2020, 10, 7448–7470.  
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generates enols, which can tautomerize to ketones.7 Alkenes and alkynes can also undergo cross-

coupling and metathesis reactions to produce functionalized frameworks (c).8,9  In addition, the cis- or 

trans-metalations of olefins and alkynes allow access to organometallic species, which are versatile 

intermediates for further transformations (d).10 Polar or radical vicinal difunctionalization of alkenes 

and alkynes is another highly efficient and practical synthetic strategy for the straightforward 

preparation of diverse and valuable derivatives starting from simple unsaturated structures (e).11 

Finally, cycloaddition reactions of alkenes and alkynes are important transformations as they allow 

the simultaneous formation of multiple bonds with high selectivity (f). Among the myriad of 

transformations available, the Diels-Alder reaction is an important cycloaddition reaction, involving 

an olefin dienophile and a diene partner.12 The Huisgen 1,3-dipolar cycloaddition of alkynes with 

organic azide derivatives is another extensively used cycloaddition. Initially discovered by Huisgen,13 

it was later popularized by Sharpless and Meldal, who introduced Click Chemistry.14 Using a copper 

catalyst, the formation of 1,2,3-triazoles is fast and selective.15 Later, a metal-free version of the Click 

reaction was reported by the Bertozzi group, who used strain released as the driving force for Strain-

Promoted Alkyne Azide Cycloaddition (SPAAC).16 Since its discovery, Click Chemistry has found broad 

applications in materials science and chemical biology.17,18   

 

Scheme 2.1: Important transformations of alkenes and alkynes. 

                                                            
7 (a) Hintermann, L.; Labonne, A. Synthesis 2007, 2007, 1121–1150. (b) Brenzovich Jr., W. E. Angew. Chem. Int. 
Ed. 2012, 51, 8933–8935.  
8 Suzuki, A. Angew. Chem. Int. Ed. 2011, 50, 6722–6737.  
9 (a) Schrock, R. R. Angew. Chem. Int. Ed. 2006, 45, 3748–3759. (b) Grubbs, R. H. Angew. Chem. Int. Ed. 2006, 45, 
3760–3765. (c) Fürstner, A. J. Am. Chem. Soc. 2021, 143, 15538–15555.  
10 (a) Knochel, P. Carbometallation of Alkenes and Alkynes. In Comprehensive Organic Synthesis; Trost, B. M., 
Fleming, I., Eds.; Pergamon: Oxford, 1991; pp 865–911. (b) Flynn, A. B.; Ogilvie, W. W. Chem. Rev. 2007, 107, 
4698–4745.  
11 (a) Lan, X.-W.; Wang, N.-X.; Xing, Y. Eur. J. Org. Chem. 2017, 2017, 5821–5851. (b) Jiang, H.; Studer, A. Chem. 
Soc. Rev. 2020, 49, 1790–1811.  
12 Nicolaou, K. C.; Snyder, S. A.; Montagnon, T.; Vassilikogiannakis, G. Angew. Chem. Int. Ed. 2002, 41, 1668–
1698.  
13 Huisgen, R.; Szeimies, G.; Möbius, L. Chem. Ber. 1967, 100, 2494–2507. 
14 (a) Kolb, H. C.; Finn, M. G.; Sharpless, K. B. Angew. Chem. Int. Ed. 2001, 40, 2004–2021. (b) Rostovtsev, V. V.; 
Green, L. G.; Fokin, V. V.; Sharpless, K. B. Angew. Chem. Int. Ed. 2002, 41, 2596–2599. (c) H. C.; Sharpless, K. B. 
Drug Discovery Today 2003, 8, 1128–1137.  
15 Meldal, M.; Tornøe, C. W. Chem. Rev. 2008, 108, 2952–3015.  
16 Agard, N. J.; Prescher, J. A.; Bertozzi, C. R. J. Am. Chem. Soc. 2004, 126, 15046–15047.  
17 Xi, W.; Scott, T. F.; Kloxin, C. J.; Bowman, C. N. Adv. Funct. Mater. 2014, 24, 2572–2590.  
18 El-Sagheer, A. H.; Brown, T. Chem. Soc. Rev. 2010, 39, 1388–1405.  
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2.1.2.2 Synthetic methods to access alkenes and alkynes 

The formation or incorporation of unsaturated double or triple bonds into organic frameworks can be 

performed using several strategies. A first approach is the interconversion of an existing functional 

group into an alkene or an alkyne (Scheme 2.2). A common strategy to generate alkenes is the β-

elimination of alkyl halides, alcohols or amines (a). Similarly, alkynes can be accessed by elimination 

of dihalogenated alkanes or halogenated alkenes.19 Another important method to generate 

unsaturated bonds from existing functional groups consists of the reaction of abundant carbonyl 

compounds with a carbanion equivalent, followed by elimination. Starting from readily available 

aldehydes, the Corey-Fuchs reaction uses triphenylphosphine and carbon tetrabromide to generate a 

gem-dibromoalkene intermediate, which produces terminal alkynes after elimination with a strong 

base (b).20 Alkynes can also be obtained by generation of an alkenyl-carbene intermediate, which can 

undergo 1,2-migration of one of the substituents. The Seyferth–Gilbert homologation is the reaction 

of a ketone with a diazophosphonate to generate substituted alkynes (c).21 The Ohira-Bestmann 

conditions allow milder activation of the diazophosphonate and can be used for the synthesis of 

terminal alkynes (d).22 In a similar way, the Wittig olefination is a reaction of an aldehyde or ketone 

with a phosphonium ylide to give the corresponding alkene (e).23 The driving force of the 

transformation is the generation of phosphine oxide. Olefin metathesis is another strategy that allows 

to redistribute substituents between different alkenes (f).24 Finally, alkynes can be transformed into 

alkenes by stereoselective reduction (g).25  

 

Scheme 2.2: Relevant synthetic methods to access alkenes and alkynes. 

A second approach to install unsaturation into molecules consists of directly transferring an already-

existing alkene or alkyne moiety. This can be performed by nucleophilic vinylation or alkynylation. In 

contrast to terminal alkynes, which can be easily deprotonated under mild conditions to react with 

various electrophiles (pka = 25),26 olefins are less acidic and their deprotonation requires harsh 

                                                            
19 Shaw, R.; Elagamy, A.; Althagafi, I.; Pratap, R. Org. Biomol. Chem. 2020, 18, 3797–3817.  
20 Corey, E. J.; Fuchs, P. L. Tetrahedron Lett. 1972, 13, 3769–3772.  
21 (a) Seyferth, D.; Marmor, R. S.; Hilbert, P. J. Org. Chem. 1971, 36, 1379–1386. (b) Gilbert, J. C.; Weerasooriya, 
U. J. Org. Chem. 1982, 47, 1837–1845. 
22 Müller, S.; Liepold, B.; Roth, G. J.; Bestmann, H. J. Synlett 1996, 1996, 521–522. 
23 Byrne, P. A.; Gilheany, D. G. Chem. Soc. Rev. 2013, 42, 6670–6696.  
24 Chatterjee, A. K.; Choi, T.-L.; Sanders, D. P.; Grubbs, R. H. J. Am. Chem. Soc. 2003, 125, 11360–11370. 
25 Trost, B. M.; Ball, Z. T.; Jöge, T. J. Am. Chem. Soc. 2002, 124, 7922–7923.  
26 Trost, B. M.; Weiss, A. H. Adv. Synth. Catal. 2009, 351, 963–983.  
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conditions (pka = 40-50). Therefore, nucleophilic vinylation is usually achieved using readily accessible 

vinyl metallic reagents, such as vinyl Grignard or copper reagents.27 Vinyl metallic reagents are also 

particularly used in cross-coupling reactions (Scheme 2.3). Using a transition metal catalyst, such as 

palladium, nucleophilic vinyl reagents can undergo transmetalation to generate the vinylated 

compounds after reductive elimination (a).28 Similarly, terminal alkynes can react as nucleophiles in 

the palladium-catalyzed Sonogashira cross-coupling reaction (b).29 In this case, a copper co-catalyst is 

used to generate in situ the active copper-acetylide intermediate.  

 

Scheme 2.3: Palladium-catalyzed vinylation (a) and Sonogashira (b) cross-coupling reactions. 

In addition to nucleophilic vinylation and alkynylation, electrophilic transfer of alkenes and alkynes is 

a convenient strategy for the installation of unsaturated double and triple bonds into substrates. This 

approach requires the association of transition metal catalysts with vinyl or alkynyl halides. In fact, 

despite being poorly reactive for direct nucleophilic addition, vinyl and alkynyl halides can easily 

undergo oxidative addition with various transition metals.30 Therefore, several metal-catalyzed cross-

coupling or C-H functionalization reactions have been described for the formation of new C-C or C-

heteroatom bonds (Scheme 2.4). The most commonly used metals are palladium and copper. In the 

case of vinylation, the geometry of the transferred olefin is usually retained during the transformation. 

Cross-coupling or directed C-H functionalization can be performed with nucleophilic (hetero)aryl (a).31 

Sonogashira and Cadiot-Chodkiewicz couplings allow Csp2-Csp and Csp-Csp bond formation with 

                                                            
27 Derocque, J. L.; Sundermann, F. B. J. Org. Chem. 1974, 39, 1411–1416.  
28 Denmark, S. E.; Butler, C. R. Chem. Commun. 2009, 20–33.  
29 Chinchilla, R.; Nájera, C. Chem. Soc. Rev. 2011, 40, 5084–5121.  
30 (a) Bernasconi, C. F.; Rappoport, Z. Acc. Chem. Res. 2009, 42, 993–1003. (b) Brand, J. P.; Waser, J. Chem. Soc. 
Rev. 2012, 41, 4165–4179.  
31 Selected examples: (a) Littke, A. F.; Dai, C.; Fu, G. C. J. Am. Chem. Soc. 2000, 122, 4020–4028. (b) Dai, C.; Fu, G. 
C. J. Am. Chem. Soc. 2001, 123, 2719–2724. (c) Ruan, Z.; Lackner, S.; Ackermann, L. ACS Catal. 2016, 6, 4690–
4693.  
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nucleophilic alkynes (b).32 Alkenylation and alkynylation of unactivated aliphatic C-H bonds can be 

performed using metal catalysis and a directing group (c).33 Finally, heteroatoms can be used as 

nucleophilic partners in cross-coupling reactions with vinyl and alkynyl halides (d).34 

 

Scheme 2.4: Metal-catalyzed transformations with vinyl and alkynyl halides.  

Electrophilic vinyl and alkynyl species such as halides or sulfones can also be used in radical chemistry 

for the functionalization of transient nucleophilic radicals generated, for example, via metal or 

photoredox catalysis.35  

Alkenes and alkynes are important building blocks in synthetic chemistry and find applications in 

diverse fields such as material science and chemical biology. Various robust chemical routes have been 

developed to install unsaturated double and triple bonds into molecules. Among them, the direct 

transfer of an already-existing alkene or alkyne moiety is an efficient strategy, which can be performed 

using nucleophilic or electrophilic vinyl and alkynyl reagents. Electrophilic transformations have been 

mostly achieved using alkenyl and alkynyl halides and metal catalysis, and the development of new 

reagents for electrophilic vinylation and alkynylation reactions is highly desirable to expand the 

reaction toolbox and to solve synthetic challenges. In this context, hypervalent iodine reagents are 

particularly interesting because of their properties as good leaving groups. The chemistry of 

hypervalent iodine reagents bearing alkenes and alkynes functional groups has been broadly studied 

in this thesis and will be discussed in the following chapter (see Chapter 2.3).  

                                                            
32 (a) Zhou, Y.; Zhang, Y.; Wang, J. Org. Biomol. Chem. 2016, 14, 6638–6650. (b) Sindhu, K. S.; Thankachan, A. P.; 
Sajitha, P. S.; Anilkumar, G. Org. Biomol. Chem. 2015, 13, 6891–6905.  
33 Liu, B.; Romine, A. M.; Rubel, C. Z.; Engle, K. M.; Shi, B.-F. Chem. Rev. 2021, 121, 14957–15074.  
34 Selected examples: (a) Nordmann, G.; Buchwald, S. L. J. Am. Chem. Soc. 2003, 125, 4978–4979. (b) Godin, É.; 
Santandrea, J.; Caron, A.; Collins, S. K. Org. Lett. 2020, 22, 5905–5909. (c) Barluenga, J.; Fernández, M. A.; Aznar, 
F.; Valdés, C. Chem. Commun. 2004, 1400–1401. (d) Dunetz, J. R.; Danheiser, R. L. Org. Lett. 2003, 5, 4011–4014.  
35 Selected examples: (a) Lyu, X.-L.; Huang, S.-S.; Song, H.-J.; Liu, Y.-X.; Wang, Q.-M. RSC Adv. 2019, 9, 36213–
36216. (b) Noble, A.; MacMillan, D. W. C. J. Am. Chem. Soc. 2014, 136, 11602–11605.  
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2.2 Enamides and aryl enol ethers 

2.2.1 Structure and occurrence 

The chemistry of carbon-carbon bond formation occupies a privileged position in synthetic 

methodology. Usual reactivities rely on the combination of electrophilic and nucleophilic synthons. 

Carbonyl compounds, which display both characters are of great interest. Enolates are organic anions 

derived from the deprotonation of carbonyl compounds and enamines are their nitrogen analogues 

(Figure 2.2). The nucleophilicity of enamine compounds is due to the electron-donating character of 

the nitrogen lone pair, which increases the electron density on the β-carbon. The alkylation of 

nucleophilic enolates and enamides represents a fundamental process for the construction of 

carbon−carbon bonds and the asymmetric version of this transformation is a powerful strategy for the 

preparation of α-stereogenic carbonyl compounds.36  

 

Figure 2.2: General structure and reactivity of enolates and enamines. 

Despite their synthetic utility, enolates are highly reactive species which are challenging to isolate and 

enamines are highly sensitive toward hydrolysis, making them difficult to handle. In this context, enol 

ethers and enamides, with an electron-withdrawing group on the nitrogen, are interesting derivatives 

due to their enhanced stability (Figure 2.3).37 Their structures are abundant in natural compounds and 

bioactive products. Besides, they are valuable starting materials for the synthesis of oxygen- or 

nitrogen-containing building blocks, especially via stereoselective hydrogenation.38,39 In regard to 

these various applications, the synthesis of stereodefined enamides and enol ethers is an attractive 

topic of research. For the purpose of this thesis, we will focus on aryl enol ether derivatives, which 

synthesis is particularly challenging and the methods for their preparation are limited. 

                                                            
36  (a) Stork, G.; Brizzolara, A.; Landesman, H.; Szmuszkovicz, J.; Terrell, R. J. Am. Chem. Soc. 1963, 85, 207–222. 

(b) Stoltz, B. M.; Mohr, J. T. Protonation, Alkylation, Arylation and Vinylation of Enolates. In Science of Synthesis: 

Stereoselective Synthesis 3; De Vries, J. G., Molander, G. A., Evans, P. A., Eds.; Thieme: Stuttgart, Germany, 2011; 

Vol. 3, pp 615−674. (c) MacMillan, D. W. C.; Watson, A. J. B. α-Functionalization of Carbonyl Compounds. In 

Science of Synthesis: Stereoselective Synthesis 3; De Vries, J. G., Molander, G. A., Evans, P. A., Eds.; Thieme: 

Stuttgart, Germany, 2011; Vol. 3, pp 674−715. (d) Wright, T. B.; Evans, P. A. Chem. Rev. 2021, 121, 9196–9242. 
37 (a) Mukaiyama, T.; Banno, K.; Narasaka, K. J. Am. Chem. Soc. 1974, 96, 7503–7509. (b) Gopalaiah, K.; Kagan, 

H. B. Chem. Rev. 2011, 111, 4599–4657.  
38 Effenberger, F. Angew. Chem. Int. Ed. 1969, 8, 295–312. 

39 (a) Carbery, D. R. Org. Biomol. Chem. 2008, 6, 3455–3460. (b) T. Courant, G. Dagousset and G. Masson, 
Synthesis, 2015, 47, 1799–1856. 
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Figure 2.3: Classes of enol ethers and enamides. 

2.2.2 Synthesis of enamides and aryl enol ethers 

In contrast to enamines, which can be obtained by simple condensation of a carbonyl with an amine, 

the direct conversion of carbonyls to enamides has been less described, likely because of the low 

nucleophilicity of amides (Scheme 2.5).40 Another straightforward access to enamides is the direct 

dehydrogenation of the corresponding amides using transition-metal catalysis, photochemistry, 

electrochemical oxidation or electrophilic amide activation.41  

 

Scheme 2.5: Straightforward access to enamides from amides. 

Formation of the unsaturated bond or construction of the C-N bond are other common strategies to 

synthetize enamides (Scheme 2.6).42 Stereodefined enamides can be obtained using the Wittig 

olefination between an imide and a phosphonium ylide (a).43 Copper-catalyzed transformations, such 

as Chan-Lam or Goldberg couplings have been extensively employed for the stereoselective synthesis 

of enamides (b).44 In addition, metal-catalyzed amidation of vinyl halides or boronates with palladium 

or rhodium catalysts have been investigated.45 Enamides can also be obtained from an iron-catalyzed 

                                                            
40 (a) Tschaen, D. M.; Abramson, L.; Cai, D.; Desmond, R.; Dolling, U.-H.; Frey, L.; Karady, S.; Shi, Y.-J.; Verhoeven, 
T. R. J. Org. Chem. 1995, 60, 4324–4330. (b) Dupau, P.; Gendre, P. L.; Bruneau, C.; Dixneuf, P. H. Synlett 1999, 
1999, 1832–1834. (c) Adam, W.; Bosio, S. G.; Turro, N. J.; Wolff, B. T. J. Org. Chem. 2004, 69, 1704–1715. (d) 
Bayer, A.; Maier, M. E. Tetrahedron 2004, 60, 6665–6677. (e) Chen, J.; Zhang, W.; Geng, H.; Li, W.; Hou, G.; Lei, 
A.; Zhang, X. Angew. Chem. Int. Ed. 2009, 48, 800–802. (f) Reeves, J. T.; Tan, Z.; Han, Z. S.; Li, G.; Zhang, Y.; Xu, 
Y.; Reeves, D. C.; Gonnella, N. C.; Ma, S.; Lee, H.; Lu, B. Z.; Senanayake, C. H. Angew. Chem. Int. Ed. 2012, 51, 
1400–1404. (g) Genovino, J.; Lagu, B.; Wang, Y.; Touré, B. B. Chem. Commun. 2012, 48, 6735–6737.  
41 (a) Shono, T.; Matsumura, Y.; Tsubata, K.; Sugihara, Y.; Yamane, S.; Kanazawa, T.; Aoki, T. J. Am. Chem. Soc. 
1982, 104, 6697–6703. (b) Golub, T.; Becker, J. Y. Electrochim. Acta 2015, 173, 408–415. (c) Chuentragool, P.; 
Parasram, M.; Shi, Y.; Gevorgyan, V. J. Am. Chem. Soc. 2018, 140, 2465–2468. (d) Huang, L.; Bismuto, A.; Rath, S. 
A.; Trapp, N.; Morandi, B. Angew. Chem. Int. Ed. 2021, 60, 7290–7296. (e) Spieß, P.; Berger, M.; Kaiser, D.; 
Maulide, N. J. Am. Chem. Soc. 2021, 143, 10524–10529.  
42 Tracey, M. R.; Hsung, R. P.; Antoline, J.; Kurtz, K. C. M.; Shen, L.; Slafer, B. W.; Zhang, Y. In Science of Synthesis; 
21; Georg Thieme Verlag: Stuttgart, 2005, pp 415.  
43 (a) Villa, M. V. J.; Targett, S. M.; Barnes, J. C.; Whittingham, W. G.; Marquez, R. Org. Lett. 2007, 9, 1631–1633. 
(b) Mathieson, J. E.; Crawford, J. J.; Schmidtmann, M.; Marquez, R. Org. Biomol. Chem. 2009, 7, 2170–2175.  
44 For a review see: Kuranaga, T.; Sesoko, Y.; Inoue, M. Nat. Prod. Rep. 2014, 31, 514–532. For selected examples 
see: (a) Jiang, L.; Job, G. E.; Klapars, A.; Buchwald, S. L. Org. Lett. 2003, 5, 3667–3669. (b) Pan, X.; Cai, Q.; Ma, D. 
Org. Lett. 2004, 6, 1809–1812. (c) Bolshan, Y.; Batey, R. A. Angew. Chem. Int. Ed. 2008, 47, 2109–2112.  
45 For selected review see: Dehli, J. R.; Legros, J.; Bolm, C. Chem. Commun. 2005, 973−986. For selected examples 
see: (a) Wallace, D. J.; Klauber, D. J.; Chen, C.-Y.; Volante, R. P. Org. Lett. 2003, 5, 4749–4752. (b) Han, C.; Shen, 
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reduction of ketoximes (c),46 the Curtius rearrangement of vinyl acyl-azides (d)47 or simple elimination 

from pre-functionalized amides (e).48 Despite the several routes available, stereocontrol of the double 

bond remains challenging. E-enamides are predominantly formed, and only a few strategies have been 

reported for the synthesis of Z-enamides. Moreover, most reports have been so far limited to specific 

classes of Z-enamides, such as for example Z-thioenamides.49 Alternatives to obtain stereodefined 

enamides have been developed, such as the isomerization of N-allyl amides,50 the elimination of β-

hydroxy-silylamides,51 or ynamides carbometalation,52 but these strategies have demonstrated lack of 

convergence.  

 

Scheme 2.6: Common strategies for enamide synthesis. 

Among the diverse synthetic strategies to access enamides, the transition-metal-catalyzed 

hydroamidation of alkynes, by addition of an amide N−H bond to the C−C triple bond of an alkyne, 

represents one of the most atom-economical methods.53 Inspired by the work of Watanabe and co-

workers,54 the synthesis of enamides by ruthenium-catalyzed selective addition of amides to terminal 

                                                            
R.; Su, S.; Porco, J. A., Jr. Org. Lett. 2004, 6, 27–30. (c) Klapars, A.; Campos, K. R.; Chen, C.; Volante, R. P. Org. 
Lett. 2005, 7, 1185–1188. (d) Feng, C.; Loh, T.-P. Org. Lett. 2014, 16, 3444–3447.  
46 Tang, W.; Capacci, A.; Sarvestani, M.; Wei, X.; Yee, N. K.; Senanayake, C. H. Org. Chem. 2009, 74, 9528–9530.  
47 Ghosh, A. K.; Sarkar, A.; Brindisi, M. Org. Biomol. Chem. 2018, 16, 2006–2027.  
48 (a) Dieter, R. K.; Sharma, R. R. J. Org. Chem. 1996, 61, 4180–4184. (b) Wang, X.; Porco, J. A. J. Org. Chem. 2001, 
66, 8215–8221. (c) Kuramochi, K.; Watanabe, H.; Kitahara, T. Synlett 2000, 2000, 397–399.  
49 For Z-thioenamides, see: (a) B. Banerjee, B.; Litvinov, D. N.; Kang, J.; Bettale, J. D.; Castle, S. L. Org. Lett. 2010, 
12, 2650–2652. (b) Garcia-Reynaga, P.; Carrillo, A. K.; VanNieuwenhze, M. S. Org. Lett. 2012, 14, 1030–1033. (c) 
Lutz, J. A.; Subasinghege Don, V.; Kumar, R.; Taylor, C. M. Org. Lett. 2017, 19, 5146–5149. 
50 (a) Cook, G. R.; Barta, N. S.; Stille, J. R. J. Org. Chem. 1992, 57, 461–467. (b) Lin, S.; Yang, Z.-Q.; Kwok, B. H. B.; 

Koldobskiy, M.; Crews, C. M.; Danishefsky, S. J. J. Am. Chem. Soc. 2004, 126, 6347–6355. (c) Krompiec, S.; Pigulla, 

M.; Kuznik, N.; Krompiec, M.; Marciniec, B.; Chadyniak, D.; Kasperczyk, J. J. Mol. Catal. A: Chem. 2005, 225, 91–

10112. (d) Wang, L.; Liu, C.; Bai, R.; Pan, Y.; Lei, A. Chem. Commun. 2013, 49, 7923–7925. (e) Trost, B. M.; Cregg, 

J. J.; Quach, N. J. Am. Chem. Soc. 2017, 139, 5133–5139. 
51 Fürstner, A.; Brehm, C.; Cancho-Grande, Y. Org. Lett. 2001, 3, 3955–3957. 
52 (a) Gourdet, B.; Lam, H. W. J. Am. Chem. Soc. 2009, 131, 3802–3803. (b) Baldassari, L. L.; de la Torre, A.; Li, J.; 
Lüdtke, D. S.; Maulide, N. Angew. Chem. Int. Ed. 2017, 56, 15723–15727. 
53 Evano, G.; Gaumont, A.-C.; Alayrac, C.; Wrona, I. E.; Giguere, J. R.; Delacroix, O.; Bayle, A.; Jouvin, K.; 
Theunissen, C.; Gatignol, J.; Silvanus, A. C. Tetrahedron 2014, 70, 1529−1616. 
54 Kondo, T.; Tanaka, A.; Kotachi, S.; Watanabe, Y. J. Chem. Soc., Chem. Commun. 1995, 413–414.  
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alkynes was reported by the group of Gooßen.55 In a first report, they described the selective synthesis 

of both E- and Z-enamides by anti-Markovnikov addition of secondary amides to alkynes. The 

stereochemistry of the products was controlled by the choice of the ligands.55a This procedure was, 

however, strictly limited to secondary amides. The lower reactivity of primary amide substrates could 

be overcome using a catalyst system generated in situ from bis(2-methallyl)(cycloocta-1,5-

diene)ruthenium(II), 1,4-bis(dicyclohexylphosphino)butane (dcypb), and ytterbium triflate (Scheme 

2.7).55b The ruthenium-catalyzed hydroamination allowed access to enamides with a high Z-

stereoselectivity, and the thermodynamically more stable E-isomers could be obtained by combining 

the hydroamidation strategy with an in situ double-bond isomerization, using triethylamine and 

molecular sieves. Later, a comprehensive mechanistic study of the ruthenium-catalyzed 

hydroamidation of terminal alkynes was carried out to rationalize the chemo-, regio-, and 

stereoselectively of the transformations.  56 

 

Scheme 2.7: Ruthenium-catalyzed synthesis of Z- and E-enamides. 

Cyclic amides were reported to react with unactivated terminal alkynes in the presence of a catalytic 

amount of a rhenium complex to provide E-enamides in high regio- and stereoselectivity (Scheme 

2.8).57 Alternative conditions were described by Dominguez and co-workers, who reported a cesium 

carbonate-promoted hydroamination of terminal alkynes with cyclic amides in presence of catalytic 

iron chloride.58 In this case, Z-enamides were obtained preferentially, but with a low Z/E-

stereoselectivity. 

 

Scheme 2.8: Rhenium-catalyzed hydroamidation of cyclic amides with terminal alkynes.  

The hydroamidation of electron-deficient terminal alkynes by primary amides in presence of a 

palladium catalyst has been exploited by Mothkuri and co-workers for the stereoselective synthesis 

of Z-enamides (Scheme 2.9).59 The high stereoselectivity was explained by a favorable intramolecular 

hydrogen bonding between the carbonyl oxygen of the alkyne and the N−H of the amide in a vinyl 

                                                            
55 (a) Gooßen, L. J.; Rauhaus, J. E.; Deng, G. Angew. Chem. Int. Ed. 2005, 44, 4042−4045. (b) Gooßen, L. J.; Salih, 
K. S. M.; Blanchot, M. Angew. Chem. Int. Ed. 2008, 47, 8492–8495. (c) Goossen, L. J.; Arndt, M.; Blanchot, M.; 
Rudolphi, F.; Menges, F.; Niedner-Schatteburg, G. Adv. Synth. Catal. 2008, 350, 2701–2707. (d) Gooßen, L.; 
Blanchot, M.; Salih, K.; Gooßen, K. Synthesis 2009, 2009, 2283–2288. (e) Gooßen, L.; Blanchot, M.; Arndt, M.; 
Salih, K. Synlett 2010, 2010, 1685–1687. 
56 Arndt, M.; Salih, K. S. M.; Fromm, A.; Goossen, L. J.; Menges, F.; Niedner-Schatteburg, G. J. Am. Chem. Soc. 
2011, 133, 7428–7449.  
57 Yudha S, S.; Kuninobu, Y.; Takai, K. Org. Lett. 2007, 9, 5609–5611.  
58 Herrero, M. T.; de Sarralde, J. D.; SanMartin, R.; Bravo, L.; Domínguez, E. Adv. Synth. Catal. 2012, 354, 3054–
3064.  
59 Panda, N.; Mothkuri, R. J. Org. Chem. 2012, 77, 9407–9412. 
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palladium complex I. In contrast to primary amides, when secondary amides were employed, a high 

E-selectivity was observed.   

 

Scheme 2.9: Palladium-catalyzed hydroamidation of amides with activated terminal alkynes. 

Recently, a nickel hydride-catalyzed hydroamination of alkynes with dioxazolones was reported by 

Chang and co-workers (Scheme 2.10).60 The ligand-controlled strategy allowed access to secondary 

enamides in E-anti-Markovnikov or Markovnikov selectivity. The addition of water was found to be 

essential to facilitate the transmetalation step, allowing a high catalyst turnover. The partial reduction 

of alkynes to the corresponding alkenes was prevented by the involvement of a low-energy inner-

sphere nitrenoid transfer. The transformation is efficient with terminal alkynes, but examples with 

internal alkynes were also reported.  

 

Scheme 2.10: NiH-catalyzed hydroamination of alkynes with dioxazolones. 

Transition-metal-catalyzed hydroamidation strategies have been mostly restricted to terminal alkyne 

substrates, and only a few procedures have been applied to internal alkynes. The group of Kozmin 

successfully achieved a silver-catalyzed hydroamidation of electron-rich siloxy alkynes with secondary 

amides and carbamates with complete chemo- and diastereoselectivity (Scheme 2.11, (a)).61 Later, Cui 

and co-workers extended the scope of alkynes to electron-deficient internal alkynes using a 

ruthenium-catalyzed hydroamidation with benzyl-diisopropyloxalamide (b).62 The methodology 

allowed access to various E-enamides with high regio- and stereoselectivity.  

 

Scheme 2.11: Silver and ruthenium-catalyzed hydroamidation of internal alkynes. 

                                                            
60 Lyu, X.; Zhang, J.; Kim, D.; Seo, S.; Chang, S. J. Am. Chem. Soc. 2021, 143, 5867–5877. 
61 Sun, J. W.; Kozmin, S. A. Angew. Chem. Int. Ed. 2006, 45, 4991− 4993. 
62 Kuai, C.; Wang, L.; Cui, H.; Shen, J.; Feng, Y.; Cui, X. ACS Catal. 2016, 6, 186–190.  
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Concerning enol ethers, their synthesis strongly relies on the nature of the substituents on the oxygen 

group. With the prominence of silyl enol ethers,38,63 and alkyl enol ethers,64 the chemistry of aryl enol 

ethers, which will be studied in this thesis, has received less attention. In fact, the synthesis of aryl 

enol ethers is usually more challenging and the strategies developed, generally from transvinylation, 

are limited by the availability of suitable vinyl ether donor precursors (Scheme 2.12).65 A solution to 

this limitation was reported by the Gillmore group, who described a palladium-catalyzed aryl enol 

ether synthesis from readily available vinyl triflates (a).66 Later, the synthesis of aryl enol ethers from 

vinyl halides was allowed using copper,67 or palladium catalysis.68  

 

Scheme 2.12: Metal-catalyzed synthesis of aryl enol ethers from vinyl acetate, triflate and halides. 

The hydrophenoxylation of alkynes is another strategy to access aryl enol ethers and different 

methodologies have been described. The group of Yamamoto first reported an "anti-Wacker"-type 

hydroalkoxylation of diynes catalyzed by palladium (Scheme 2.13).69 The regioselective trans addition 

of phenols to conjugated diynes was proposed to proceed via the formation of an electron-rich η2-

coordinated Pd(0) complex I. Access to enynyl-aryl ethers from phenols was also reported by Cai and 

co-workers, who described a copper/iodide-catalyzed tandem reaction of phenols and terminal 

alkynes.70 The transformation proceeded with good regio- and stereoselectivity. A palladium-

catalyzed cross addition of terminal alkynes with aryl ynol ethers was also described by the group of 

Reddy.71 The reaction gave access to conjugated 2-phenoxy-Z-enynes with high stereo- and 

regioselectivity. 

                                                            
63 Ahmad, S. A. Z.; Jena, T. K.; Khan, F. A. Chem. Eur. J. 2021, 16, 1685–1702.  
64  Poirier, J.-M. Synthesis and Reactions of Functionalized Silylenol Ethers. a Review. Organic Preparations and 
Procedures Int. 1988, 20, 317–369. 
65 Okimoto, Y.; Sakaguchi, S.; Ishii, Y. J. Am. Chem. Soc. 2002, 124, 1590–1591. 
66 C. Willis, M.; Taylor, D.; T. Gillmore, A. Chem. Commun. 2003, 17, 2222–2223. 
67 (a) Wan, Z.; Jones, C. D.; Koenig, T. M.; Pu, Y. J.; Mitchell, D. Tetrahedron Lett. 2003, 44, 8257–8259. (b) Ma, 

D.; Cai, Q.; Xie, X. Synlett 2005, 11, 1767–1770. (c) Taillefer, M.; Ouali, A.; Renard, B.; Spindler, J.-F. Chem. Eur. J. 

2006, 12, 5301–5313. (d) Bao, W.; Liu, Y.; Lv, X. Synthesis 2008, 12, 1911. (e) Jouvin, K.; Bayle, A.; Legrand, F.; 

Evano, G. Org. Lett. 2012, 14, 1652–1655. (f) Chang, M.-Y.; Tai, H.-Y.; Tsai, C.-Y.; Chuang, Y.-J.; Lin, Y.-T. 

Tetrahedron Lett. 2014, 55, 6482–6485. (g) Kundu, D.; Maity, P.; Ranu, B. C. Org. Lett. 2014, 16, 1040–1043.  
68 Nomada, E.; Watanabe, H.; Yamamoto, M.; Udagawa, T.; Zhou, B.; Kobayashi, A.; Minakawa, M.; Kawatsura, 
M. Synlett 2014, 25, 1725–1730. 
69 Camacho, D. H.; Saito, S.; Yamamoto, Y. Tetrahedron Lett. 2002, 43, 1085–1088. 
70 Wu, Y.-B.; Xiao, L.; Mao, C.-L.; Zang, Z.-L.; Zhou, C.-H.; Cai, G.-X. Adv. Synth. Catal. 2019, 361, 4461–4467. 
71 Hari Babu, M.; Dwivedi, V.; Kant, R.; Reddy, M. S. Angew. Chem. Int. Ed. 2015, 54, 3783–3786.  
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Scheme 2.13: Palladium-catalyzed regioselective addition of phenols to conjugated diynes. 

The gold-catalyzed addition of phenols to alkynes was first reported by Sahoo and co-workers (Scheme 

2.14, (a)).72 The Z-stereoselective methodology was mostly applied to symmetrical internal alkynes, 

but examples of addition of phenols to unsymmetrical alkynes were described and provided a mixture 

of regioisomers with moderate selectivity. Later, the group of Nolan reported milder conditions for 

the synthesis of aryl vinyl ethers using dinuclear gold hydroxide complexes (b).73 The 

hydrophenoxylation of alkynes was achieved with complete Z-stereoselectivity and moderate 

regioselectivity.  The reaction was proposed to proceed through a dual activation pathway. The digold 

hydroxide catalyst dissociates into a Lewis acid and a Brønsted base, which can independently activate 

the alkyne and the phenol nucleophile, respectively. Similarly, using a different bimetallic catalytic 

system, Cazin and co-workers described the hydrophenoxylation of internal alkynes using N-

heterocyclic carbene (NHC) based copper(I) and gold(I) complexes (c).74 The heterobimetallic catalytic 

system allowed access to aryl enol ethers with again high Z-stereoselectivity but moderate 

regioselectivity. 

 

Scheme 2.14: Gold-catalyzed synthesis of aryl enol ethers from phenols and alkynes. 

Metal-free syntheses of aryl enol ethers were also reported, by simple reaction of phenol nucleophiles 

with vinyl halides or alkynes (Scheme 2.15).75 However, these methodologies usually required an 

excess of phenol and high temperatures.  

                                                            
72 Kuram, M. R.; Bhanuchandra, M.; Sahoo, A. K. J. Org. Chem. 2010, 75, 2247–2258.  
73 (a) Oonishi, Y.; Gómez‐Suárez, A.; Martin, A. R.; Nolan, S. P. Angew. Chem. Int. Ed. 2013, 52, 9767–9771. (b) 
Gómez-Suárez, A.; Oonishi, Y.; Martin, A. R.; Nolan, S. P. Beilstein J. Org. Chem. 2016, 12, 172–178. (c) Gómez-
Suárez, A.; Oonishi, Y.; Martin, A. R.; Vummaleti, S. V. C.; Nelson, D. J.; Cordes, D. B.; Slawin, A. M. Z.; Cavallo, L.; 
Nolan, S. P.; Poater, A. Chem. Eur. J. 2016, 22, 1125–1132. 
74 Lazreg, F.; Guidone, S.; Gómez-Herrera, A.; Nahra, F.; Cazin, C. S. J. Dalton Trans. 2017, 46, 2439–2444.  
75 (a) Geary, L. M.; Hultin, P. G. Org. Lett. 2009, 11, 5478–5481. (b) Wang, S.; Li, P.; Yu, L.; Wang, L. Org. Lett. 
2011, 13, 5968–5971. (c) Kabir, M. S.; Namjoshi, O. A.; Verma, R.; Lorenz, M.; Phani Babu Tiruveedhula, V. V. N.; 
Monte, A.; Bertz, S. H.; Schwabacher, A. W.; Cook, J. M. J. Org. Chem. 2012, 77, 300–310. (d) Dai, K.; Wang, K.; 
Li, Y.; Chen, J.-G.; Liu, Z.-W.; Lu, J.; Liu, Z.-T. J. Org. Chem. 2017, 82, 4721–4728. (e) Ansari, M. Y.; Kumar, N.; 
Kumar, A. Org. Lett. 2019, 21, 3931–3936. 
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Scheme 2.15: Base-promoted synthesis of aryl enol ethers. 

In 2003, the Berthelette group proposed a synthesis of substituted vinyl ethers using the Julia 

Olefination between α-alkoxy sulfones and a wide variety of ketones or aldehydes.76 Few examples 

were reported for para-chlorophenyl enol ethers with good yield but low stereoselectivity. As for 

enamides, synthesis of aryl enol ethers from isomerization of allyl ethers,77 or elimination from β-

functionalized aryl ethers have also been described.78 Finally, stereodefined iodoaryl 2-iodovinyl aryl 

ethers can be synthesized from hypervalent iodine reagents.79,80 The chemistry of hypervalent iodine 

compounds will be discussed in the following chapter (see Chapter 2.3). 

2.2.3 Reactivity of enamides and aryl enol ethers 

Enamides are excellent substrates for various transformations in organic synthesis, such as 

hydrogenations, metal-catalyzed reactions, cycloadditions and N-arylations.39 Reduction of the 

unsaturated bond provides an efficient access to chiral amines.81 Furthermore, with the electron-rich 

nitrogen, enamides are highly prone to undergo electrophilic addition at the β-position and/or 

nucleophilic addition at the α-position, offering the possibility to create new bonds (Scheme 2.16).  

 

Scheme 2.16: Model of reactivity for enamides in tandem reactions. 

Moreover, the addition of chiral Lewis or Brønsted acid allows access to enantio-enriched compounds. 

For instance, copper-catalyzed asymmetric Michael reactions with nucleophilic enamides were 

reported by Kobayashi for the generation of enantiomerically enriched 1,5-dicarbonyl compounds.82 

A similar strategy was efficiently used by Terada and co-workers for the development of a highly 

enantioselective aza-ene-type reaction of glyoxylate (2.6) with enecarbamates (2.7), catalyzed by a 

                                                            
76 Surprenant, S.; Chan, W. Y.; Berthelette, C. Org. Lett. 2003, 5, 4851–4854.  
77 (a) Martinez-Erro, S.; Sanz-Marco, A.; Bermejo Gómez, A.; Vázquez-Romero, A.; Ahlquist, M. S. G.; Martín-
Matute, B. J. Am. Chem. Soc. 2016, 138, 13408–13414. (b) Ohno, S.; Takamoto, K.; Fujioka, H.; Arisawa, M. Org. 
Lett. 2017, 19, 2422–2425. (c) Huang, G.; Ke, M.; Tao, Y.; Chen, F. J. Org. Chem. 2020, 85, 5321–5329.  
78 Santhosh, K. C.; Gopalsamy, A.; Balasubramanian, K. K. Eur. J. Org. Chem. 2001, 2001, 3461–3466.  
79 Liu, B.; Lim, C.-H.; Miyake, G. M. J. Am. Chem. Soc. 2018, 140, 12829–12835. 
80 He, S.-D.; Guo, X.-Q.; Li, J.; Zhang, Y.-C.; Chen, L.-M.; Kang, T.-R. Eur. J. Org. Chem. 2022, 2022, e202200516.  
81 Selected examples: (a) Burk, M. J.; Wang Y. M.; Lee, J. R. J. Am. Chem. Soc. 1996, 118, 5142–5143. (b) Burk, M. 
J.; Casy, G.; Johnson, N. B. J. Org. Chem. 1998, 63, 6084–6085. c) Hu, A. G.; Fu, Y.; Xie, J. H.; Zhou, H.; Wang, L. 
X.; Zhou, Q. L. Angew. Chem. Int. Ed. 2002, 41, 2348–2350. (d) Zhou, Q. L.; Xie, J. H. in Stereoselective Formation 
of Amines, 343, ed. W. Li and X. Zhang, 2014, pp. 75–101. (e) Yang, J.; Massaro, L.; Krajangsri, S.; Singh, T.; Su, 
H.; Silvi, E.; Ponra, S.; Eriksson, L.; Ahlquist, M. S. G.; Andersson, P. G. J. Am. Chem. Soc. 2021, 143, 21594–21603.  
82 Berthiol, F.; Matsubara, R.; Kawai, N.; Kobayashi, S. Angew. Chem. Int. Ed. 2007, 46, 7803–7805. 
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chiral phosphoric acid (Scheme 2.17).83 Chiral Brønsted acids were also used in tandem reactions for 

enantioselective Friedel-Crafts reactions of indoles and enamides.84 

 

Scheme 2.17: Enantioselective activation of aldehyde 2.6 by chiral phosphoric acid. 

Metal-catalyzed regioselective functionalization of enamides have been broadly studied over the last 

decades and the number of new methodologies regarding their direct C-H functionalization has 

dramatically increased.85 In 2013, hypervalent iodine reagents were used by Gillaizeau and co-workers 

in a copper-catalyzed arylation of cyclic enamides (Scheme 2.18).86 The reaction proceeded with total 

C3-regioselectivity. For the mechanism, they proposed that after in situ reduction of Cu(OTf)2 to 

Cu(OTf), an oxidative insertion into the diaryliodonium salt afford an electrophilic Cu(III)-aryl 

intermediate, which undergoes electrophilic addition at the electron-rich C3-position of the enamide. 

 

Scheme 2.18: Copper-catalyzed arylation of cyclic enamides with diaryliodonium salts. 

Enol ether chemistry is another important topic of research and many transformations have been 

developed, specially using silyl enol ether.87 The silyl derivates react as nucleophiles in many reactions, 

such as the Mukaiyama aldol or Michael additions.88 Conversely, aryl enol ether substrates display 

more restricted reactivities. Reactions such as arylation with Grignard reagents,89 radical cyclization,90 

and alkylation via C−H bond activation have been reported.91 Transition-metal-catalyzed reactions of 

aryl enol ethers to give oxygen-containing heterocycles have also been described by several groups. 

Because of their structure, aryl enol ethers can be engaged in palladium-catalyzed intramolecular 

                                                            
83 Terada, M.; Soga, K.; Momiyama, N. Angew. Chem. Int. Ed. 2008, 47, 4122–4125. 
84 Selected examples: (a) Jia, Y. X.; Zhong, J.; Zhu, S. F.; Zhang, C. M.; Zhou, Q. L. Angew. Chem. Int. Ed. 2007, 
46, 5565–5567. (b) Terada, M.; Sorimachi, K. J. Am. Chem. Soc. 2007, 129, 292– 293. 
85 Gigant, N.; Chausset-Boissarie, L.; Gillaizeau, I. Chem. Eur. J. 2014, 20, 7548–7564.  
86 Gigant, N.; Chausset-Boissarie, L.; Belhomme, M.-C.; Poisson, T.; Pannecoucke, X.; Gillaizeau, I. Org. Lett. 2013, 
15, 278–281.  
87 Brownbridge, P. Synthesis 2002, 1983, 1–28.  
88 (a) Mukaiyama, T.; Narasaka, K.; Banno, K. Chem. Lett. 1973, 2, 1011–1014. (b) Matsuo, J.; Murakami, M. 
Angew. Chem. Int. Ed. 2013, 52, 9109–9118. 
89 Iwasaki, T.; Miyata, Y.; Akimoto, R.; Fujii, Y.; Kuniyasu, H.; Kambe, N. J. Am. Chem. Soc. 2014, 136, 9260−9263. 
90 (a) Hu, M.; Song, R.-J.; Li, J.-H. Angew. Chem. Int. Ed. 2015, 54, 608−612. (b) Hu, M.; Liu, B.; Ouyang, X.-H.; 
Song, R.-J.; Li, J.-H. Adv. Synth. Catal. 2015, 357, 3332−3340. 
91 Hatano, M.; Ebe, Y.; Nishimura, T.; Yorimitsu, H. J. Am. Chem. Soc. 2016, 138, 4010−4013. 
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cyclizations for the synthesis of benzofuran motifs (Scheme 2.19).75a-b,92 However, it requires specific 

substrates such as Z-vinyl halide aryl ether or ortho-halogen-substituted aryl enol ether.  

 

Scheme 2.19: Benzofuran synthesis from aryl enol ethers.  

Metal-catalyzed cyclization or cycloisomerization reactions of aryl enol ethers or 1,7-enynes were 

reported using various transition-metals such as rhodium, copper, gold or ruthenium, leading to 

diverse benzofuran and benzoxepine derivatives (Scheme 2.20).77b,93 The Fürstner group described an 

iron-catalyzed cycloisomerization/cross-coupling cascade of alkynalphenyl vinyl ether with Grignard 

reagents giving access to stereodefined highly functionalized 1,3-dienes.94  

 

Scheme 2.20: Cyclization or cycloisomerization transformations with aryl enol ethers.  

The access to valuable enantiomerically enriched aryl allyl ethers from aryl enol ethers was reported 

by the Sigman group. They described a palladium-catalyzed redox-relay enantioselective Heck 

reaction of aryl enol ethers with electron-deficient vinyl triflates.95 The enantioselective 

hydrogenation of α-aryloxy-substituted α,β-unsaturated carboxylic derivatives has also been 

explored.96 These asymmetric procedures allowed access to optically active aryloxycarboxylic acid 

substrates, which are an important class of bioactive molecules.97 

                                                            
92 (a) Ma, D.; Cai, Q.; Xie, X. Synlett 2005, 11, 1767–1770. (b) Geary, L. M.; Hultin, P. G. Eur. J. Org. Chem. 2010, 

29, 5563–5573. 
93 (a) Okamoto, R.; Okazaki, E.; Noguchi, K.; Tanaka, K. Org. Lett. 2011, 13, 4894−4897. (b) Liu, J.; Liu, Y. Org. Lett. 
2012, 14, 4742−4745. (c) Chen, C.-R.; Lai, Y.-X.; Wu, R.-Y.; Liu, Y.-H.; Lin, Y.-C. ChemCatChem 2016, 8, 2193−2196. 
(d) Hu, M.; Song, R.-J.; Ouyang, X.-H.; Tan, F.-L.; Wei, W.-T.; Li, J.-H. Chem. Commun. 2016, 52, 3328−3331. 
94 Echeverria, P.-G.; Fürstner, A. Angew. Chem. Int. Ed. 2016, 55, 11188−11192. 
95 Patel, H. H.; Prater, M. B.; Squire, S. O.; Sigman, M. S. J. Am. Chem. Soc. 2018, 140, 5895–5898.  
96 (a) Li, S.; Zhu, S.-F.; Xie, J.-H.; Song, S.; Zhang, C.-M.; Zhou, Q.-L. J. Am. Chem. Soc. 2010, 132, 1172–1179. (b) 

Stewart, G. W.; Shevlin, M.; Yamagata, A. D. G.; Gibson, A. W.; Keen, S. P.; Scott, J. P. Org. Lett. 2012, 14, 5440–

5443.  
97 (a) Trost, B. M.; Crawley, M. L. Chem. Rev. 2003, 103, 2921–2944. (b) Cao, B.; Park, H.; Joullie, M. M. J. Am. 
Chem. Soc. 2002, 124, 520–521. (c) Tanaka, H.; Sawayama, A. M.; Wandless, T. J. J. Am. Chem. Soc. 2003, 125, 
6864–6865. (d) Pochetti, G.; Mitro, N.; Lavecchia, A.; Gilardi, F.; Besker, N.; Scotti, E.; Aschi, M.; Re, N.; 
Fracchiolla, G.; Laghezza, A.; Tortorella, P.; Montanari, R.; Novellino, E.; Mazza, F.; Crestani, M.; Loiodice, F. J. 
Med. Chem. 2010, 53, 4354–4366. (e) Nicolaou, K. C.; Pfefferkorn, J. A.; Roecker, A. J.; Cao, G. Q.; Barluenga, S.; 
Mitchell, H. J. J. Am. Chem. Soc. 2000, 122, 9939–9953. (f) Ishibashi, H.; Ishihara, K.; Yamamoto, H. J. Am. Chem. 
Soc. 2004, 126, 11122–1123. 
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Despite their low reactivity, aryl enol ethers have been broadly used as intermediate for the synthesis 

of complex chemical structures such as chiral ligands,98 or natural products (Scheme 2.21).99 The 

Magauer group reported the synthesis of three natural products, (-)-cyclosmenospongine (2.9), 

pimara-15-en-3α,8α-diol (2.10) and ent-norflickinflimiod C (2.11) from aryl enol ether intermediates 

(2.12 and 2.13) using a cationic polyene cyclization or a transannular polyene tetracyclization/endo-

termination sequence.  

 

Scheme 2.21: Natural products synthesis from aryl enol ether intermediates 2.12 and 2.13. 

2.2.4 Umpolung of enamides and enol ethers 

In contrast to the many transformations developed with nucleophilic enamides and enol ethers, their 

use as electrophiles in C-C bond formations has been less exploited. Halide-enamides are powerful 

reagents for electrophilic metal-catalyzed cross-coupling reactions (Scheme 2.22). The electron-

density on the nitrogen is diminished by the electron-withdrawing group, leading to easier oxidative 

addition. In this regard, bromo- and chloro-enamides have been broadly used in cross-couplings, 

however their chemistry is usually restricted to substrates bearing a geminal electron-withdrawing 

group.100 

                                                            
98 (a) Sakuma, T.; Yamamoto, E.; Aoyama, H.; Obora, Y.; Tsuji, Y.; Tokunaga, M. Tetrahedron: Asymmetry 2008, 
19, 1593–1599. (b) Pan, C.; Yin, S.-Y.; Wang, S.-B.; Gu, Q.; You, S.-L. Angew. Chem. Int. Ed. 2021, 60, 15510–
15516.  
99 (a) Speck, K.; Wildermuth, R.; Magauer, T. Angew. Chem. Int. Ed. 2016, 55, 14131–14135. (b) Feilner, J. M.; 
Wurst, K.; Magauer, T. Angew. Chem. Int. Ed.  2020, 59, 12436–12439. (c) Feilner, J. M.; Plangger, I.; Wurst, K.; 
Magauer, T. Chem. Eur. J. 2021, 27, 12410–12421.  
100 Selected examples: (a) Queiroz, M. J. R. P.; Abreu, A. S.; Calhelha, R. C.; Carvalho, M. S. D.; Ferreira, P. M. T. 
Tetrahedron 2008, 64, 5139–5146. (b) Ferreira, P. M. T.; Monteiro, L. S.; Castanheira, E. M. S.; Pereira, G.; Lopes, 
C.; Vilaça, H. Tetrahedron 2011, 67, 193–200. (c) Chen, H.-X.; Kang, J.; Chang, R.; Zhang, Y.-L.; Duan, H.-Z.; Li, Y.-
M.; Chen, Y.-X. Org. Lett. 2018, 20, 3278–3281.  
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Scheme 2.22: Metal-catalyzed cross-couplings with bromo- and chloro-enamides. 

In contrast, iodo-enamides have been less studied. Indeed, the synthesis of iodo-vinyl starting 

materials is limited to the electrophilic addition of iodides to alkynes.101 An alternative was developed 

by Guan who proposed a copper-catalyzed synthesis of iodo-enamides from ketoximes (Scheme 

2.23).102 This strategy allowed access to iodo-enamides without a geminal electron-withdrawing 

group, but was limited to the synthesis of stabilized aryl-substituted substrates. Iodo-enamides have 

been successfully engaged in various metal-catalyzed transformations such as the Heck, Suzuki and 

Sonogashira cross couplings. The reactions were stereoselective and afforded good yields, but 

required high temperatures.  

 

Scheme 2.23: Heck cross-coupling with iodo-enamides. 

Iodo-aryl enol ethers can be obtained by nucleophilic addition of phenols to the corresponding iodo-

alkynes under basic conditions or by reaction of an in situ generated β-aryloxyalkenylzinc with iodine 

(Scheme 2.24). 70,79,80,103 They have been engaged in various electrophilic cross coupling reactions, but 

again, harsh conditions, such as high temperatures, were required.  

 

Scheme 2.24: Synthesis and transformations of iodo-aryl enol ethers. 

The Umpolung of enolates has also been extensively studied using hypervalent iodonium salts.104 

However, it was only recently that Szpilman and co-workers could characterize and identify the 

                                                            
101 (a) Sato, A. H.; Ohashi, K.; Iwasawa, T. Tetrahedron Lett. 2013, 54, 1309–1311. (b) Ide, M.; Yauchi, Y.; Iwasawa, 
T. Eur. J. Org. Chem. 2014, 3262–3267. 
102 Liang, H.; Ren, Z. H.; Wang, Y. Y.; Guan, Z. H. Chem. Eur. J. 2013, 19, 9789–9794.  
103 Nishimoto, Y.; Kang, K.; Yasuda, M. Org. Lett. 2017, 19, 3927–3930.  
104 Merritt, E. A.; Olofsson, B. Synthesis 2011, 517–538. 
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reactive species.105 The enolonium intermediate generated in situ could not be isolated, but was 

successfully engaged in various nucleophilic additions (Scheme 2.25).106  

 

Scheme 2.25: Umpolung of ketones or enolates with hypervalent iodine for direct α-functionalization. 

At the beginning of my PhD, strategies for the Umpolung of enol ethers using hypervalent iodine 

reagents were limited and, to the best of our knowledge, no reports for the Umpolung of enamides 

were reported. Since then, several methodologies have been described, and will be discussed in the 

next chapters of this thesis.    

                                                            
105 Arava, S.; Kumar, J. N.; Maksymenko, S.; Iron, M. A.; Parida, K. N.; Fristrup, P.; Szpilman, A. M. Angew. Chem. 
Int. Ed. 2017, 56, 2599–2603.  
106 (a) Maksymenko, S.; Parida, K. N.; Pathe, G. K.; More, A. A.; Lipisa, Y. B.; Szpilman, A. M. Org. Lett. 2017, 19, 
6312–6315. (b) Parida, K. N.; Pathe, G. K.; Maksymenko, S.; Szpilman, A. M. Beilstein J. Org. Chem. 2018, 14, 
992–997. (c) A. A.; Pathe, G. K.; Parida, K. N.; Maksymenko, S.; Lipisa, Y. B.; Szpilman, A. M. J. Org. Chem. 2018, 
83, 2442–2447. (d) Arava, S.; Santra, S. K.; Pathe, G. K.; Kapanaiah, R.; Szpilman, A. M. Angew. Chem. Int. Ed. 
2020, 59, 15171–15175. 



     Chapter 2: Background and significance 

23 
 

2.3 Hypervalent iodine reagents  

2.3.1 Structure and reactivity 

As an element of the fifth row of the periodic table, iodine is one of the heaviest, largest and least 

electronegative stable halogens. Iodine naturally exists at different oxidation states (Figure 2.4). 

Elemental iodine (I2) is in the oxidation state 0, whereas in organic molecules and salts, it is commonly 

found in its monovalent form at the oxidation state –I, as an iodide. Because of its remarkable 

polarizability, iodine can accept more than eight valence electrons. Its valence can be extended and 

iodine can also exist in higher, positive oxidation states (+III and +V). Such multivalent compounds are 

called hypervalent iodine reagents. They are extensively employed in organic synthesis because of 

their potential as mild oxidants and efficient group transfer reagents. These compounds allow to 

combine the high reactivity, usually associated with organometallic intermediates, with the lower 

toxicity and costs of main-group elements.107 

 

Figure 2.4: Oxidation state of iodine. 

The first organic hypervalent iodine compound was isolated by Willgerodt in 1886 (Figure 2.5).108 He 

discovered that by bubbling chlorine gas in a solution of iodobenzene, (dichloroiodo)benzene (2.14) 

could be synthesized and isolated. Later on, he developed a broad library of hypervalent organic 

iodines, including the first diaryliodonium salt (2.15) and the oxidant (diacetoxyiodo)benzene (2.16), 

broadly used nowadays.109 

 

Figure 2.5: First examples of hypervalent iodine compounds. 

First introduced by Musher110 in 1969, hypervalency is a valence shell expansion. The concept was 

further extended to hypervalent halogen compounds by Martin.111 For iodine, this particular mode of 

bonding is due to the overlap of its non-hybridized 5p orbitals with the orbitals of the associated 

                                                            
107 (a) Wirth, T. ; Kita, Y.; Eds. Hypervalent Iodine Chemistry: Modern Developments in Organic Synthesis, 
Springer, Berlin, 2003. (b) Wirth, T. Angew. Chem. Int. Ed. 2005, 44, 3656–3665. (c) Zhdankin, V. V. ; Stang, P. J. 
Chem. Rev. 2008, 108, 5299–5358. (d) Zhdankin, V. V. Hypervalent Iodine Chemistry: Preparation, Structure, and 
Synthetic Applications of  Polyvalent Iodine Compounds, John Wiley & Sons, Inc, Chichester, WestSussex, 2014. 
(e) Yusubov, M. S.; Zhdankin, V. V. Resour.-Effic. Technol. 2015, 1, 49–67. (f) Yoshimura, A.; Zhdankin, V. V. Chem. 
Rev. 2016, 116, 3328–3435. 
108 Willgerodt, C. J. Für Prakt. Chem. 1886, 33, 154–160.  
109 Stang, P. J.; Zhdankin, V. V. Chem. Rev. 1996, 96, 1123–1178.  
110 Musher, J. I. Angew. Chem. Int. Ed. 1969, 8, 54–68. 
111 Martin, J. C. Science 1983, 221, 509–514.  
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ligands (Figure 2.6). The equatorial ligand is bound by a classic covalent bond through the half-filled 

5p orbital, whereas the apical ligands are linked through the filled 5p orbitals. Therefore, the high 

electrophilic reactivity of iodine (III) is explained by a 3-center-4-electron (3c-4e) bond between the 

iodine center and the two apical ligands. This hypervalent bond is longer, weaker and more polarized 

than a standard covalent bond.  

 

Figure 2.6: Molecular frontier orbitals of iodine (III). 

It should be mentioned that the concept of hypervalency is still controversial.112 Based on analysis of 

the electron localization function (ELF) obtained from quantum calculations, Gillespie and Silvi 

concluded that the term ‘hypervalent’ has no practical use since the chemical bonding in supposedly 

hypervalent molecules is no different from that found in Lewis octet molecules. 

Two oxidation states of hypervalent iodine are encountered in organic compounds: λ3-iodane and λ5-

iodane (Figure 2.7). Known for their oxidizing character, λ5-iodanes (oxidation state +V) are 

pentavalent iodine complexes with 12 electrons and a distorted octahedral geometry. The apical 

positions are occupied by one carbon ligand (R) and one electron pair, while the equatorial positions 

contain four orthogonal ligands (L). The most used reagents are the Dess-Martin periodinane (DMP)113 

and 2-iodoxybenzoic acid (IBX),114 which allow mild oxidation of alcohols. λ3-Iodanes (oxidation state 

+III) are trivalent iodine derivatives, with 10 electrons and a distorted trigonal bipyramid geometry. 

The two most electronegative ligands (L) are weakly bounded at the trans apical positions, with an 

ideal L-I-L bond angle of 180°, whereas the third ligand (R) and the two lone pairs occupy the equatorial 

positions. The arrangement of the apical ligands is responsible for the "T-shape" observed by X-ray 

analysis for hypervalent iodine compounds, with an elongated distance between the iodine and the 

ligands (L). λ3-Iodonium salts are structurally comparable to λ3-iodanes, the main difference being the 

coordination strength of one ligand (Y). If weakly coordinated, a cationic iodine complex is obtained. 

 

Figure 2.7: Structure of λ5-iodane, λ3-iodane and λ3-iodonium salts. 

                                                            
112 (a) Gillespie, R. J.; Silvi, B. Coord. Chem. Rev. 2002, 233–234, 53–62. (b) Durrant, M. C. A Chem. Sci. 2015, 6, 

6614–6623. (c) Karandikar, S. S.; Bhattacharjee, A.; Metze, B. E.; Javaly, N.; Valente, E. J.; McCormick, T. M.; 

Stuart, D. R. Chem. Sci. 2022, 13, 6532–6540.  
113 Dess, D. B.; Martin, J. C. J. Org. Chem. 1983, 48, 4155–4156.  
114 Wirth, T. Angew. Chem. Int. Ed. 2001, 40, 2812–2814.  
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Aryliodonium salts, acyclic and cyclic aryl-λ3-iodanes are the most commonly used hypervalent iodine 

reagents. Aryliodonium salts are used in metal-catalyzed functional groups transfer because of their 

enhanced reactivity. Acyclic hypervalent iodine (III) can be used as mild oxidant or electrophilic source 

of halogens. Cyclic λ3-iodanes present a high stability, allowing them to be particularly stable to air 

and moisture and easy to handle. The particular interest in hypervalent iodine compounds bearing an 

aryl ligand at the equatorial position is explained by their enhanced stability. In fact, aryl-substitution 

of λ3-iodanes allows a strong stabilization, as the lone pairs of the iodine can overlap with the π 

molecular orbitals of the aromatic ring (Figure 2.8).115 The stabilizing overlapping with the aryl 

substituent is greatly increased in cyclic compounds compared to acyclic reagents because of the 

rigidity of the bicyclic structure. Moreover, in a similar manner to metal complexes, a trans-effect of 

the ligand in apical position can influence the stability and reactivity of the molecule.116 

 

Figure 2.8: Stability of heterocyclic λ3-iodanes. 

Among heterocyclic hypervalent iodines, stable benziodoxolones, with a tethered carboxylic acid, can 

be easily obtained from 2-iodobenzoic acid (Figure 2.9). Their properties can be modulated by 

variation of the heterocycle moiety to obtain benziodoxoles  with substituents (X) in the α position of 

the oxygen atom. In fact, the inductive effect of the oxygen ligand is influencing the length, and 

therefore, the reactivity of the I-L bond.116 The most encountered substituents are methyl and 

trifluoromethyl. The oxygen ligand can also be replaced by a nitrogen (benziodazolone), enabling the 

presence of an additional substituent (R) to modulate the properties. In addition, the reactivity of 

cyclic hypervalent iodine reagents can be regulated by the addition of substituents on the aryl core.117  

 

Figure 2.9: Structure of benziodoxol(on)e and benziodazolone reagents. 

With their enhanced reactivity, stability and strong electrophilicity, benziodoxol(on)es reagents have 

been extensively exploited as functional-group transfer agents and the discovery of new reagents is 

currently a dynamic research topic (Figure 2.10). In an Umpolung fashion, the polarity of many 

functional groups, commonly considered as nucleophilic synthons, was successfully inverted using 

cyclic iodine(III) compounds. They are broadly used as electrophilic or radical reagents for 

                                                            
115 Zhdankin, V. V. Rev. Heteroat. Chem. 1997, 17, 133. 
116 Ochiai, M.; Sueda, T.; Miyamoto, K.; Kiprof, P.; Zhdankin, V. V. Angew. Chem. Int. Ed. 2006, 45, 8203–8206. 
117 Sajith, P. K.; Suresh, C. H. Inorg. Chem. 2013, 52, 6046–6054. 
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halogenation (2.17),118 acetoxylation (2.18),119 azidation (2.19),120 cyanation (2.20)121 or 

trifluoromethylation (Togni reagent, 2.21).122 Particularly, Ethynylbenziodoxolones (EBX, 2.22) have 

been intensively studied and applied in many transformations for direct, mild and efficient 

electrophilic alkynylation.123 Transfer of arenes (2.23)124 and more recently heteroarenes (2.24)125 and 

alkenes (2.25, 2.26)126 was also achieved with benziodoxol(on)e compounds. 

 

Figure 2.10: Common benziodoxolone-based transfer reagents. 

2.3.2 Synthesis and reactivity of Ethynylbenziodoxolone reagents (EBXs) 

2.3.2.1 Synthesis of EBX reagents. 

Ethynylbenziodoxolones (EBX, 2.22) were first synthesized and studied in 1991 by the Ochiai group.127 

A few years later, Zhdankin et al. reported various silyl, aryl and alkyl EBX reagents but their reactivity 

was not investigated.128 The reagents were obtained from 2-iodobenzoic acid (2.27) using a two-step 

procedure with first oxidative cyclization to hydroxybenziodoxolone (BIOH, 2.28), followed by 

                                                            
118 Selected examples: (a) Egami, H.; Yoneda, T.; Uku, M.; Ide, T.; Kawato, Y.; Hamashima, Y. J. Org. Chem. 2016, 
81, 4020–4030. (b) Wang, M.; Zhang, Y.; Wang, T.; Wang, C.; Xue, D.; Xiao, J. Org. Lett. 2016, 18, 1976–1979.  
119 Shan, G.; Yang, X.; Zong, Y.; Rao, Y. Angew. Chem. Int. Ed. 2013, 52, 13606–13610.  
120 Selected examples: (a) Krasutsky, A. P.; Kuehl, C. J.; Zhdankin, V. V. Synlett 1995, 1081–1082. (b) Zhdankin, V. 
V.; Krasutsky, A. P.; Kuehl, C. J.; Simonsen, A. J.; Woodward, J. K.; Mismash, B.; Bolz, J. T. J. Am. Chem. Soc. 1996, 
118, 5192–5197. (c) Alazet, S.; Preindl, J.; Simonet-Davin, R.; Nicolai, S.; Nanchen, A.; Meyer, T.; Waser, J. J. Org. 
Chem. 2018, 83, 12334–12356. 
121 Selected examples: (a) Zhdankin, V. V.; Kuehl, C. J.; Krasutsky, A. P.; Bolz, J. T.; Mismash, B.; Woodward, J. K.; 
Simonsen, A. J. Tetrahedron Lett. 1995, 36, 7975–7978. (b) Vita, M. V.; Caramenti, P.; Waser, J. Org. Lett. 2015, 
17, 5832–5835. (c) Frei, R.; Courant, T.; Wodrich, M. D.; Waser, J. Chem. Eur. J. 2015, 21, 2662–2668. 
122 Kieltsch, I.; Eisenberger, P.; Togni, A. Angew. Chem. Int. Ed. 2007, 46, 754–757.  
123 Waser, J. Alkynylation with Hypervalent Iodine Reagents. In Hypervalent Iodine Chemistry, 373; Wirth, T. Eds.;     
Top. Curr. Chem; Springer, Cham, 2016, pp 187-222. 
124 (a) Yusubov, M. S.; Yusubova, R. Y.; Nemykin, V. N.; Zhdankin, V. V. J. Org. Chem. 2013, 78, 3767–3773. (b) 

Ding, W.; Wang, C.; Tan, J. R.; Ho, C. C.; León, F.; García, F.; Yoshikai, N. Chem. Sci. 2020, 11, 7356–7361.  
125 (a) Caramenti, P.; Nicolai, S.; Waser, J. Chem. Eur. J. 2017, 23, 14702–14706. (b) Grenet, E.; Das, A.; Caramenti, 
P.; Waser, J. Beilstein J. Org. Chem. 2018, 14, 1208–1214. (c) Caramenti, P.; Nandi, R. K.; Waser, J. Chem. Eur. J. 
2018, 24, 10049–10053. (d) Grenet, E.; Waser, J. Org. Lett. 2018, 20, 1473–1476. 
126 Stridfeldt, E.; Seemann, A.; Bouma, M. J.; Dey, C.; Ertan, A.; Olofsson, B. Chem. Eur. J. 2016, 22, 16066–16070.  
127 Ochiai, M.; Masaki, Y.; Shiro, M. J. Org. Chem. 1991, 56, 5511–5513. 
128 Zhdankin, V. V.; Kuehl, C. J.; Krasutsky, A. P.; Bolz, J. T.; Simonsen, A. J. J. Org. Chem. 1996, 61, 6547–6551.  
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activation with TMS-triflate and substitution with TMS-protected alkynes (Scheme 2.26, (a)). To render 

the synthesis easier, Olofsson and co-workers developed a one-pot procedure, which however 

requires the use of non-commercial alkynylboron precursors (b).129 By fine-tuning Olofsson's 

procedure, our group reported a scalable synthesis of TIPS-EBX (2.22a) from the simple commercially 

available terminal alkyne 2.29 (c).130  

  

Scheme 2.26: Synthesis of EBX reagents 2.22 from iodobenzoic acid 2.27. 

The reported synthesis usually required purification of the EBX reagents by recrystallization or column 

chromatography, which leads to a substantial loss of material. This year, our group reported an 

additive-free methodology to access EBXs with high purity, which allowed the subsequent alkynylation 

of various substrates in a single pot (Scheme 2.27).131 With no need of Lewis acid activation, the 

reaction of TsOBX (2.30) with stable and easy-to-handle alkynyltrifluoroborates gave EBX reagents 

(2.22) in high yields, with no need for purification. The methodology could be used in one-pot two-

step processes involving various polar and radical reactions such as thioalkynylation, deboronative 

alkynylation or decarboxylative alkynylation.  

 

Scheme 2.27: One-pot two-step process for alkynylation with EBX reagents 2.22 formed in situ. 

2.3.2.2 Reactivity of EBX reagents.  

Recently, EBX reagents have been intensively studied and have found broad applications, ranging from 

material sciences to chemical biology.132,133 Our group deeply investigated the potential of EBX 

reagents for various alkynylation reactions (Scheme 2.28). For instance, metal-catalyzed regioselective 

                                                            
129 Bouma, M. J.; Olofsson, B. Chem. Eur. J. 2012, 18, 14242–14245.  
130 Hari, D. P.; Caramenti, P.; Schouwey, L.; Chang, M.; Nicolai, S.; Bachert, D.; Wright, T.; Orella, C.; Waser, J. 
Org. Process Res. Dev. 2020, 24, 106–110.  
131 Borrel, J.; Waser, J. Org. Lett. 2022, 24, 142–146.  
132 Hari, D. P.; Caramenti, P.; Waser, J. Acc. Chem. Res. 2018, 51, 3212–3225.  
133 Li, Y.; Hari, D. P.; Vita, M. V.; Waser, J. Angew. Chem. Int. Ed. 2016, 55, 4436–4454.  
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C-H alkynylation of (hetero)arene with EBXs has been successfully applied to indoles, pyrroles, 

thiophenes, or furans (a).134 EBXs were also used in olefin functionalizations (b)135 and for alkynylation 

of carbon and heteroatom nucleophiles (c).136 Atom-economic transformations with transfer of the 

entire EBX reagent have also been investigated, and using diazo compounds, efficient racemic and 

enantioselective oxyalkynylations were reported (d).137 In addition, the functionalization of radicals 

with EBXs has allowed somophilic alkynylations.138 Using photoredox catalysis, decarboxylative 

alkynylation and fragmentation-alkynylation cascades were reported (e).139 The mild photoredox 

conditions could be further applied to the functionalization of small peptides.140 The potential of EBX 

reagents for peptides and proteins bioconjugation was broadly studied in our group (see section 

2.4.3). For example, fast and highly chemoselective alkynylation of cysteine could be achieved with 

EBX reagents (f).141 

 

Scheme 2.28: Selected examples of alkynylation with EBX reagents from our group. 

During the last decades, EBX reagents have been extensively used and have demonstrated their utility 

in many transformations for electrophilic alkyne transfer. In contrast, vinylation with cyclic 

hypervalent iodine reagents has been less studied.   

                                                            
134 (a) Brand, J. P.; Charpentier, J.; Waser, J. Angew. Chem. Int. Ed. 2009, 48, 9346–9349. (b) Brand, J. P.; 
Chevalley, C.; Scopelliti, R.; Waser, J. Chem. Eur. J. 2012, 18, 5655–5666. 
135 (a) Nicolai, S.; Erard, S.; Fernandez-Gonzalez, D.; Waser, J. Org. Lett. 2010, 12, 384–387. (b) Nicolai, S.;  
Piemontesi, C.; Waser, J. Angew. Chem. Int. Ed. 2011, 50, 4680–4683.   
136 Selected examples: (a) Fernández González, D.; Brand, J. P.; Waser, J. Chem. Eur. J. 2010, 16, 9457–9461. (b) 
Fernández González, D.; Brand, J. P.; Mondière, R.; Waser, J. Adv. Synth. Catal. 2013, 355, 1631–1639. (c) Chen, 
C. C.; Waser, J. Org. Lett. 2015, 17, 736–739.   
137 (a) Hari, D. P.; Waser, J. J. Am. Chem. Soc. 2017, 139, 8420–8423. (b) Hari, D. P.; Waser, J. J. Am. Chem. Soc. 
2016, 138, 2190–2193.   
138 Vaillant, F. L.; Waser, J. Chem. Sci. 2019, 10, 8909–8923.  
139 (a) Le Vaillant, F.; Courant, T.; Waser, J. Angew. Chem. Int. Ed.  2015, 54, 11200–11204. (b) Le Vaillant, F.; 
Garreau, M.; Nicolai, S.; Gryn’ova, G.; Corminboeuf, C.; Waser, J. Chem. Sci. 2018, 9, 5883–5889. 
140 Garreau, M.; Le Vaillant, F.; Waser, J. Angew. Chem. Int. Ed. 2019, 58, 8182–8186. 
141 Abegg, D.; Frei, R.; Cerato, L.; Prasad Hari, D.; Wang, C.; Waser, J.; Adibekian, A. Angew. Chem. Int. Ed. 2015, 
54, 10852–10857. 
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2.3.3 Synthesis and reactivity of Vinylbenziodoxolone reagents (VBX) 

In contrast to EBX reagents, which have been more studied than the less stable alkynyliodonium salts, 

cyclic vinylbenziodoxolone reagents (VBX) have received less attention than their corresponding 

acyclic salts.142 This could be due to the absence of convenient methods for accessing stable VBXs until 

recently, which led to deeper investigation of the chemistry of vinyliodonium salts. The synthesis, 

structural features, and reactivity of alkenyliodonium salts have been previously summarized in 

several reviews.143 The excellent nucleofugality of the phenyliodonium group of alkenyl(aryl)iodonium 

salts has allowed their use as electrophilic vinyl reagents with many heteroatom nucleophiles, such as 

thiols (Scheme 2.29).144   

 

Scheme 2.29: Electrophilic vinylation of heteroatom nucleophiles with vinyliodonium salts.  

Depending on the reaction conditions, the nature of the nucleophile and the substituents on the 

vinyliodonium reagent, different mechanisms were proposed. The mechanistic pathways suggested 

include SN1, SN2, ligand coupling, and Michael addition–elimination reactions. In the case of SN1, the 

generation of a vinyl cation intermediate was proposed and further established by observation of a 

carbocation rearrangement during the solvolysis of iodonium slat 2.31 (Scheme 2.30).143f,145 The 

initially generated bent vinyl cation I with sp2 hybridization, leading to product 2.32, can rearrange to 

a more stable linear vinyl cation II with sp hybridization, leading to 2.33 after hydrolysis.  

 

Scheme 2.30: Solvolysis of alkenyl(phenyl)iodonium salt 2.31. 

Vinyliodonium salts also displayed high reactivity in transition-metal-catalyzed coupling reactions. For 

example, palladium-catalyzed cross-couplings for the formation of Csp2-Csp2 and Csp-Csp2 bonds were 

                                                            
142 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.   
143 Selected reviews: (a) Ochiai, M. In Chemistry of Hypervalent Compounds; Akiba, K. y., Ed.; VCH Publishers: 
New York, 1999. (b) Okuyama, T.; Fujita, M. ACS Symp. Ser. 2007, 965, 68−87. (c) Okuyama, T.; Fujita, M. Russ. J. 
Org. Chem. 2005, 41, 1245−1253. (d) Okuyama, T. Acc. Chem. Res. 2002, 35, 12−18. (e) Pirkuliev, N. S.; Brel, V. 
K.; Zefirov, N. S. Russ. Chem. Rev. 2000, 69, 105−120. (f) Ochiai, M. J. Organomet. Chem. 2000, 611, 494−508. (g) 
Yoshimura, A.; Zhdankin, V. V. Chem. Rev. 2016, 116, 3328–3435.  
144 (a) Papoutsis, I.; Spyroudis, S.; Varvoglis, A.; Tetrahedron 1998, 54, 1005–1012. (b) Ochiai, M.; Sumi, K.; 
Takaoka, Y.; Kunishima, M.; Nagao, Y.; Shiro, M.; Fujita, E. Tetrahedron 1988, 44, 4095–4112. (c) Ochiai, M.; 
Yamamoto, S.; Suefuji, T.; Chen, D.-W. Org. Lett. 2001, 3, 2753–2756. (d) Yan, J.; Jin, H.; Chen, Z.; J. Chem. Res. 
2007, 2007, 233–235.    
145 Okuyama, T.; Takino, T.; Sueda, T.; Ochiai, M. J. Am. Chem. Soc. 1995, 117, 3360–3367.   
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described (Scheme 2.31). In contrast to cross-couplings with vinyl halides, which usually require high 

temperatures, the high reactivity of the hypervalent bond allowed the use of mild conditions for the 

oxidation of the palladium catalyst. The vinylation can be achieved with diverse nucleophilic coupling 

partners, such as terminal alkenes,146 alkynes,147 boron,148 tin,149 or silyl reagents,150 leading to diene 

and enyne compounds with retention of the stereoselectivity. 

 

Scheme 2.31: Palladium-catalyzed cross-coupling reactions with vinyliodonium salts.  

Despite their synthetic utility and stability at room temperature, vinyl(aryl)iodonium salts can easily 

undergo thermal decomposition when heating, as well as solvolysis and fragmentation,145,151 and are 

sometimes too reactive for practical use in organic synthesis. Therefore, the stable and easy-to-handle 

cyclic versions are attractive to allow more convenient vinyl transfer. The recent synthetic methods 

and applications of VBX and hetero-VBX reagents were recently reviewed by our group.152 

2.3.3.1 Synthesis of VBX reagents. 

Excluding hetero-vinylbenziodoxolones (X-VBXs, 2.26, see section 2.3.4), the first access to bench 

stable vinylbenziodoxolone reagents (VBX, 2.25) was reported in 2016 by Olofsson and co-workers 

(Scheme 2.32, (a)).126 A practical one-pot procedure from 2-iodobenzoic acid (2.27) was described, 

with first oxidation with m-CPBA in presence of TfOH to generate the putative iodane intermediate I 

and then addition of the vinylboronic acid to give iodonium salt II, which then cyclized under mild 

basic treatment. The synthesis allowed the isolation of various VBXs with an E-configuration bearing 

mostly aryl substituents. Later, an alternative ligand exchange strategy was proposed by the 

Nachtsheim group (b).153 The readily accessible hydroxybenziodoxolone (BI-OH, 2.28) is first activated 

with TMSOTf, then treated with a vinyl boronic acid and finally cyclized in presence of a base. The 

transformation was however still limited to the access of aryl-substituted VBX reagents. To overcome 

this limitation, our group described a protocol based on Lewis acid activation for the synthesis of alkyl-

substituted VBXs (c).154 Activation of acetoxybenziodoxolone (BIOAc, 2.18) with BF3•OEt2 allowed to 

access alkyl-VBXs, as well as diverse reagents such thiophene- or diene-substituted VBXs. In addition, 

the strategy could be used for the preparation of benziodoxole-based reagents. 

                                                            
146 (a) Moriarty, R. M.; Epa, W. R.; Awasthi, A. K. J. Am. Chem. Soc. 1991, 113, 6315–6317. (b) Kang, S.- K.; Jung, 
K.-Y.; Park, C.-H.; Jang, S.-B. Tetrahedron Lett. 1995, 36, 8047–8050. (c) Kang, S.-K.; Lee, H.-W.; Jang, S.-B.; Kim, 
T.- H.; Pyun, S.-J. J. Org. Chem. 1996, 61, 2604–2605. 
147 Pirguliyev, N. Sh.; Brel, V. K.; Zefirov, N. S.; Stang, P. J. Tetrahedron 1999, 55, 12377–12386.   
148 Kang, S.-K.; Lee, H.-W.; Jang, S.-B.; Ho, P.-S. J. Org. Chem. 1996, 61, 4720–4724.   
149 Hinkle, R. J.; Poulter, G. T.; Stang, P. J. J. Am. Chem. Soc. 1993, 115, 11626–11627.   
150 Kang, S.-K.; Yamaguchi, T.; Hong, R.-K.; Kim, T.-H.; Pyun, S.-J. Tetrahedron 1997, 53, 3027–3034.   
151 Zhdankin, V. V.; Stang, P. J. Tetrahedron 1998, 54, 10927–10966.  
152 Declas, N.; Pisella, G.; Waser, J. Helv. Chim. Acta 2020, 103, e2000191. 
153 Boelke, A.; Caspers, L. D.; Nachtsheim, B. J. Org. Lett. 2017, 19, 5344–5347.  
154 Pisella, G.; Gagnebin, A.; Waser, J. Org. Lett. 2020, 22, 3884–3889.  
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Scheme 2.32: Synthesis of VBX reagents (2.25) from 2-iodobenzoic acid (2.27). 

Since the seminal work of Olofsson in 2016,126 several straightforward routes to access 

vinylbenziodoxol(on)es have been developed. Various functional groups are tolerated on the olefin, 

and the core structure of the reagents can be also modulated. However, a major limitation is the 

difficulty to handle alkenyl boronic acids as a vinyl source, which restrains the scope and the 

practicability of the synthesis. Efforts to use more practical precursors such as silyl reagents or 

unsubstituted alkenes have been performed, but were not successful so far. In addition, access to the 

Z-isomer of VBXs has not been described yet and could remain elusive based on previous reports on 

vinyl(aryl)iodonium salts, which indicated that both decomposition and isomerization can occur.155 

Finally, the reported procedures mostly allowed the synthesis of 1,2-disubstituted alkenes. A solution 

to this limitation was recently proposed by the Yoshikai group who reported an iodo(III)-Meyer-

Schuster rearrangement of propargylic alcohol (2.34) promoted by benziodoxole triflate (BXT, 2.35) 

(Scheme 2.33).156 However the transformation is limited to the synthesis of tetrasubstituted enone-

based VBXs 2.36. 

 

Scheme 2.33: Iodo(III)-Meyer-Schuster rearrangement of propargylic alcohol 2.34 for the synthesis of VBX 
2.36. 

                                                            
155 (a) Ochiai, M.; Oshima, K.; Masaki, Y. J. Chem. Soc., Chem. Commun. 1991, 869–870. (b) Fujita, M.; Lee, H. J.; 
Okuyama, T. Org. Lett. 2006, 8, 1399–1401.  
156 Laskar, R. A.; Ding, W.; Yoshikai, N. Org. Lett. 2021, 23, 1113–1117.  
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2.3.3.2 Reactivity of VBX reagents. 

The reactivity of VBX reagents was first compared with their corresponding vinyliodonium salts 

(Scheme 2.34). The Olofsson group studied the C-alkenylation of nitrocyclohexane (2.37) under basic 

conditions using Ph-VBX (2.25a) or vinyl(phenyl)iodonium salt (2.38).126 The 1,1-disubstituted alkene 

2.39 was observed as the major product in the case of Ph-VBX (2.25a), while the 1,2-disubstituted 

isomer 2.40 was obtained preferentially with iodonium salt 2.38. In contrast to the reaction with VBX 

2.25a, which proceeded with complete chemoselectivity, traces of arylation reaction could be 

observed with the iodonium salt.  

 

Scheme 2.34: Reactivity comparison between VBX 2.25a and vinyliodonium salt 2.38. 

In addition, the Olofsson group used VBX reagents for the electrophilic alkenylation of thiols under 

mild and transition metal-free conditions (Scheme 2.35, (a)).157 Using a stoichiometric amount of 

tBuOK, various aromatic and aliphatic thiols could be added to aryl-VBXs with excellent trans-

stereoselectivity and a minor formation of disulfide side products. In contrast to the previous 

observations (Scheme 2.34), the chemoselective reaction only  led to 1,2-disubstituted thioenol 

ethers. A transition metal-free and regioselective vinylation of phosphine oxides and H-phosphinates 

with VBX reagents was also reported, but in this case, terminal 1,1-disubstituted alkenes were 

obtained selectively.158 In order to better understand the regiodivergent vinylation with VBXs, the 

Olofsson group performed mechanistic investigations.159 They found that vinylation with thiols 

proceeds through a ligand coupling mechanism (TS1), typical of diaryliodonium salts, whereas 

vinylation with P-nucleophiles is going via a phosphinous acid-coordinate VBX complex (TS2). The latter 

undergoes concerted deprotonation and Michael-type addition, followed by base-assisted 

protonation and E2 elimination, leading to terminal alkenes. They proposed that the finding could be 

used to predict the regioselectivity in vinylation with VBXs depending on the nature of the nucleophile. 

Ambident nucleophiles will most likely provide terminal alkenes, whereas monodent or strong 

nucleophiles would deliver internal alkenes. VBX reagents also found applications in photoredox-

catalyzed transformation as radical acceptor partners (b). The Leonori group reported the first use of 

VBX reagents as radical trap in a photoredox imino functionalization of olefins, without erosion of the 

E:Z ratio of the VBX-olefin (2.41).160 Our group also reported the use of Ph-VBX (2.25a) as radical 

acceptor in a decarboxylation-fragmentation cascade of cyclic oxime photocatalyzed by an organic 

dye (2.42).139b In this case, partial isomerization of the double bond was observed but could be 

minimized by using a milder base. Other transformations such as three-component radical 

                                                            
157 Castoldi, L.; Tommaso, E. M. D.; Reitti, M.; Gräfen, B.; Olofsson, B. Angew. Chem. Int. Ed. 2020, 59, 15512–
15516.  
158 Castoldi, L.; Rajkiewicz, A. A.; Olofsson, B. Chem. Commun. 2020, 56, 14389–14392.  
159 Di Tommaso, E. M.; Norrby, P.-O.; Olofsson, B. Angew. Chem. Int. Ed. 2022, e202206347. 
160 Davies, J.; Sheikh, N. S.; Leonori, D. Angew. Chem. Int. Ed. 2017, 56, 13361–13365.  
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difunctionalization of unactivated alkenes (2.43), C-terminus functionalization of peptides (2.44) or 

C(sp3)-H olefination of THF (2.45) were reported with aryl-VBX reagents as radical partners. 140,161 

Transition-metal-catalyzed activation of inert C(sp2)-H bonds was also possible using an iridium 

catalyst and aryl-VBXs (c).162 The reaction proceeded with high stereoselectivity. Finally, our group 

studied the use of VBX reagents in copper catalysis (d). We reported a copper-catalyzed 

difunctionalization of thiirane and thiethanes. The atom economical transformation was mostly 

described with EBX reagents, but examples with aryl- and alkyl-VBXs could be achieved.163 The 

oxyvinylation of diazo compounds was also disclosed. The reaction tolerated a broad scope of VBX 

reagents and no isomerization of the transferred olefin was observed.164 Using benziodoxole-based 

VBXs, the strategy was successfully extended to a three-component variant with external alcohol 

nucleophiles. 

 

Scheme 2.35: Selected examples of transformations with VBX reagents and transition states associated with 
nucleophilic addition to VBX. 

                                                            
161 (a) Jiang, H.; Studer, A. Chem. Eur. J. 2019, 25, 516–520. (b) Matsumoto, K.; Nakajima, M.; Nemoto, T. J. Org. 
Chem. 2020, 85, 11802–11811.  
162 Boelke, A.; Caspers, L. D.; Nachtsheim, B. J. Org. Lett. 2017, 19, 5344–5347.  
163 Borrel, J.; Pisella, G.; Waser, J. Org. Lett. 2020, 22, 422–427. 
164 Pisella, G.; Gagnebin, A.; Waser, J. Org. Lett. 2020, 22, 3884–3889.  
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2.3.4 Synthesis and reactivity of Hetero-Vinylbenziodoxolone reagents (X-VBX)165 

2.3.4.1 Synthesis of X-VBX reagents. 

"Among VBX reagents, hetero-substituted vinylbenziodoxolones (X-VBX, 2.26) have been broadly 

studied since 2013. The first reported vinyl-substituted cyclic iodinanes (2.26) were discovered by the 

Kitamura group as early as 1996 (Scheme 2.36).166 Iodinanes 2.47a were obtained from a Michael 

addition reaction of sodium azide on alkynyl-benzoic-iodonium triflates 2.46. The unexpected syn-

addition, leading to the trans olefin, contrasted with previous reactions of alkynyliodonium salts with 

azide nucleophiles that usually led to the cis isomer. Different N-VBXs (2.47a) bearing alkyl 

substituents from butyl to decyl could be obtained in moderate yields."165 

 

Scheme 2.36: First reported vinyl-substituted cyclic iodinanes, N-VBX 2.47a. 

More recently, the same group reexamined the synthesis of similar azide-VBXs (Scheme 2.37).167 

Pseudocyclic β-trifluorosulfonyloxy vinylbenziodoxolones were prepared from BIOH (2.28) and 

alkynes in the presence of TfOH and could be efficiently converted to N-VBXs (2.47a) by reaction with 

azide anions. They proposed that the β-azido VBXs were obtained by nucleophilic substitution through 

an addition elimination mechanism with retention of the double bond configuration. 

 

Scheme 2.37: Synthesis of N-VBXs 2.47a from BIOH 2.28. 

"After this pioneering discovery, the study of X-VBX reagents remained latent for many years. In 2013, 

our group published a chemoselective thioalkynylation with TIPS-EBX.168 The reaction proceeded at 

room temperature within five minutes, making the study of its mechanism particularly challenging. 

With Me-EBX (2.22b) thiovinyl benziodoxolone (S-VBX, 2.51a) was observed as a side product in the 

                                                            
165 “”The text in between is directly taken from our manuscript: Declas, N.; Pisella, G.; Waser, J. Helv. Chim. Acta 
2020, 103, e2000191.  
166 Kitamura, T.; Fukuoka, T.; Fujiwara, Y. Synlett 1996, 1996, 659–660.  
167 Yoshimura, A.; Huss, C. D.; Liebl, M.; Rohde, G. T.; Larson, S. M.; Frahm, G. B.; Luedtke, M. W.; Schumacher, 
T. J.; Gardner, Z. S.; Zhdankin, V. V.; Postnikov, P. S.; Yusubov, M. S.; Kitamura, T.; Saito, A. Adv. Synth. Catal. 
2021, 363, 3365–3371. 
168 Frei, R.; Waser, J. J. Am. Chem. Soc. 2013, 135, 9620–9623.  
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synthesis of thioalkyne 2.50a from benzyl thiol (2.49) (Scheme 2.38).169 Interestingly, the use of a 

catalytic amount of base allowed to isolate 2.51a in 20% yield as a single Z isomer.  

 

Scheme 2.38: Alkynylation of thiols with EBX reagents and isolation of S-VBX 2.51a. 

Its formation was first rationalized by protonation of the vinyl iodane I generated by conjugate 

addition as proposed by Ochiai (Scheme 2.39(a)).170 In contrast, alkynylation product 2.50 would be 

obtained via -elimination to give carbene II followed by 1,2-migration. Computational studies by our 

group later uncovered two further reaction pathways: Starting from iodine-sulfur interaction complex 

III; both a concerted -addition/elimination transition state IV and a β- addition transition state V with 

a sulfur-iodine interaction were located (b).171 The latter pathway is favored for alkyl substituents and 

leads to the same vinyl iodane I as proposed by Ochiai, rationalizing the formation of 2.51. The 

synthesis of S-VBX reagents was however not further optimized at this stage."165 

 

Scheme 2.39: Proposed mechanisms for the formation of 2.50 and 2.51 with thiols and EBX reagents 2.22. 

                                                            
169 Frei, R.; Wodrich, M. D.; Hari, D. P.; Borin, P.-A.; Chauvier, C.; Waser, J. J. Am. Chem. Soc. 2014, 136, 16563–
16573.  
170 Ochiai, Masahito.; Kunishima, Munetaka.; Nagao, Yoshimitsu.; Fuji, Kaoru.; Shiro, Motoo.; Fujita, Eiichi. J. Am. 
Chem. Soc. 1986, 108, 8281–8283.  
171 Wodrich, M. D.; Caramenti, P.; Waser, J. Org. Lett. 2016, 18, 60–63.  
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It is only in 2019 that S-VBXs were studied again by our group and used to develop a cysteine 

bioconjugation methodology for the introduction of hypervalent iodine compounds onto 

biomolecules (Scheme 2.40).172 Cysteine-containing peptides and proteins were engaged in a selective 

addition onto the alkynyl triple bond of N3-EBX (2.22c), resulting in stable S-VBX conjugates (2.51b). 

The general cysteine labeling protocol demonstrated high efficiency, chemoselectivity, and functional-

group tolerance under native conditions. The hypervalent iodine moiety and the azide group could be 

then selectively modified with bioorthogonal reactions such as Suzuki-Miyaura cross-coupling and 

cycloaddition (see section 2.4.3).  

 

Scheme 2.40: Reaction of EBX 2.22c with cysteine-containing biomolecules. 

Using modified conditions, thiols contained in small organic molecules could also be used for the 

synthesis of stable S-VBX reagents (2.51) with complete Z-stereoselectivity (Scheme 2.41).172 

 

Scheme 2.41: Stereoselective synthesis of S-VBX reagents 2.51 from EBXs 2.22. 

In addition to thiols, other nucleophiles have been studied for the synthesis of diverse hetero-VBX 

reagents. "The formation of O-VBXs (2.53) from EBX reagents (2.52) was firstly studied by Yoshikai and 

coworkers (Scheme 2.42). In 2016, they published the formation of E-alkenylbenziodoxoles (2.53a) 

from the palladium-catalyzed addition of carboxylic acids to EBXs (2.52).173 Mechanistic experiments 

and computations suggested that the Pd(II) carboxylate-ligated alkynylbenziodoxole I undergoes a 1,2-

I(III) shift to form II, followed by a migratory insertion of the vinylidene-Pd species (1,1-

hydrocarboxylation) to give III. Finally, protonation delivers the O-VBX reagent 2.53a with a trans 

geometry. The use of the COD ligand was critical to prevent decomposition. By changing the ligand to 

octahydrophenazine and increasing the equivalents of EBX 2.52, alk-1- en-3-ynylbenziodoxoles 2.53b 

were obtained via interception of III with 2.52, leading to a 1,1-carboxyalkynylation.174 Both methods 

tolerated a variety of alkyl- alkenyl- alkynyl- and aryl(alkynyl)benziodoxoles and a series of alkyl- and 

arylcarboxylic acids, leading to hypervalent iodine reagents 2.53a and 2.53b in excellent yields. The 

reagents could be efficiently used as precursors in cross-coupling reactions (see section 2.3.4.2)."165 

                                                            
172 Tessier, R.; Ceballos, J.; Guidotti, N.; Simonet-Davin, R.; Fierz, B.; Waser, J. Chem 2019, 5, 2243–2263.  
173 Wu, J.; Deng, X.; Hirao, H.; Yoshikai, N. J. Am. Chem. Soc. 2016, 138, 9105–9108.  
174 Wu, J.; Xu, K.; Hirao, H.; Yoshikai, N. Chem. Eur. J. 2017, 23, 1521–1525.  
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Scheme 2.42: Pd-catalyzed conversion of EBXs 2.52 to O-VBX reagents 2.53a and 2.53b. 

"The addition of phenols on EBXs 2.22 was later reported by Miyake and coworkers, who developed 

a regio- and stereoselective synthesis of Z-2-iodovinyl phenyl ethers 2.7 under blue LED irradiation in 

presence of Cs2CO3 as a base (Scheme 2.43).79 The reaction was efficient with a broad range of phenols 

and different phenyl-substituted EBXs 2.22. One example was described with an EBX reagent (2.22) 

bearing an alkyl group. Interestingly, control experiments in absence of light led to the observation 

and isolation of O-VBX 2.54a. Based on a series of experiments and computations, they proposed that 

the transformation proceeds through an electron donor-acceptor (EDA) complex I. In I, a 

photoinduced electron transfer is supposed to occur from the phenoxide donor to the O-VBX acceptor. 

DFT calculations support that this one-electron reduction of the VBX leads to spontaneous phenyl-

iodine bond cleavage to provide the Z-2-iodovinyl phenyl ethers 2.55. Using Cs2CO3, light was shown 

to be essential for the transformation. However, when the strong organic base 1,5,7- 

triazabicyclo[4.4.0]dec-5-ene (TBD) was used, no light was needed to promote the reaction. In this 

case, a thermal activation of the electron transfer was proposed."175  

 

Scheme 2.43: Light-driven synthesis of Z-2-iodovinyl phenyl ethers 2.55 and isolation of O-VBX 2.54a. 

This work was an important breakthrough for the metal-free addition of nucleophiles on EBX, however 

only two examples of O-VBX reagents were isolated. The study and development of new O- and N-

                                                            
175 Cheng, Y.; Yu, S. Org. Lett. 2016, 18, 2962–2965.  
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VBX reagents from nucleophilic addition of sulfonamides and phenols on EBX reagents was the first 

topic of my thesis and will be discussed in the following chapters.176  

Following our work (see Chapter 4), further development were made for the synthesis of N- and O-

VBXs. "In 2019, Itoh, Tada and coworkers reported the synthesis of cis-β-amidevinyl benziodoxolones 

(2.47b) from an unprotected ethynyl-1,2-benziodoxol-3(1H)-one-chloroform complex (2.22d) 

(Scheme 2.44, (a)).177 The reaction proceeded under mild conditions, in presence of a catalytic amount 

of base and sulfonamides derived from various amines, including amino acids, could be used as 

nucleophiles for the transformation. Furthermore, a synthetic approach for the synthesis of selectively 

deuterated N-VBX 2.47b was also developed."165 Later, using an EBX-acetonitrile complex (2.22e), they 

could extend this chemistry to hydroxamic acid nucleophiles, easily prepared from carboxylic acids 

(b).178,179 The EBX-acetonitrile complex (2.22e) was also used for the stereoselective synthesis of 

unsubstituted O-VBXs (2.54b) with phenol nucleophiles (c).180 Diverse phenols were well tolerated in 

the transformation, including complex natural products. 

 

Scheme 2.44: Synthesis of N-VBXs 2.47b-c and O-VBXs 2.54b from EBX complexes 2.22d and 2.22e. 

Benziodoxolones are the starting material of choice for the stereoselective synthesis of hetero-VBXs, 

by direct addition of various nucleophiles such as phenols, sulphonamides or thiols. Despite the broad 

scope of X-VBXs reachable, the transformation could not be achieved with some other interesting 

nucleophiles such as aliphatic alcohols, amines or unprotected amides. In addition, only trisubstituted 

VBXs could be synthesized. 

 

                                                            
176 Caramenti, P.; Declas, N.; Tessier, R.; Wodrich, M. D.; Waser, J. Chem. Sci. 2019, 10, 3223–3230. 
177 Shimbo, D.; Shibata, A.; Yudasaka, M.; Maruyama, T.; Tada, N.; Uno, B.; Itoh, A. Org. Lett. 2019, 21, 9769–
9773.  
178 Yudasaka, M.; Shimbo, D.; Maruyama, T.; Tada, N.; Itoh, A. Org. Lett. 2019, 21, 1098–1102.  
179 Shimbo, D.; Maruyama, T.; Tada, N.; Itoh, A. Org. Biomol. Chem. 2021, 19, 2442–2447.  
180 Ura, T.; Shimbo, D.; Yudasaka, M.; Tada, N.; Itoh, A. Chem Asian J. 2020, 15, 4000–4004.  
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"Yoshikai and coworkers answered this challenge with a regio- and stereoselective synthesis of 

tetrasubstituted β-λ3-iodanyl vinyl ethers 2.53 achieved through trans-1,2-difunctionalization of 

alkynes with benziodoxole triflate (BXT, 2.56) and alcohols (Scheme 2.45, (a)).181 No base was required 

for the reaction to proceed and the mild conditions developed tolerated various internal and terminal 

alkynes, as well as a large range of alcohols. In contrast to previously established methods, this 

approach did not require the preparation of a different EBX 2.52 for each O-VBX 2.53c. Supported by 

DFT calculations, the reaction was proposed to proceed through a stereoselective addition of alcohol 

via transition state I. Upon dissociation of triflate from BXT (2.56), a BX cation activates the alkyne, 

which triggers the nucleophilic addition of alcohol onto the triple bond with a Markovnikov-type 

selectivity. In the case of unsymmetrical dialkyl alkynes, the attack of alcohol was shown to occur on 

the sterically less hindered alkyne carbon. Such mechanism gives a trans-β-addition, contrary to the 

usual cis-β-addition observed for addition on EBX reagents. A combination of fluorobenziodoxole (FBX, 

2.57) and BF3•OEt2 in ethereal solvent was proposed as an alternative to generate the BX cation (b).182 

The reaction proceeded with the same regio- and stereoselectivity as previously described, and after 

nucleophilic attack of cyclopentyl methyl ether (CPME), the oxonium intermediate undergo β-

elimination to afford product 2.53d. Compared to the previous methodology, the scope of alkoxy 

groups was however limited to methoxy derived from the solvent CPME."165 Other O-nucleophiles 

including carboxylic acids, triethyl phosphates and para-toluenesulfonic acid could be used for the 

synthesis of O-VBXs 2.53e (c).183 Chlorobenziodoxole (2.58) and silver salt were required to generate 

the cationic iodine(III) BX, which electrophilically activates the alkyne to promote the trans-addition 

of the nucleophile leading to the corresponding enol carboxylate, phosphate and sulfonate esters. 

Finally, the strategy was further extended to the synthesis of N-VBX reagents (2.59a) bearing 

unprotected amide group (d).184 Under basic conditions, the regio- and stereoselective methodology 

proceeded through a Ritter-type trans-difunctionalization of alkynes with nitriles mediated by the 

trivalent iodine electrophile BXT 2.56. 

                                                            
181 Ding, W.; Chai, J.; Wang, C.; Wu, J.; Yoshikai, N. J. Am. Chem. Soc. 2020, 142, 8619–8624.  
182 Chai, J.; Ding, W.; Wu, J.; Yoshikai, N. Chem. Eur. J. 2020, 15, 2166–2169. 
183 Wang, C.-S.; Tan, P. S. L.; Ding, W.; Ito, S.; Yoshikai, N. Org. Lett. 2022, 24, 430–434.  
184 Chai, J.; Ding, W.; Wang, C.; Ito, S.; Wu, J.; Yoshikai, N. Chem. Sci. 2021, 12, 15128–15133. 
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Scheme 2.45: Stereoselective synthesis of O-VBXs 2.53c-e and N-VBXs 2.59a from BXT 2.56, FBX 2.57 and 2.58. 

In addition to N- and O-VBXs, halovinylbenziodoxoles 2.60 and 2.61 were also synthesized by the 

Yoshikai group, who reported the stereoselective hydrochlorination and iodochlorination of EBX 2.52 

(Scheme 2.46).185 “Highly substituted 2- chlorinated VBX 2.60 were obtained by anti-hydrochlorination 

using pyridine hydrochloride as an HCl source. The procedure tolerates a variety of EBXs 2.52 derived 

from (hetero)aryl- and alkyl-acetylenes and the hydrochlorination could even be extended to 

ethynylbenziodoxolone and ethynyl(phenyl)iodonium tosylate. A narrower scope was observed for 

the iodochlorination and alkyl-EBXs (2.52) were not tolerated in the transformation. The reaction, 

which involved iodine monochloride, surprisingly afford the syn-iodochlorination products 2.61, 

contrasting with the anti-selectivity usually observed. Whereas the hydrochlorination is supposed to 

proceed through β-addition of a chloride ion to EBX 2.52, followed by protonation of the resulting 

vinyl anion I, the iodochlorination follows a different mechanism. Based on DFT calculations, the 

authors proposed an electrophilic activation of EBX 2.52 by an iodine cation, followed by structural 

reorganization with formation of the new C-I bond and a new iodonium bridge with the BX cation (II). 

For steric reasons, the chloride anion would then approach from the opposite side of the BX group, 

leading to the syn-iodochlorination product 2.61."165 

                                                            
185 Wu, J.; Deng, X.; Yoshikai, N. Chem. Eur. J. 2019, 25, 7839–7842. 
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Scheme 2.46: Stereoselective hydrochlorination and iodochlorination of EBXs 2.52. 

Finally, hetero-VBXs have been described as intermediates or side-products in reactions for the 

synthesis of oxadiazine derivates,186 4-imidazolidinones187 or spirocyclic λ3-iodanes.80,188 For example, 

the Kang group reported a base-promoted reaction of phenol nucleophiles with spirocyclic 

hypervalent iodine reagents (2.62) to access 2-iodovinyl aryl ethers 2.55 with Z-stereoselectivity 

(Scheme 2.47).80 They proposed that the transformation was going through the formation of a spiro-

O-VBX (2.64) intermediate, formed by nucleophilic addition of the phenol onto the alkynyl triple bond 

of the EBX, followed by an iodonium salt generation and a SNAr2. However, an alternative coordination 

of the phenolate to the open form of 2.64, followed by a ligand coupling or a SNAr is more likely to 

happen. 

 

Scheme 2.47: Synthesis of aryl enol ethers 2.55 from hypervalent iodine reagents 2.62. 

2.3.4.2 Reactivity of X-VBX reagents. 

With the tremendous reactivity of hypervalent iodine reagents, the synthetic utility of hetero-

vinylbenziodoxol(on)es was demonstrated in many transformations (Scheme 2.48). Hypervalent 

iodine derivatives can be easily reduced to their monovalent form to deliver vinyl iodides (a). Copper-

catalyzed reduction is an effective method used by the Yoshikai and Itoh and Tada groups, to reduce 

the benziodoxol(on)es moiety without affecting the olefin stereochemistry.177,180,181,184 Additionally, 

the hypervalent iodine species can be reduced in situ by a photoinduced electron transfer, as 

demonstrated by the work of Miyake.79 Transition-metal-catalyzed reactions often require high 

temperature for substrate activation. Hypervalent iodine reagents, with their enhanced reactivity, are 

ideal coupling partners for metal-catalyzed transformations at lower temperatures. Therefore, X-VBXs 

have been broadly used in palladium-catalyzed reactions such as Stille, Sonogashira and Suzuki-

                                                            
186 Li, M.; Li, W.; Lin, C.-D.; Wang, J.-H.; Wen, L.-R. J. Org. Chem. 2019, 84, 6904–6915.  
187 Shimizu, A.; Shibata, A.; Esaki, H.; Fukushima, K.; Tada, N.; Itoh, A. ChemRxiv, 2022. DOI:10.26434/chemrxiv-
2022-bb2bt. 
188 Sun, X.; Guo, X.-Q.; Chen, L.-M.; Kang, T.-R. Chem. Eur. J. 2021, 27, 4312–4316.  
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Miyaura cross-couplings (b).173,174,176,179,180,181,183,184,185 In contrast to coupling with iodo vinyl ether, the 

reactions usually proceed at room temperature with complete retention of the stereoselectivity.79 

Palladium-catalysis could also be used for hydrodehalogenation and reductive homocoupling of X-

VBXs (c, d).174,181,184 Copper-catalyzed functionalizations have also been reported such as the 

Rosenmund Von-Braun cyanation (e).181,184 Our group recently described an atom economical copper-

catalyzed oxyvinylation of diazo compounds with VBX reagents (see section 2.3.3.2).164 This chemistry 

was efficiently extended to N-VBX reagents by Itoh and Tada who could access highly functionalized 

amino-acid derived enamides by difunctionalization of diazo compounds (f).179 The diversity of metal-

catalyzed transformations available for X-VBXs functionalization under mild conditions has allowed 

access to a high variety of substrates. The stereoselective access to vinyl ethers and enamides is 

particularly interesting because of the many challenges encountered in their synthesis (see section 

2.2.2). 

 

Scheme 2.48: Metal-catalyzed transformations of X-VBX reagents. 

Cross-coupling reactions in water could also be achieved with S-VBXs. "Our group developed a Suzuki-

Miyaura cross-coupling reaction of S-VBX reagent 2.51c installed on glutathione with boronic acids to 

give alkenes 2.65 (Scheme 2.49).172 The reaction is selective for the vinyl hypervalent iodine bond and 

the biocompatible conditions could be applied to larger peptides and even proteins. In addition, the 

azide could be selectively functionalized by cycloaddition. The hypervalent iodine and the azide are 

therefore orthogonal in reactivity to each other and to existing natural functional groups in peptides 

and proteins, allowing applications for peptide and protein functionalization. For example, a triplet-

state quencher and a fluorophore were introduced selectively, leading to extended fluorescence 

lifetime by suppressing photobleaching."165 
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Scheme 2.49: Aqueous Suzuki-Miyaura cross-coupling reaction of S-VBX 2.51c. 

In addition to transition-metal-catalyzed reactions, stable hetero-VBX reagents were proposed to 

react as vinyl cation synthetic equivalents in presence of nucleophiles. "Thiol nucleophiles were used 

by the group of Miyake for the synthesis of 1,2-dithio-1-alkenes 2.66 (Scheme 2.51).189 In presence of 

an excess of nucleophile and base, the addition of two thiol equivalents to the C-C triple bond of EBX 

2.22 was observed, leading to Z-1,2-dithio-1-alkene 2.66 with loss of the hypervalent bond. Several 

aliphatic and aromatic thiols, as well as thioglycosides were compatible with the reaction conditions. 

Experimental and computational mechanistic studies revealed that the cis regioselectivity observed in 

the Z-1,2-bisthiolated alkene product is explained by the combination of two steps: cis-selective 

nucleophilic thiol addition to the -position of EBX 2.22, leading to an S-VBX intermediate, followed 

by a cis-specific radical addition of a second equivalent of thiol (I). Using a catalytic amount of base, S-

VBX intermediate 2.51 could be isolated and then converted to the dithiolated product 2.66a in 

presence of an excess of Cs2CO3 (Scheme 36B). Phenyl-VBX (2.25a) could also be transformed to the 

corresponding vinyl sulphide 2.66 under the reported conditions."165  

 

Scheme 2.50: Reaction of EBXs 2.22 and S-VBXs 2.51 with thiols through a radical mechanism. 

The latest result is consistent with the work later published by the group of Olofsson on electrophilic 

vinylation of thiols with VBX (Scheme 2.51).157 The mild and transition metal-free transformation was 

reported with VBX reagents, but few examples of vinylations with N- and O-VBXs were disclosed. For 

instance, thiophenol (2.67) reacted with O-VBX 2.54c to give thioenol ether 2.68 in excellent yield and 

good Z-selectivity. The high E-stereoselectivity observed with simple VBX reagents (2.25) first allowed 

to exclude a vinylic SN2 mechanism.144a Further mechanistic investigations have enabled to support a 

ligand coupling mechanism (such as intermediate I), which is another typical reactivity of 

diaryliodonium salts.159 

                                                            
189 Liu, B.; Alegre-Requena, J. V.; Paton, R. S.; Miyake, G. M.. Chem. Eur. J. 2020, 26, 2386–2394.  
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Scheme 2.51: Reaction of O-VBX 2.54c with thiol nucleophile 2.67 through ligand coupling mechanism. 

"In conclusion, the quest for new vinyl cation surrogates for enabling effective olefination methods 

has drawn important research efforts in organic chemistry. Benziodoxol(on)e-based transfer reagents 

have recently emerged has privileged reagents to reach this goal due to their high reactivity combined 

with sufficient stability. Both VBX and hetero-VBX reagents have attracted significant attention since 

2016. In contrast to VBX reagents, hetero-VBXs possess an extra hetero-atom (N, O, S or halogen) 

conjugated to the alkene, which influences considerably the electronics of the later. X-VBX reagents 

have been obtained mostly through the addition of soft nucleophiles onto well-established EBX 

reagents, which need nevertheless to be first synthesized. In this respect, the new difunctionalization 

of alkynes from simple λ3-iodane precursors and O- or N-nucleophiles developed by Yoshikai and 

coworkers constitutes an important progress. The formation of X-VBXs proceeds usually with high 

stereoselectivity and gives access to highly functionalized reagents with defined geometry, a 

challenging task for enols and enamines. The high reactivity of the hypervalent bond serves as basis 

for cross-coupling reactions under mild conditions to further diversify the products."165 Their synthetic 

potential has just started to be investigated and the development of new synthetic access and 

applications of VBX reagents was the main research of my thesis.176,190,191 At the start of my thesis, 

only a very few examples were reported, and most of the described examples appeared during the 

time we were performing this work.  

  

                                                            
190 Declas, N.; Waser, J. Angew. Chem. Int. Ed. 2020, 59, 18256–18260.  
191 Declas, N.; Maynard, J. R. J.; Menin, L.; Gasilova, N.; Götze, S.; Sprague, J. L.; Stallforth, P.; Matile, S.; Waser, 
J. Chem. Sci. 2022, Accepted. 
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2.4 Functionalization of peptides and proteins  

2.4.1 Significance of site-selective peptide and protein functionalization 

Selective functionalization of peptides and proteins is becoming increasingly important in research 

and industry for designing therapeutics or studying cellular processes.192 However, the number of 

chemical transformations available for biomolecules functionalization is still limited and the 

development of new bioconjugation strategies is a challenging task for synthetic chemists.193  

Bioactive peptides are small proteins molecules with up to 20 amino acid residues. They are normally 

buried in the structure of parent proteins and become active after cleavage of the proteins. Today, 

bioactive peptides are used as therapeutics agents to activate receptors or disturb protein-protein 

interactions.194 Their properties allowed increased potency and target selectivity in comparison to 

small molecule therapeutics as well as improved cell permeability and toxicity compared to larger 

biologic drugs. As a result, 80 peptides drugs are currently on the market and more than 150 peptides 

are in clinical development.195 

An established method to synthetize peptides is the solid-phase peptide synthesis (SPPS) technique. 

To selectively modify and introduce novel functionality on peptides, a first strategy is to use unnatural 

amino acids (UAA), bearing the desired functional group, directly in the SPPS (Scheme 2.52). However, 

the synthesis of UAA can be challenging and the introduced functionality needs to be stable under 

SPPS conditions. A more convenient strategy is the late-stage functionalization of native peptides. In 

this case, mild reactions conditions are required and high chemoselectivity need to be achieved. The 

modifications can be performed in aqueous solvents, but organic solvents such as DMF can also be 

used. Peptides can be functionalized by structural modification, to generate new scaffolds, or by the 

formation of peptide-conjugates with for example fluorophores,196 glycosides197 or small molecules.198  

 

Scheme 2.52: Peptide functionalization by SPPS or late-stage functionalization.  

                                                            
192 (a) Fosgerau, K.; Hoffmann, T. Drug Discovery Today 2015, 20, 122–128. (b) Hu, Q. Y.; Berti, F.; Adamo, R. 
Chem. Soc. Rev. 2016, 45, 1691–1719. (c) Gunnoo, S. B.; Madder, A. Org. Biomol. Chem. 2016, 14, 8002-8013. 
(d) Lau, J. L.; Dunn, M. K. Bioorg. Med. Chem. 2018, 26, 2700–2707.  
193 (a) Carell, T.; Vrabel, M. Top. Curr. Chem. 2016, 374, 9. (b) King, M.; Wagner, A. Bioconjug. Chem. 2014, 25, 
825–839. (c) Lang, K.; Chin, J. W. Chem. Rev. 2014, 114, 4764–4806. 
194 (a) Akbarian, M.; Khani, A.; Eghbalpour, S.; Uversky, V. N. Int. J. Mol. Sci. 2022, 23, 1445. (b) Korhonen, H.; 
Pihlanto, A. Int. Dairy J. 2006, 16, 945–960. (c) Hamley, I. W. Chem. Rev. 2017, 117, 14015–14041. (d) Sato, A. 
K.; Viswanathan, M.; Kent, R. B.; Wood, C. R. Curr. Opin. Biotechnol. 2006, 17, 638–642. (e) Henninot, A.; Collins, 
J. C.; Nuss, J. M. J. Med. Chem. 2018, 61, 1382–1414.  
195 Muttenthaler, M.; King, G. F.; Adams, D. J.; Alewood, P. F. Nat. Rev. Drug Discov. 2021, 20, 309–325.  
196 Lavis, L. D.; Raines, R. T. ACS Chem. Biol. 2008, 3, 142–155.  
197 (a) Pratt, M. R.; Bertozzi, C. R. Chem. Soc. Rev. 2005, 34, 58–68. (b) Moradi, S. V.; Hussein, W. M.; Varamini, 
P.; Simerska, P.; Toth, I. Chem. Sci. 2016, 7, 2492–2500.  
198 Cohen, D. T.; Zhang, C.; Fadzen, C. M.; Mijalis, A. J.; Hie, L.; Johnson, K. D.; Shriver, Z.; Plante, O.; Miller, S. J.; 
Buchwald, S. L.; Pentelute, B. L. A Nat. Chem. 2019, 11, 78–85.  
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Among bioactive peptides, macrocyclic and stapled peptides have recently emerged as promising drug 

candidates (Scheme 2.53).199 Macrocyclic peptides are synthesized using cyclization methods whereas 

stapled peptides are constrained in an alpha-helical conformation by a covalent linkage between two 

amino acid side-chains.200,201 With their blocked conformation, macrocyclic and stapled peptides 

display a high rigidity. This property allowed for improved target affinity and increased metabolic 

stability, which is currently the main limitation of peptide therapeutics.194d  

 

Scheme 2.53: Peptide stapling and macrocyclizazion. 

In contrast to peptides diversification, proteins functionalization requires stringent physiological 

conditions compatible with biomolecules: aqueous media of neutral pH (6-8), moderate temperature 

(20-37 °C), under air, at atmospheric pressure and low concentration to allow solubility (Scheme 2.54). 

The reaction has also to have a fast kinetic and ideally to proceed with near complete conversion to 

generate homogenous mixtures. To do so, a large excess of reagents can be used, but the later have 

to be of low toxicity, should not affect the protein structure and should provide stable bioconjugates. 

In addition, the transformations need to be chemoselective, meaning one residue is targeted in 

presence of all present functional groups. In the case of proteins labeling, site-selectivity is also 

required to prevent purification, which can be quite tedious or even not possible in living cells. 

 

Scheme 2.54: Bioconjugation of proteins under physiological conditions. 

A better understanding of cellular processes is of a high interest to design inhibitors for new 

therapies.202 For example, post-translational modifications (PTMs), which are enzyme-catalyzed 

covalent modifications of proteins, are important processes in biology to control proteins activity by 

regulating their structure and properties.203 Understanding of the pattern of the many PTMs in cells 

provides insight into the function of proteins. However, elucidation of cellular processes in living 

systems is challenging because of the complexity of their native environment. To gain new insight into 

cellular events and study biomolecules in vivo efforts have been made to developed selective 

modification of biomolecules, for example with fluorescent probes for monitoring.196,204 In addition, 

                                                            
199 Vinogradov, A. A.; Yin, Y.; Suga, H. J. Am. Chem. Soc. 2019, 141, 4167–4181.  
200 Bechtler, C.; Lamers, C. RSC Med. Chem. 2021, 12, 1325–1351. 
201 Li, X.; Chen, S.; Zhang, W.-D.; Hu, H.-G. Chem. Rev. 2020, 120, 10079–10144.  
202 Spicer, C. D.; Davis, B. G. Nat. Commun. 2014, 5, 4740.  
203 Walsh, C. T.; Garneau-Tsodikova, S.; Gatto Jr., G. J. Angew. Chem. Int. Ed. 2005, 44, 7342–7372.  
204 Lukinavičius, G. et al. Nat. Chem 2013, 5, 132–139.  
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efficient selective biomolecules functionalization has allowed the development of new medical 

treatment. For instance, antibody-drug conjugates (ADCs) are a class of therapeutic for the treatment 

of cancer which combine the specificity of antibodies with the potent activity of small molecules to 

create targeted drugs with reduced off-site effects and toxicity.205  

The selective modification of proteins can be performed in one step, by direct introduction of the 

desired functionality, or using a sequential sequence with introduction of a bioorthogonal functional 

group, which can serve as a platform for further modifications (Scheme 2.55). The latter is most 

commonly used as it allows broader diversity from a common intermediate. Labeling of proteins can 

be performed by genetic encoding of bioconjugation handles. This methodology consist in the cellular 

co-translational incorporation into proteins of reporters, which are unnatural amino acids bearing 

bioorthogonal functional groups.193c The methodology can be residue- or site-specific. However, this 

approach requires prior knowledge of the targeted protein sequence and many biomolecules, such as 

nucleic acids, cannot be monitored with genetically encoded reporters. In this context, chemical and 

enzymatic late-stage modifications of native proteins is an alternative of choice that allows to study 

proteins in their native environment by selective residue functionalization on the native proteins.206 

 

Scheme 2.55: Strategies for protein functionalization. 

The number of functional groups available for bioorthogonal modifications, such as the broadly used 

azides and terminal alkynes, is limited by the properties required. They have to be chemically and 

biologically inert in the protein environment: the covalent link should be strong and metabolically 

stable and should not disrupt the native chemical functionality of the protein.202,206,207,208 In addition, 

the bioorthogonal reactions needs to have a fast kinetics to prevent competitive reactions and allow 

tracking of dynamic processes in vivo. The most widely used bioorthogonal transformations are 

                                                            
205 (a) Agarwal, P.; Bertozzi, C. R. Bioconjugate Chem. 2015, 26, 176–192. (b) Walsh, S. J.; Bargh, J. D.; Dannheim, 
F. M.; Hanby, A. R.; Seki, H.; Counsell, A. J.; Ou, X.; Fowler, E.; Ashman, N.; Takada, Y.; Isidro-Llobet, A.; Parker, J. 
S.; Carroll, J. S.; Spring, D. R. Chem. Soc. Rev. 2021, 50, 1305–1353. 
206 Sletten, E. M.; Bertozzi, C. R. Angew. Chem. Int. Ed. 2009, 48, 6974–6998.  
207 Prescher, J. A.; Bertozzi, C. R. Nat. Chem. Biol. 2005, 1, 13–21.  
208 Chen, X.; Wu, Y.-W. Org. Biomol. Chem. 2016, 14, 5417–5439.  
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cycloadditions such as copper-catalyzed azide-alkyne cycloaddition (CuAAC)209 and strain-promoted 

azide-alkyne cycloaddition (SPAAC),210 also classified as Click reactions (Scheme 2.56). Staudinger 

ligation, condensation of amine with ketone or aldehydes and inverse electron-demand Diels-Alder 

reaction (iEDDA) are transformations that are also commonly employed.193c,206,211,212 

 

Scheme 2.56: Selected examples of bioorthogonal reactions. 

Besides copper-catalyzed bioorthogonal reactions, other transition metals have been intensively 

explored as alternative sources to promote bioorthogonal conjugations.213 The high selectivity in 

transition-metal catalyzed reactions is particular attractive, as it allows functional groups inert to each 

other to specifically react in presence of a metal catalyst. Due to its relevance in the thesis, palladium-

catalyzed cross-coupling reactions will be discussed. The absence of palladium from biological systems 

and the excellent functional group tolerance of palladium-catalyzed reactions have provided 

opportunities for covalent modifications of proteins in biological environments.214 Palladium-

catalyzed cross-coupling reactions, including Heck, Sonogashira and Suzuki-Miyaura, have been 

successfully applied to protein modifications (Scheme 2.57). Initial reports employed phosphine 

ligands, such as 2.69, which are expensive and susceptible to oxidation.215 In addition, the 

transformations suffered from low conversions and the requirement of high temperatures. The first 

phosphine-free palladium catalyst for aqueous Suzuki-Miyaura proteins modification was reported by 

the Davis group.216 The water soluble catalyst, 2-amino-4,6-dihydroxypyrimidine (ADHP, 2.70), was 

mild enough for use on peptides and proteins, but active enough to mediate biaryl couplings, between 

a para-iodobenzyl cysteine or a genetically encoded para-iodophenylalanine and various boronic 

                                                            
209 Presolski, S. I.; Hong, V. P.; Finn, M. G. Curr. Protoc. Chem. Biol. 2011, 3, 153–162.  
210 Jewett, J. C.; Bertozzi, C. R. Chem. Soc. Rev. 2010, 39, 1272–1279.  
211 van Berkel, S. S.; van Eldijk, M. B.; van Hest, J. C. M. Angew. Chem. Int. Ed. 2011, 50, 8806–8827.  
212 Blackman, M. L.; Royzen, M.; Fox, J. M. J. Am. Chem. Soc. 2008, 130, 13518–13519.  
213 For recent reviews, see: (a) Yang, M.; Li, J.; Chen, P. R. Chem. Soc. Rev. 2014, 43, 6511–6526. (b) Jang, S.-Y.; 
Murale, D. P.; Kim, A. D.; Lee, J.-S. ChemBioChem 2019, 20, 1498–1507.  
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H.; Sakamoto, K.; Kigawa, T.; Yabuki, T.; Matsuda, N.; Shirouzu, M.; Takio, K.; Yokoyama, S.; Tachibana, K. 
ChemBioChem 2007, 8, 232–238. 
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     Chapter 2: Background and significance 

49 
 

acids.216,217,218 The cross-couplings could be performed at 37 °C and complete conversions were 

achieved within hours. Lin and co-workers also reported an aminopyrimidine-palladium complex 

(2.71) for copper-free Sonogashira cross-coupling of a homopropargylglycine-encoded ubiquitin 

protein in aqueous medium.219 In contrast to ADHP (2.70), which could only be used for Suzuki-

Miyaura couplings, the new catalyst system worked well for both Sonogashira and Suzuki-Miyaura 

cross-coupling reactions on proteins.220 The lack of reactivity of ADHP was attributed to its hydration 

at either the two hydroxy groups or the amino group in aqueous medium. Therefore, the dimethyl 

substituent in the amino group of 2.71 may alter the hydration shell of ADHP and fine-tune the 

electron density of the pyrimidine ring. Davis and co-workers suggested that the central guanidine 

moiety was coordinating to palladium and thus designed new "minimal" ligand structures, 

dimethylguanidine (2.72) and tetramethylguanidine (2.73), in order to find more efficient ligands.221 

 

Scheme 2.57: Palladium-catalyzed bioorthogonal reactions. 

Despite the stringent conditions required to develop chemical functionalization of amino acids on 

proteins and peptides, a high number of chemo- and site-selective methodologies were reported and 

reviewed.202,222,223,224,225  Among the 20 natural amino acids, traditional methods for bioconjugation 

target the cysteine residue (Scheme 2.58).202 Its low abundance (<2%) and high nucleophilicity have 

allowed to develop a high number of fast and efficient cysteine modifications. However, cysteine 

bioconjugation often requires cleavage of disulfide bonds or expression of non-natural proteins. Using 

site-directed mutagenesis, the rare cysteine residue can be incorporated into targeted proteins. The 

nucleophilic thiol functional group can then undergoes fast reactions, such as Michael addition with 

acceptors. Addition to maleimides (a) has been extensively studied, however the resulting 

bioconjugate often lacks stability and can be subjected to retro-Michael or thiol-exchange 
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218 Spicer, C. D.; Triemer, T.; Davis, B. G. J. Am. Chem. Soc. 2012, 134, 800–803.  
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220 Dumas, A.; Spicer, C. D.; Gao, Z.; Takehana, T.; Lin, Y. A.; Yasukohchi, T.; Davis, B. G. Angew. Chem. Int. Ed. 
2013, 52, 3916–3921.  
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reactions.226,227 To overcome this limitation and obtain stable adducts, methodologies with 

carbonylacrylic derivates (b) or α-halocarbonyl (c), most often iodoacetamide, were developed.228 

Several reports also described the conjugation of reduced cysteines with activated disulfides bonds 

(d) through thiol-exchange.206 However, theses transformations can suffer from side reactions such as 

reduction. 

 

Scheme 2.58: Chemo-selective cysteine functionalization. 

Because of the abundance of transformations available to selectively modify nucleophilic primary 

amines, lysine is another residue of choice for bioconjugation (Scheme 2.59).206 However, its high 

abundance (~6%) renders site-selective modifications challenging and heterogeneous mixtures are 

often obtained.229 Nevertheless, lysine modification can be used when multiple conjugations are 

desired.230 In principle, preferential conjugation with amines over other nucleophiles such as cysteine 

can be achieved through use of harder electrophiles such as activated esters (a), sulfonyl chlorides (b) 

or iso(thio)cyanates (c,d).  

                                                            
226 Shen, B.-Q. et al. Nat. Biotechnol. 2012, 30, 184–189.  
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Scheme 2.59: Chemo-selective lysine functionalization. 

In spite of their utility and broad applications in chemical biology, functionalization of the abundant 

lysine tends to lack selectivity and modification of the rarer cysteine often requires cleavage of 

disulfide bonds or the expression of non-natural proteins. To overcome the limitations encountered 

and in order to expand the functionalization toolbox, less exploited amino acids such as methionine,231 

tryptophan,232 histidine233 and tyrosine (see section 2.4.2) have been more recently investigated. In 

addition, extensive works have been performed for N- and C-terminal modification of peptides and 

proteins.234,235,236 In the context of this thesis, we will focus on methodologies for tyrosine 

bioconjugation. 

2.4.2 Tyrosine bioconjugation of peptides and proteins 

The growing interest in chemical biology and the high demand for new conjugation methods have 

driven interest in alternative or complement bioconjugation methodologies, targeting other amino 

acids than cysteine and lysine. In this context, tyrosine is an interesting residue for site-selective 

biomolecules functionalization. In living cells, tyrosine is biosynthesized via the catabolism of the 

phenylalanine residue by a phenylalanine hydroxylase enzyme.237 Despite its medium abundance 

(~3%), tyrosine residues are relatively rare on protein surfaces.238 Because of the amphiphilicity of the 

phenol side chain, tyrosine is often partially or fully buried within the protein structure. The 

                                                            
231 Selected examples: (a) Lin, S.; Yang, X.; Jia, S.; Weeks, A. M.; Hornsby, M.; Lee, P. S.; Nichiporuk, R. V.; Iavarone, 
A. T.; Wells, J. A.; Toste, F. D.; Chang, C. J. Science 2017, 355, 597–602. (b) Taylor, M. T.; Nelson, J. E.; Suero, M. 
G.; Gaunt, M. J. A Nature 2018, 562, 563–568. (c) Kim, J.; Li, B. X.; Huang, R. Y.-C.; Qiao, J. X.; Ewing, W. R.; 
MacMillan, D. W. C. J. Am. Chem. Soc. 2020, 142, 21260–21266. 
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234 Rosen, C. B.; Francis, M. B. Nat. Chem. Biol. 2017, 13, 697–705.  
235 Malins, L. R. Pept. Sci. 2018, 110, e24049.  
236 Arbour, C. A.; Mendoza, L. G.; Stockdill, J. L. Org. Biomol. Chem. 2020, 18, 7253–7272. 
237 Jones, L. H.; Narayanan, A.; Hett, E. C. Mol. BioSyst. 2014, 10, 952–969.  
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hydrophobic aromatic side chain residue is mainly involved in π-stacking or cation-π interactions, 

whereas the hydrophilic hydroxyl group is engaged in hydrogen bonding. The residue is usually neutral 

over a broad range of pH and its functionalization does not change the overall charge of the protein. 

The phenol group of the tyrosine residue offers unique physicochemical properties and chemical 

reactivities. Therefore, tyrosine side chains are subject to high numbers of PTMs such as glycosylation, 

AMPylation, sulfation, nitration and phosphorylation (Figure 2.11). In addition, its redox potential 

allow the formation of tyrosyl radicals enabling electron transfer reactions and cross-linking with other 

tyrosine residues or amino acids such as histidine or cysteine.237  

 

Figure 2.11: Tyrosine post-translational modifications. 

Taking advantages of the interesting properties of the tyrosine residue recent and efficient tyrosine 

methodologies to label peptides and proteins have been described (Scheme 2.60).239,240 The reports 

usually described the C-functionalization of tyrosine residues, but O-modifications have been also 

reported. One of the first methods developed for tyrosine functionalization was based on Mannich-

type reactions (a). Francis and co-workers reported a three-component Mannich-type tyrosine 

bioconjugation under mild conditions (pH 6.5 and room temperature).241,242 The reactions proceeded 

through imine condensation of primary aromatic amines with formaldehyde (2.74), followed by 

deprotonation of the phenol ring of accessible tyrosine and subsequent electrophilic aromatic 

substitution with the generated iminium ion. The transformation worked efficiently on proteins, but 

could only tolerate anilines bearing electron donating groups. In addition, 18 hours of reaction was 

required and side reactions with tryptophan and cysteine residues were observed.243 Alternatives 
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242 Romanini, D. W.; Francis, M. B. Bioconjugate Chem. 2008, 19, 153–157. 
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using cyclic imine were proposed by the Tanaka group. In this case, selectivity towards tyrosine residue 

could be improved for tryptophan, but cysteine residues could still react in the transformation.244   

 

Scheme 2.60: Tyrosine bioconjugation methodologies for protein labelling. 

Azo-coupling have also been used to modify tyrosine residue on proteins (b). Diazonium reagents 

bearing electron-withdrawing groups in the para-position and prepared in situ were used by Francis 

and co-workers to labeled MS2 bacteriophage and tobacco mosaic virus.245,246 On these proteins, the 

reaction proceeded at pH 9.0 and low temperature (4 °C) with short reaction time (15 minutes to 2 

hours). However chemoselectivity issues could be observed with other proteins, as diazonium 

reagents can react with various amino acid residues such as histidine.247 To solve this issue, the 

reaction could be performed at lower pH (4.5) but longer reaction times were required (up to 72 

hours).248 Also, a bench stable diazonium reagent was reported by the Barbas group, which allowed 

better control of the equivalents used and therefore better selectivity, even at pH 8.249 Histidine, 

tryptophan and cysteine amino acids could still react with the diazonium salt, but the conversion was 

really low compared with the tyrosine residue (<2% vs >95% at pH 8.0).  
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Chem. Soc. 2012, 134, 7406–7413.  
249 Gavrilyuk, J.; Ban, H.; Nagano, M.; Hakamata, W.; Barbas, C. F. Bioconjugate Chem. 2012, 23, 2321–2328. 



     Chapter 2: Background and significance 

54 
 

Cyclic diazodicarboxyamides are among the most used reagents for tyrosine bioconjugation (c). The 

reagents are obtained from urazoles by chemical oxidation. Their use in ene-like reactions for tyrosine 

functionalization was first described by Ban et al.250,251 The reaction described displays high selectivity 

for tyrosine, generates stable linkage in short reaction time (15-30 minutes) and tolerates a broad 

range of pH (2-10) with better yields obtained at higher pH. A drawback was the instability of the 

reagents that can decompose to isocyanate in water, which could lead to side reactions with lysine 

residues. Acting as an isocyanate scavenger, the use of Tris buffer allowed to overcome this limitation. 

Recent reports described the more convenient electrochemical generation of cyclic 

diazodicarboxyamides, which allowed to avoid side reactions.252,253 In addition, luminol derivatives 

were reported and they demonstrated, under certain conditions, their efficiency compared to 

diazodicarboxyamides for tyrosine bioconjugation.254,255 It is important to note that because of the 

oxidative conditions required for the ene-like reactions, oxidation of cysteine residues was usually 

observed.  

Transition-metal mediated approaches were also developed. Francis and co-workers reported a 

tyrosine-selective alkylation of chymotrypsinogen A protein using π-allyl palladium complexes (d).256 

The allylic acetate required for the reaction could be switched to a hydrophilic leaving group, allowing 

solubility in buffer. The electrophilic palladium complex reacted efficiently with tyrosine at pH 8.5-9 

in about a hour, leading to O-alkylated bioconjugates. In addition, transition metals can be used for 

the formation of stable complexes with tyrosine residues. The Ball group described the selective 

formation of η6 Rh(III)-tyrosine complex by simple metalation with rhodium salt and aryl boronic acids 

bearing an ortho-carboxamide group (e).257 The reaction proceeded at 37°C, in a pH 9.4 buffer and 

was used to modified peptides and proteins.  

Sulfur(IV)-Fluoride Exchange (SuFEx) chemistry is becoming more and more popular in chemical 

biology for of its potential as click chemistry.258 The special properties of the sulfur-fluoride bond allow 

displacement of the fluoride by various O- and N-nucleophiles, including nucleophilic amino-acids such 

as lysine or serine. In the context of bioconjugation, chemoselectivity can be achieved by fine-tuning 

of the conditions, the reagents or the biochemical environment. SuFEx chemistry was recently applied 

to tyrosine bioconjugation (f). Choi et al., reported a chemoselective tyrosine bioconjugation of 

peptides using tetramethylguanidine (TMG) as catalyst.259 Surface-exposed tyrosine on a protein could 

also be labeled at pH 8.0 in buffer. An alternative strategy was recently proposed by the Hsu group 

                                                            
250 Ban, H.; Gavrilyuk, J.; Barbas, C. F. J. Am. Chem. Soc. 2010, 132, 1523–1525.  
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who introduced Sulfure-Triazole Exchange (SuTEx) chemistry.260 In contrast to SuFEx chemistry, fine-

tuning of the triazole leaving group allowed to control the selectivity and kinetics of the conjugation. 

SuTEx chemistry was used as a chemical proteomics platform to profile tyrosine nucleophilicity and 

PTMs state in human cell proteomes.260 In addition, it was used in fragment-based ligand discovery, 

for protein-targeted ligand design to disrupt functional tyrosine sites on proteins, and for mapping 

protein interaction networks in cells.261,262 Compared to SuFEx, SuTEx probes displayed improved 

tyrosine selectivity versus lysine.  

Inspired by nature PTMs, chemical tyrosine oxidation was shown to be a convenient approach to 

functionalize proteins (Scheme 2.61). For example, the Francis group described an oxidative coupling 

of substituted anilines with tyrosine residues on native proteins (a).263 The electron transfer reaction 

was promoted by the cerium(IV) ammonium nitrate oxidant and led mainly to O-alkylated product, 

but C-alkylation was also observed. Depending on the reactive partner, tryptophan labeling could also 

occur, in addition with cysteine oxidation. Alternatively, Nakamura and co-workers demonstrated the 

use of a ligand-conjugated ruthenium(II) photocatalyst to selectively label tyrosine on targeted 

proteins with electron-rich anilines or urazoles (b).264,265  

 

Scheme 2.61: Tyrosine chemical oxidations on proteins. 

Photoredox catalysis could also be used for site-selective tyrosine bioconjugation of proteins (Scheme 

2.61).266 Lumiflavin was used as a water-soluble photocatalyst to induce oxidative coupling between 

a phenoxazine dialdehyde tag (2.75) and a tyrosine residue through the formation of a covalent C–N 

bond. A variety of native proteins, including those with multiple tyrosines, could be selectively labeled 

at a single site. The introduced aldehyde moieties were engaged in bioorthogonal functionalizations, 

allowing further diversification.  
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Scheme 2.62: Site-selective tyrosine bioconjugation with photoredox catalysis. 

Recently, a synthetic protein modification with iminoxyl radicals was described by Kanai and co-

workers (Scheme 2.63).267 The radicals were generated from sterically hindered water-soluble oxime 

precursors via single-electron oxidation with CAN. Depending on the oxime substituents the stability 

of the iminoxyl radicals could vary and generate stable bioconjugates or reversible bioconjugation by 

treatment with a thiol. High chemoselectivity was observed on proteins, but site-selectivity was 

usually not achieved and a mixture of bioconjugates was obtained. Various functional small molecules 

could be introduced on biomolecules, including an azobenzene photoswitch. Access to azobenzene 

functionalized peptides by tyrosine modification was also reported via a dearomatization-

rearomatization strategy.268 

 

Scheme 2.63: Tyrosine modification with iminoxyl radicals. 

Another PTMs is the glycosylation of tyrosine residues. In 2018, the Miler group reported a protecting-

group free synthetic O-glycosylation of tyrosine containing peptides (Scheme 2.64).269 The reaction 

was promoted by an excess of calcium hydroxide and proceeded rapidly in water with fluoroglycosyl 

donors. The transformation was selective for the formation of β-anomer products from stereodefined 

α-D-glycosyl donors. Tyrosine glycosylation could be achieved with high selectivity in presence of 

various amino acids, with the exception of free-cysteines, which preferentially led to fast S-

glycosylation. 
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19844–19855.  
268 Wang, P.; Cheng, Y.; Wu, C.; Zhou, Y.; Cheng, Z.; Li, H.; Wang, R.; Su, W.; Fang, L. Org. Lett. 2021, 23, 4137–
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Scheme 2.64: Glycosylation of tyrosine residues on peptides with α-D-glycosyl. 

Despite the many successes of the reported methodologies, their efficiency usually relies on the 

solvent accessibility of the tyrosine residue targeted and is therefore dependent of the protein of 

interest. A way to improve selectivity is to use chemoenzymatic approaches for chemical PTMs, such 

as cross-linking. The formation of covalently cross-linked proteins is involved in many biological 

processes and has been exploited in the development of biomimetic materials. With its redox 

properties, tyrosine is a residue of choice for protein cross-linking. Oxidoreductase enzymes such as 

peroxidases, tyrosinases or laccases can catalyze electron abstraction from the phenol ring, leading to 

a reactive radical that can react with a surface-exposed tyrosine residue from another protein (Figure 

2.12).270 To better control the polymerization, methodologies have been developed such as the 

genetic incorporation of peptides tags or the use of photogenerated oxidant.271,272  

 

Figure 2.12: Enzymatic tyrosine cross-linking. 

Enzymatic transformations have also been used for the bioconjugation of tyrosine residues with small 

molecule probes (Figure 2.13).239 Enzymes such as tyrosinase slowly catalyzed the oxidation of tyrosine 

residue to catechol and then the fast conversion to ortho-quinone. The latest can react with various 

nucleophiles such as anilines or thiols.273,274,275,276 Besides, the catechol intermediate can also be 

trapped with for example boronic acids.277 The diversity of transformations available following 

tyrosine oxidation have allowed the development of various fast and selective bioconjugation 

methodologies with ortho-quinones derivates.278,279  
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Figure 2.13: Enzymatic tyrosine oxidation to o-quinone. 

Recently, several elegant tyrosine bioconjugation methodologies have been reported as alternatives 

or complements to the existing cysteine and lysine functionalization. Nevertheless, most of the 

existing chemical strategies would benefit from improved selectivity. Therefore, the development of 

new methods to label tyrosine residues is highly desirable to expand the functionalization toolbox. 

2.4.3 Hypervalent iodine reagents for peptide and protein functionalization 

With their low toxicity, high functional group tolerance and stability in biocompatible media, 

hypervalent iodine reagents have recently emerged as powerful tools for late-stage peptide and 

protein functionalization.280 Acyclic and cyclic hypervalent iodines have been used as oxidants or 

group transfer reagents for the modification of oxidizable or nucleophilic residues.  

As one of the most targeted amino acids in bioconjugation, cysteine functionalization with hypervalent 

iodine has been broadly investigated (Scheme 2.65). First, with their interesting properties to improve 

in vivo stability, the introduction of fluorinated groups has been studied using cyclic hypervalent iodine 

reagents.281 In collaboration with the Seebach and Beier groups, Togni and co-workers reported 

different hypervalent iodine reagents (2.21, 2.76, 2.77) for the fluoroalkylation of cysteine residues 

on peptides such as trifluoromethylation (a) and perfluoroethylation (b).282,283 More recently, Zhang 

and co-workers described a trifluoromethylthiolation of peptides taking advantage of the reactivity of 

the N-acetylbenziodazole skeleton of 2.78 (c).284 Then, the ability of hypervalent iodine reagents to 

perform electrophilic alkynylation under mild conditions was applied to biomolecule functionalization. 

In 2013, our group reported a fast and highly chemoselective alkynylation of cysteine residues on 

protected small di-peptides in organic solvent (d).168,169 Alkynylation was performed using EBX 

reagents (2.22) and could tolerate a wide range of functional groups on the alkyne moiety such as 

triisopropyl silane (TIPS), which could be removed to obtain the free terminal alkyne. In collaboration 

with the Adibekian group, the high efficiency of the transformation was further extended to the 

labeling of reactive cysteines on proteins in water (e).141 Starting from azide-substituted EBX (2.22c), 

the obtained thioalkynes could be functionalized by CuAAC. Alkynylated reagent EBX 2.22c was also 

exploited by the Matile group as irreversible covalent inhibitor or terminator for cell-penetrating 

poly(disulfides) (CPDs).285 To allow direct labeling of peptides and proteins with free terminal alkynes 

and no need of a deprotection step, our group developed EBXs 2.22f-2.22g bearing a trimethylsilane 

                                                            
280 Allouche, E. M. D.; Grinhagena, E.; Waser, J. Angew. Chem. Int. Ed. 2022, 60, 2–17. 
281 (a) Guerrero, I.; Correa, A. Asian J. Org. Chem. 2020, 9, 898–909. (b) Miller, M. A.; Sletten, E. M. ChemBioChem 
2020, 21, 3451–3462.  
282 Capone, S.; Kieltsch, I.; Flögel, O.; Lelais, G.; Togni, A.; Seebach, D. Helv. Chim. Acta 2008, 91, 2035–2056.  
283 Matoušek, V.; Václavík, J.; Hájek, P.; Charpentier, J.; Blastik, Z. E.; Pietrasiak, E.; Budinská, A.; Togni, A.; Beier, 
P. Chem. Eur. J. 2016, 22, 417–424.  
284 Yang, X.-G.; Zheng, K.; Zhang, C. Org. Lett. 2020, 22, 2026–2031.  
285 (a) Morelli, P.; Martin-Benlloch, X.; Tessier, R.; Waser, J.; Sakai, N.; Matile, S. Polym. Chem. 2016, 7, 3465–
3470. (b) Lim, B.; Cheng, Y.; Kato, T.; Pham, A.-T.; Le Du, E.; Mishra, A. K.; Grinhagena, E.; Moreau, D.; Sakai, N.; 
Waser, J.; Matile, S. Helv. Chim. Acta 2021, 104, e2100085.  
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(TMS) group, which could be cleaved in situ in aqueous media to generate the corresponding terminal 

thioalkyne after reaction with cysteine residues (f).286 These reagents were used for the 

functionalization of antibodies and in living cells for cysteine proteomic profiling. Later, an amphiphilic 

hypervalent iodine reagent (2.22h) was introduced by our group for the lipidation of cysteine residues 

on peptides in buffer (g).287 Finally, EBX reagent 2.22c was used for the vinylation of non-hyperreactive 

cysteines on proteins in water (h).172 In contrast to more acidic hyperreactive cysteines, which lead to 

alkynylation, less-acidic surface-exposed cysteines reacted with EBX 2.22c to generate stable S-VBX 

bioconjugates (see section 2.3.4). This methodology allowed to install hypervalent iodine on 

biomolecules, which could serve as a platform for further functionalization such as Suzuki Miyaura 

cross-coupling on the iodine moiety and SPAAC on the azide moiety. This doubly orthogonal labeling 

could be used for fluorescent labeling of receptors on living cells. Improved photostability was 

achieved by introduction of the photoprotection compound Trolox through Suzuki coupling, in 

addition to the Cy5 fluorescent dye added by SPAAC. In presence of the Trolox moiety, the bleaching 

time of the cyanine dye was increased by a factor 3.  

 

Scheme 2.65: Cysteine bioconjugation on peptides and proteins with hypervalent iodine. 
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In addition to cysteine, other amino acid residues can be functionalized using hypervalent iodine 

reagents (Scheme 2.66). The Gaunt group reported acyclic hypervalent iodine reagents 2.79 for 

selective methionine labeling of peptides and proteins (a).288 Efficient electrophilic diazo transfers 

were achieved, leading to stable sulfonium conjugates which could be further derivatized by 

photoredox-mediated coupling with Hantzsch ester derivatives. Acyclic and cyclic reagents were also 

used for the functionalization of tryptophan residues. The Novák and Beier groups used sodium 

ascorbate or visible light to generate tetrafluoroethyl radicals from hypervalent iodine reagents, such 

as 2.80 and 2.81, which could react with tryptophan residues on peptides and proteins (b).289 

Selectivity for the tryptophan residue was achieved using a low excess of reagents as cysteine, 

tyrosine, phenylalanine and histidine amino acids could also react in the transformation. Modification 

on the C2-position of tryptophan was favored, but labeling on the phenyl ring could also occur.  

 

Scheme 2.66: Bioconjugation of various residues on peptides and proteins with hypervalent iodine reagents. 

Functionalization of tryptophan was also studied by our group and the Hansen group who reported 

separately gold-catalyzed alkynylation methodologies of peptides and proteins using TIPS-EBX (2.22a) 

(c).134a,290,291 Metal catalysis was also used by the Ackermann group.292 Acyclic hypervalent iodine 

reagents (2.82) were engaged in late-stage C-H arylation of tryptophan residues in peptides (d). In 

addition to tryptophan, tyrosine functionalization was possible using (diacetoxyiodo)benzene (PIDA, 
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2.16) as an oxidant. The dearomatization-rearomatization strategy allowed access to azobenzene-

functionalized peptides.268 Finally, aliphatic amino acids such as leucine could be modified using 

hypervalent iodine reagents (2.83-2.19) and photoredox-catalysis to achieve azidation and 

hydroxylation respectively (f).293,294  

Together with chemoselective amino acid modification, another attractive method to achieve 

biomolecule functionalization is the selective labeling of peptide termini.222,234 Photoredox-catalyzed 

decarboxylative alkynylation of amino acids and peptides C-terminus using EBX reagents (2.22) was 

recently reported by our group (Scheme 2.67, (a)).139a,140 Alkynylation was achieved under mild and 

metal-free conditions with high chemoselectivity for the C-terminal position, except in the presence 

of cysteine, where a very fast thiol-alkynylation took place first. A few years later, the methodology 

was further extended to a photoredox-catalyzed oxidative decarboxylative C-terminal 

functionalization of small peptides with acetoxybenziodoxolone (BI-OAc, 2.18) (b).295 The acetoxy 

group could be efficiently transferred to peptides, leading to intermediate I which could be trapped 

with phenol and indole nucleophiles. Alternatively, in the presence of alcohols, such as serine or 

threonine residues, stable N,O-acetals were obtained (c). 

 

Scheme 2.67: C-terminal bioconjugation using photoredox catalyzed decarboxylative: alkynylation (a) or 
introduction of indoles, phenols (b) or alcohols (c). 

In 2019, Tada, Itoh and co-workers reported a stereoselective synthesis of cis-β-N-alkoxyamidevinyl 

benziodoxolones by nucleophilic addition of O-methylhydroxamic acids, derived from carboxylic acids, 

on ethynyl-1,2-benziodoxol-3(1H)-one-acetonitrile complex (2.22e) (Scheme 2.68, (a)).177,179 Using a 

catalytic amount of base, modified C-terminal peptides were efficiently used in the transformation, 

generating stable cis-β-N-MeO-amide-VBXs (2.47c). Acetonitrile-stabilized EBX reagent 2.22e was also 

used for the N-terminal modification of tosyl-protected small peptides (b).296 In this case, vinylation 

was not observed and the excess of base led to the formation of terminal ynamides (2.84). The scope 

                                                            
293 Wang, Y.; Li, G.-X.; Yang, G.; He, G.; Chen, G. Chem. Sci. 2016, 7, 2679–2683.  
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was first limited to unsubstituted EBX (2.22e), but this drawback was overcome using copper catalysis 

and EBX reagents (2.22) bearing various silyl, alkyl and aryl substituents could be used.  

 

Scheme 2.68: C-terminal vinylation and N-terminal alkynylation of peptides with EBX reagents. 

Finally, our group developed doubly functionalized hypervalent iodine reagents for peptide stapling 

(Scheme 2.69).297 Cys-Cys stapling was achieved using bis-hypervalent iodine reagent 2.22i, whereas 

Cys-Lys stapling was obtained with EBX reagent 2.22j bearing an activated ester. 

 

Scheme 2.69: Cys-Cys and Cys-Lys stapling with doubly functionalized hypervalent iodine reagents. 

The growing number of reports for the functionalization of biomolecules using hypervalent iodine 

reagents highlight the potential of those reagents for selective labeling under physiological conditions. 

However, despite the increasing interest in the development of bioconjugation methodologies, a 

limited number of examples for selective tyrosine modification have been reported. We thus 

envisioned to target this relatively unexplored residue for a selective bioconjugation methodology 

with EBX reagents. 
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 Goal of the thesis 

As discussed previously, enamides and enol ethers are versatile building blocks in chemistry, but their 

stereodefined synthesis remains challenging. Hypervalent iodine compounds, and especially the cyclic 

derivates with their enhanced stability, have been extensively employed in organic synthesis as group 

transfer reagents. Alkynylation with hypervalent iodine has been broadly studied and has found many 

applications in organic chemistry. In contrast, the use of cyclic iodine(III) reagent for the transfer of 

vinyl groups has emerged only recently and, at the start of this work, only a few examples of hetero-

vinylbenziodoxol(on)e reagents were reported.  

The goal of this thesis is the development of new hetero-vinyl-based hypervalent iodine reagents and 

the study of their reactivity in synthetic organic chemistry as well as their applications in chemical 

biology. In this regard, we defined three main objectives: (A.) the development of new stable nitrogen- 

and oxygen-substituted vinylbenziodoxolones (N- and O-VBX) reagents; (B.) the study of their 

reactivity to enable access to stereodefined enamides and enol ethers; (C.) the study of their 

application in bioconjugation (Scheme 3.1). 

 

Scheme 3.1: Development of new hetero-vinylbenziodoxolone reagents and study of their reactivity and 
application for bioconjugation. 

To achieve our first objective (A.), the well-known ethynylbenziodoxolone (EBX) reagents could be a 

good starting point. These reagents are stable and easily accessible using reported procedures. 

Synthesis of oxygen-substituted vinyl iodine(III) reagents from ethynyllbenziodoxoles (EBX') was 

previously reported, however the transformation required the use of a palladium catalyst to promote 

the addition.1 We then envisaged a simpler direct addition of nucleophiles onto the alkynyl triple bond 

of EBXs to obtain stable hetero-VBXs in a stereoselective manner. The direct nucleophilic addition of 

a thiol nucleophile was previously observed by our group, as a side product of a chemoselective 

                                                            
1 Wu, J.; Deng, X.; Hirao, H.; Yoshikai, N. J. Am. Chem. Soc. 2016, 138, 9105–9108. 
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alkynylation of thiols with hypervalent iodine reagents.2 In addition, preliminary results were obtained 

by Paola Caramenti with a nitrogen nucleophile, suggesting that the concept could be extended to 

other nucleophiles. With this proof of concept, we decided to focus on oxygen and nitrogen 

nucleophiles, to access valuable enamide and enol ether precursors. The value of this approach would 

be the straightforward synthesis of hetero-VBXs by selective addition of commercially available 

nucleophiles directly on already reported EBX reagents.  

For our second objective, we aimed to investigate the reactivity of the newly developed stereodefined 

N- and O-VBXs. Indeed, the high reactivity of the hypervalent iodine bond should allow easy transfer 

of the attached enamides and enol ethers framework. In addition, the mild conditions should enable 

retention of the stereoselectivity, and therefore access to relevant stereodefined enamides and enol 

ethers. For this purpose, palladium catalyzed reactions will be first envisaged, but direct nucleophilic 

additions will also be studied. In this case, their reactivity as vinyl cation synthetic equivalents will be 

investigated, in addition to a serendipitous discovery of an oxy-allyl cation type reactivity.  

Finally, with their low toxicity, high functional group tolerance and stability in biocompatible media, 

hypervalent iodine reagents have recently emerged as powerful tools for late-stage peptide and 

protein functionalization.3 If mild conditions can be achieved for the synthesis of VBXs, it would be 

possible to expand the reaction with small molecule nucleophiles to amino acid residues. This would 

allow the attachment of stable VBX bioconjugates on peptides and proteins. In order to extend the 

methodology, the first step would be to demonstrate that the reaction can be performed in water, 

and that peptides are suitable substrates. After optimization, the study of the functional group 

tolerance on peptides would provide insight into the potential applications. Taking advantage of the 

hypervalent iodine bond and of the functional group present on the alkynyl chain, the VBXs moiety 

could be further functionalized, expanding the bioconjugation toolbox. 

  

                                                            
2 (a) Frei, R.; Waser, J. J. Am. Chem. Soc. 2013, 135, 9620–9623. (b) Frei, R.; Wodrich, M. D.; Hari, D. P.; Borin, P.-
A.; Chauvier, C.; Waser, J. J. Am. Chem. Soc. 2014, 136, 16563–16573. 
3 Allouche, E. M. D.; Grinhagena, E.; Waser, J. Angew. Chem. Int. Ed. 2022, 61, e202112287.  
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 Stereoselective synthesis of N- and O-VBX reagents 

This chapter presents our efforts towards the development of new hetero-vinylbenziodoxolones (VBX) 

hypervalent iodine reagents. Given the need of stable and synthetically convenient Umpolung of 

enamides and enol ethers, we focused on this class of substrates for developing the new reagents. 

This project was started by and performed in collaboration with Dr. Paola Caramenti, a former PhD 

student in the group. 

4.1 Design and preliminary results  

In our group, an extensive work was performed on the synthesis and the Umpolung reactivity of 

indoles and pyrroles hypervalent iodine reagents (Indole-BX and Pyrrole-BX, Scheme 4.1, see section 

2.3.2).1 Indoles are electron-rich aromatic compounds, which structure presents an embedded 

enamine. We then wonder if the development of enamide-based hypervalent iodine (N-VBX) 

compound would be feasible following our previous developed synthesis. Focus was placed on 

enamides rather than enamines, as the electron-withdrawing functionality upon the nitrogen center 

increased chemical stability. Considering the fact that enamides are also synthetic equivalents of 

enols, the research was extended to enol ether-based reagents (O-VBX).  

 

Scheme 4.1: From indole and pyrrole to enamide- and enol ether-substituted benziodoxolones. 

We first focused on enamide benziodoxolones. To access these new N-VBX reagents, a first strategy 

(strategy A) was considered by Paola Caramenti (Scheme 4.2). The idea was to obtain the N-VBX via 

formation of the C-I(III) bond through a ligand exchange. This method was previously successfully used 

in the group for the synthesis of C2-Indole-BX compounds.1c However, despite many attempts the α-

boryl-enamide starting material could never be obtained. Therefore, another strategy (strategy B) was 

explored and we wondered if the addition of a nucleophilic amide onto the β-carbon of alkynyl 

benziodoxolone reagents (EBXs) could be a convenient access to N-VBX compounds.   

 

Scheme 4.2: Strategies for the synthesis of N-VBX. 

                                                            
1 (a) Caramenti, P.; Nicolai, S.; Waser, J. Chem. Eur. J. 2017, 23, 14702–14706. (b) Caramenti, P.; Waser, J. Helv. 
Chim. Acta 2017, 100, e1700221. (c) Caramenti, P.; Nandi, R. K.; Waser, J. Chem. Eur. J. 2018, 24, 10049–10053. 
(d) Grenet, E.; Waser, J. Org. Lett. 2018, 20, 1473–1476. (e) Grenet, E.; Das, A.; Caramenti, P.; Waser, J. Beilstein 
J. Org. Chem. 2018, 14, 1208–1214.  
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In 2014, our group developed a fast and highly chemoselective alkynylation of thiols with EBX 

reagents.2 The mechanism of the reaction was intensively studied and thio-vinylbenziodoxolone S-

VBX.1 could be observed by NMR as a side product of the reaction between thiol 4.2 and EBX.1 in 

presence of an excess of base (Scheme 4.3, see section 2.3.4). Further optimization allowed isolation 

of the S-VBX reagent in 20% yield as a single Z isomer. Key for its formation was the use of a catalytic 

amount of base.  

 

Scheme 4.3: Preliminary results for the synthesis of reagent S-VBX.1. 

With this preliminary result supporting our hypothesis that nucleophilic addition could occur onto the 

β-carbon of EBX reagents, we were interested to apply this protocol to amide nucleophiles. Using a 

catalytic amount (10 mol%) of tetramethylguanidine (TMG) in THF, different nitrogen nucleophiles 

were tested using a longer reaction time (12 hours) (Scheme 4.4). Unfortunately, the addition of 

carbamate 4.3, amide 4.4, bistosylimide 4.5 and phthalimide 4.6 on EBX.1 reagent were not successful 

and decomposition of the EBX was observed.3 

 

Scheme 4.4: Non-successful nitrogen nucleophiles. 

Gratifyingly, when using para-methoxyphenyl (PMP)-substituted tosyl amide 4.7 the desired nitrogen-

substituted VBX (N-VBX.1) was obtained in a promising 22% isolated yield (Scheme 4.5). 

 

Scheme 4.5: Preliminary results for the synthesis of N-VBX reagents. 

As for the S-VBX formation (Scheme 4.3), the reaction proceeds with a complete Z-stereoselectivity as 

confirmed by X-Ray analysis of N-VBX.1 (Figure 4.1). The reagent is stable at room temperature and 

could be stored under air without any sign of decomposition after several months.  

                                                            
2 Frei, R.; Wodrich, M. D.; Hari, D. P.; Borin, P.-A.; Chauvier, C.; Waser, J. J. Am. Chem. Soc. 2014, 136, 16563–
16573. 
3 These preliminary results were obtained by Paola Caramenti. 
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Figure 4.1: Crystal structure of N-VBX.1. 

4.2 Optimization of the reaction conditions for N-VBX synthesis 

Based on the preliminary results, EBX.1 can be converted into the N-VBX.1 product in 22% yield after 

12 hours using 1.0 equivalent of PMP-substituted tosyl amide 4.7 and 10 mol% of TMG, in 0.08 M THF 

at room temperature. In order to improve the reaction yield, a solvent screening was first performed 

and yields were estimated by 1H NMR (Table 4-1). Less polar solvents such as toluene did not improve 

the yield (entry 2). With more polar solvents such as MeCN and MeOH, similar yields as with THF were 

obtained (entries 3-4). A slight improvement was observed with TFE and CHCl3, but starting material 

decomposition occurred (entries 5-6). DMF also led to starting material decomposition and the 

desired N-VBX product was not detected (entry 7). Finally, EtOH and CH2Cl2 allowed to slightly increase 

the yield without any decomposition (entries 8-9). Because of its low toxicity and environmental 

impact, EtOH (entry 8) was selected as the best solvent for the reaction.   

Table 4-1: Solvent screening of the addition of amide 4.7a to EBX.1. 

 

Entry Solvent Yield% 

1 THF 22a 

2 Toluene 18 

3 MeCN 22 

4 MeOH 23 

5 TFE 30b 

6 CHCl3 25b 

7 DMF -b 

8 EtOH 30 

9 CH2Cl2 28 
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Reactions conditions: EBX.1 (0.10 mmol), sulfonamide 4.7a (1.0 equiv), TMG (10 mol%), and solvent (0.08 M) at 25 °C. 

NMR yields are given, calculated using 1,3,5-trimethoxybenzene as internal standard. aIsolated yield after column 

chromatography is given. bDecomposition observed. 

To improve the low 30% NMR yield, a base screening was then performed (Table 4-2). A slight increase 

in yield was observed with weaker organic bases such as triethylamine and pyridine (entries 2-3). 

Switching to inorganic bases, hydroxides were first tested. Decomposition occurred using sodium and 

potassium salts (entries 4-5), whereas a better 54% NMR yield could be obtained with the cesium 

counterion (entry 6). Cleaner reactions and higher yields were achieved with weaker 

hydrogencarbonate and carbonate bases (entries 7-11), with the exception of K2CO3 that led to only 

18% of the product (entry 12). The best result was obtained with cesium carbonate (94% NMR yield, 

entry 11). The stable compound was purified by column chromatography and isolated in 68% yield.  

Table 4-2: Base screening of the addition of amide 4.7a to EBX.1. 

 

Entry Base Yield% 

1 TMG 30 

2 NEt3 43 

3 Pyridine 38 

4 NaOH -a 

5 KOH -a 

6 CsOH 54 

7 NaHCO3 82 

8 CsHCO3 83 

9 KHCO3 79 

10 Na2CO3 84 

11 Cs2CO3 94(68)b 

12 K2CO3 18 

Reactions conditions: EBX.1 (0.10 mmol), sulfonamide 4.7a (1.0 equiv), base (10 mol%), and EtOH (0.08 M) at 25 °C. NMR 

yields are given, calculated using 1,3,5-trimethoxybenzene as internal standard. aDecomposition observed. bIsolated yield 

after column chromatography is given. 

Finally, different stoichiometries of cesium carbonate were tested (Table 4-3). As expected from the 

previous work of the group on thiols alkynylation (Scheme 4.3),2 a stoichiometric amount of base only 

led to traces of the product (entry 1). A longer reaction time of 48 hours did not allowed to improve 

the conversion and decomposition of the starting material was observed. Decreasing the loading from 

0.50 to 0.25 and 0.10 equivalents (entries 2-4) allowed better yields (respectively 25%, 46% and 94% 

NMR yields). With lower 0.05 and 0.01 equivalents (entries 5-6), incomplete conversion of the starting 
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material was observed, leading to lower formation of N-VBX.1. We then decided to keep 10 mol% of 

base in EtOH as the best loading for the transformation. 

Table 4-3: Base loading screening of the addition of amide 4.7a to EBX.1. 

 

Entry Equivalent Yield% 

1 1.0 3a 

2 0.50 25 

3 0.25 46 

4 0.10 94(68)b 

5 0.05 39c 

6 0.01 7c 

Reactions conditions: EBX.1 (0.10 mmol), sulfonamide 4.7a (1.0 equiv), Cs2CO3, and EtOH (0.08 M) at 25 °C. NMR yields 

are given, calculated using 1,3,5-trimethoxybenzene as internal standard. aDecomposition observed after 48 hours. 
bIsolated yield after column chromatography is given. cIncomplete conversion of EBX.1. 

4.3 Synthesis of the EBX starting materials 

In order to study the scope of new hetero-VBX reagents, the first step was to synthesize the starting 

material EBX reagents. Following procedures previously described by the group of Prof. Olofsson and 

our group,2,4 EBX bearing different functional groups could be prepared. Starting from commercially 

available 2-iodobenzoic acid 4.8, oxidative cyclization using mCPBA followed by reaction with the 

corresponding alkynyl boronate esters or silanes led to EBX reagents in moderate to good yields 

(Scheme 4.6). The reaction tolerates primary alkyl chains bearing different functional groups such as 

a chlorine (EBX.5), a TMS-protected alkyne (EBX.6 and EBX.16), a terminal alkene (EBX.7), a free 

alcohol (EBX.8) or a phthalimide (EBX.9). Alkynes bearing cycloalkanes such as cyclopropanes (EBX.10 

and EBX.11), cyclopentane (EBX.12) and cyclohexane (EBX.13) were also well tolerated. Tertiary EBXs 

could also be synthesized (EBX.14 and EBX.15), as well as EBXs with an aromatic substituent (EBX.16) 

or a silyl group (EBX.17) on the alkyne. The latest EBX.16 and EBX.17 were synthesized using a two 

steps procedure with first oxidation of iodobenzoic acid by sodium periodate to Hydroxy-BX 4.9 and 

then exchange with the corresponding alkynyl silanes in presence of trimethylsilyl triflate.5 EBX 

reagents EBX.1, EBX.3-8, EBX.11 and EBX.14-17 were previously reported and characterized by our 

group and similar yields could be obtained on gram scale. Reagents EBX.2, EBX.9, EBX.10, EBX.12 and 

EBX.13 were first synthesized for the purpose of this work.  

                                                            
4 Bouma, M. J.; Olofsson, B. Chem. Eur. J. 2012, 18, 14242–14245 
5 (a) Kraszkiewicz, L.; Skulski, L. Arkivoc 2003, 6, 120. (b) Zhdankin, V. V.; Kuehl, C. J.; Krasutsky, A. P.; Bolz, J. T.; 
Simonsen, A. J. J. Org. Chem. 1996, 61, 6547–6551. (c) Brand, J. P.; Chevalley, C.; Scopelliti, R.; Waser, J. Chem. 
Eur. J. 2012, 18, 5655–5666. 
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Scheme 4.6: Synthesis of EBX reagents. 

4.4 Scope of N- and O-VBX reagents6 

With the optimized reaction conditions in hand, the scope of the reaction was evaluated. The alkyne 

substituent on EBX was first investigated using PMP-protected tosyl amide 4.7 as nucleophile (Scheme 

4.7). In addition to the methyl-substituted model substrate N-VBX.1 obtained in 68% isolated yield, 

unsubstituted Z-enamide hypervalent iodine N-VBX.2 was synthesized. Starting from silylated EBX 

reagent EBX.17, the silyl group was cleaved in situ during the reaction, leading to N-VBX.2 in 57% yield.  

EBX reagents bearing primary alkyl chains and functional groups such as a chlorine and a TMS-

protected alkyne were successfully converted to Z-enamide N-VBX.3-5 in moderate yield. Cycloalkyl 

                                                            
6 Compounds N-VBX.1-10, N-VBX.15, O-VBX.23 and O-VBX.25 were synthesized by Paola Caramenti. 
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substituents were also well tolerated. Cyclopropyl, cyclopentyl and cyclohexyl substituted N-VBXs (N-

VBX.6-8) were obtained in respectively 74%, 94% and 88% yield. A sterically more hindered tertiary 

derivative was also suitable for this reaction, giving compound N-VBX.9 in 77% yield. Some limitations 

were observed when Ph-EBX (EBX.16) was engaged in the transformation. The N-VBX.10 could not be 

obtained and partial decomposition could be observed. The nature of the sulfonamide nucleophiles 

was then explored. Both smaller mesyl and more electron withdrawing nosyl sulfonamides could be 

used to obtained compounds N-VBX.11-14 in similar or better yield than with the corresponding tosyl 

derivatives. The structure and the Z-geometry of each substrate were assumed to be the same as N-

VBX.1 based on the similar NMR spectra. 

 

Scheme 4.7: Scope of EBX and amide nucleophiles for N-VBX synthesis. 
Reaction conditions: EBX (1.0 mmol), sulfonamide 4.7 (1.0 equiv), Cs2CO3 (0.10 equiv) in EtOH (0.08 M) for 12 hours at room 
temperature. Isolated yield after column chromatography is given. aThe reaction was performed on 0.10 mmol scale. 
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The scope of the reaction was quite broad and many functional groups on the EBX reagent were well 

tolerated in the transformation. However, regarding the nucleophile partner, the reaction was limited 

to PMP-protected sulfonamide nucleophiles, which restrains the diversity of N-VBX reagents 

accessible. In fact, when simpler amides were used, such as tosylamide or acetamide, no product 

formation was observed in the reported conditions. Stronger bases were tested but the N-VBX 

formation could not be obtained. Interestingly, a year later the group of Itoh and Tada reported the 

use of sulfonamides protected with other groups than PMP for the synthesis of N-VBX, extending the 

scope of available reagents (Scheme 4.8, see section 2.3.4.1).7 Key for the reaction success was the 

use of a specific complexed EBX partner, ethynyl-1,2-benziodoxol-3(1H)-one-chloroform complex 

EBX.18, which allowed the use of various aryl- and alkyl-substituted sulfonamide nucleophiles, 

including amino-acids derivates. In 2021, the methodology was extended to O-alkyl hydroxamic acids 

derived from carboxylic acids nucleophiles.8 This time, EBX-acetonitrile complex EBX.19 had to be 

used. The transformations were however limited to EBX.18 and EBX.19, which only gave 

unsubstituted enamides. Later, the group of Prof. Yoshikai reported a Ritter-type trans-

difunctionalization of alkynes with nitriles mediated by the trivalent iodine electrophile BXT 4.10, 

which allowed to diversify the substituents on the enamide.9 Their regio- and stereoselective 

methodology gave access to a broad scope of tetrasubstituted β-iodanyl enamides. The approach is 

complementary to our strategy as it permitted formation of E-isomers.    

 

Scheme 4.8: Synthesis of N-VBX reagents by Itoh, Tada and Yoshikai groups. 

Despite the relatively low tolerance observed regarding amide nucleophiles, the previous protocol 

could efficiently be extended to phenol nucleophiles (4.11) leading to enol ether-based reagents, O-

VBX (Scheme 4.9). Without further optimization, 1 equivalent of para-cresol 4.11a was successfully 

added to the methyl-substituted EBX model substrate (EBX.1) in presence of 10 mol% of Cs2CO3 in 

EtOH and the corresponding O-VBX.1 was obtained in 40% yield. Silylated reagent EBX.17 led to the 

unsubstituted O-VBX.2 after in situ desilylation, in a lower 23% yield. Reagents bearing a primary alkyl 

chain and functional groups such as a chloride, a free alcohol, a TMS-protected alkyne or a phthalimide 

were suitable for the transformation, leading to O-VBX.3-8 in moderate to good yield. Di- and tri-

substituted O-VBX.9, O-VBX.10 and O-VBX.11 could be obtained in respectively 88%, 65% and 80% 

yield from cyclopropyl- and cyclohexyl- and tert-butyl-EBX (EBX.11, EBX.13 and EBX.15). Finally, in 

contrast to nitrogen-nucleophiles, Ph-EBX (EBX.16) was efficiently converted to the corresponding O-

VBX.12 in quantitative yield. 

                                                            
7 Shimbo, D.; Shibata, A.; Yudasaka, M.; Maruyama, T.; Tada, N.; Uno, B.; Itoh, A. Org. Lett. 2019, 21, 9769–9773.  
8 Shimbo, D.; Maruyama, T.; Tada, N.; Itoh, A. Org. Biomol. Chem. 2021, 19, 2442–2447. 
9 Chai, J.; Ding, W.; Wang, C.; Ito, S.; Wu, J.; Yoshikai, N. Chem. Sci. 2021, 12, 15128–15133. 
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Scheme 4.9: Scope of EBX and phenol nucleophiles for O-VBX synthesis.  
Reaction conditions: EBX (1.0 mmol), phenol 4.11 (1.0 equiv), Cs2CO3 (0.10 equiv) in EtOH (0.08 M) for 12 hours at room 
temperature. Isolated yield after column chromatography is given. The reaction was performed on 0.10a, 0.30b mmol scale. 
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Regarding the scope of phenol nucleophiles, in addition to para-cresol, more electron poor phenols 

bearing halogen substituents were tolerated in the reaction. Phenols with an iodine or a chloride in 

ortho position as well as a bromine in meta position were well tolerated in the transformation, leading 

to O-VBX.13-17 in moderate to good yields. Pentafluorophenol could also be used and O-VBX.18 and 

O-VBX.19 were synthesized in high 82% and 91% yields. Finally, O-VBX.20 and O-VBX.21 with an 

electron-donating methoxy substituent were also obtained in good yields. The structure and the Z-

geometry of each substrate were assumed to be the same as N-VBX.1 based on the similar NMR 

spectra. In addition, the complete Z-stereoselectivity of the transformation with phenol nucleophiles 

was confirmed by X-Ray analysis of O-VBX.12 (Figure 4.2).  

 

Figure 4.2: Crystal structure of O-VBX.12. 

Considering the mild conditions developed, we then wondered if the reaction could be applied to 

more complex nitrogen and oxygen nucleophiles (Scheme 4.10). Gratefully, when the antibacterial 

sulfonamide sulfaphenazole 4.7d was engaged in the transformation the corresponding Z-enamide 

(N-VBX.15) was isolated in 43% yield. No reaction with the free aromatic amine was observed. The 

protocol was also successful in presence of the acidic nitrogen of the tetrazole functionality. In fact, 

the angiotensin receptor blocker valsartan 4.7e gave the N-VBX.16 in 71% yield. As demonstrated by 

the work of Yoshikai and co-workers,10 carboxylic acid can couple with EBX reagents to generate (E)-

alkenylbenziodoxoles (see section 2.3.4.1). However, their procedure required palladium catalysis, 

which explain the non-reactivity of the drug's carboxylate in this case. We then turned our attention 

to phenol nucleophiles contained in bioactive complexes. Reagents O-VBX.22-25 derived from 

tyrosine (4.11g), α-tocopherol (4.11h), estradiol (4.11i) and capsaicin (4.11j) were obtained in 40% to 

79% yield with no reactivity of the amide or alcohol functional groups present on the molecules. The 

high chemoselectivity could be explained by selective deprotonation of the most acidic O-H or N-H 

bond to generate the nucleophile. Later, Yoshikai and co-workers described the synthesis amide- and 

alcohol-substituted VBX reagents.9,11 The direct nucleophilic attack of simple amides and alcohols on 

EBXs was not possible but the N- and O-VBXs could be obtained by trans-1,2-difunctionalization of 

alkynes with the electrophilic benziodoxole triflate (BXT, 4.10) and the corresponding alcohols or 

nitrile (see section 2.3.4.1).  

                                                            
10 (a) Wu, J.; Deng, X.; Hirao, H.; Yoshikai N. J. Am. Chem. Soc. 2016, 138, 9105–9108. (b) Wu, J.; Xu, K.; Hirao, H.; 
Yoshikai, N. Chem. Eur. J. 2017, 23, 1521–1525. 
11 Ding, W.; Chai, J.; Wang, C.; Wu, J.; Yoshikai, N. J. Am. Chem. Soc. 2020, 142, 8619–8624.  
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Scheme 4.10: Scope of natural products and drugs. 
Reaction conditions: EBX (0.10 mmol), nucleophile 4.7 or 4.11 (1.0 equiv), Cs2CO3 (0.1 equiv) in EtOH (0.08 M) 
for 12 hours at room temperature. Isolated yield after column chromatography is given. aThe reaction was 
performed on 1.0 mmol scale. 

4.5 Computational studies and mechanism12 

To better understand the mechanism of the synthesis of N- and O-VBX reagents, mechanistic studies 

were performed by Dr. Wodrich. Density functional theory (DFT) calculations were completed at the 

PBE0-dDsC/TZ2P//M06/def2-SVP level (see computational details for additional information) for the 

addition of amide 4.7b on Me-EBX (EBX.1) in the conditions under which the reaction was discovered: 

10 mol% of TMG, in 0.08 M THF at room temperature. Sulfonamide 4.7b, bearing a mesyl group, was 

used for the studies in order to minimize conformational entropy. As reported for the alkynylation of 

thiols with EBX reagents (see section 2.3.4.1),2 an -and -addition transition state aTS1 and bTS1 were 

located (Figure 4.3). In presence of a catalytic amount of base, the high energy barrier required for -

addition of amide 4.7b to EBX.1 make this pathway and the formation of alkyne 4.12 unfavourable. 

On the contrary, -addition of the nitrogen nucleophile was calculated to be favored by 10.3 kcal.mol-

1. The anionic intermediate b1, obtained after -addition of amide 4.7b, was easily protonated by the 

TMG base to give b2', which corresponds to compound N-VBX.11. Interestingly, the deprotonation 

barrier between b2' and b1 is only 13.7 kcal.mol-1, which could allow reversibility. Competitively to this 

pathway, breaking of the C-I bond of intermediate b1 will give the carbene intermediate b2 which can 

undergo highly exergonic 1,2-amine shift, leading to the alkyne product 4.12. However, the high-

energy barrier of this route make it unlikely to occur. Moreover, formation of the ynamide 4.12 was 

never observed under the reaction conditions.  

                                                            
12 This work was performed by Dr. Matthew D. Wodrich. 
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Figure 4.3: Reaction free energy profile for the synthesis of N-VBX.11 with TMG in THF.  

To have better insight of the reactivity, calculations were repeated for the optimized conditions, with 

Cs2CO3 as base and EtOH as solvent (Figure 4.4). Slightly higher energies were obtained for both -

and -addition transition state, with -addition even more favored by 11.2 kcal.mol-1. From 

intermediate b1, protonation and carbene formation barriers were significantly lower, but the 

difference between both transition states bTS2 and bTS2' was not much impacted (15.6 vs 14.5 kcal.mol-

1). Finally, the barrier of the 1,2-amine shift was slightly lower under these conditions (12.8 vs 13.9 

kcal.mol-1). 

 

Figure 4.4: Reaction free energy profile for the synthesis of N-VBX.11 with Cs2CO3 in EtOH. 

Mechanistic studies were also performed for the formation of O-VBX reagent with para-cresol phenol 

4.11a as nucleophile (Figure 4.5). The same trend as for N-VBX synthesis was observed: -addition of 

the oxygen nucleophile was favored by 10.5 kcal.mol-1 and protonation barrier of the anionic 

intermediate b1 was lower than the carbene formation barrier (5.8 vs 21.6 kcal.mol-1), making the O-
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VBX formation highly favourable. In particular, O-alkynylation was difficult to achieve because of the 

high energy barrier of 21.6 kcal.mol-1 observed for the carbene formation, which is required for the 

1,2-oxygen shift to proceed. 

 

Figure 4.5: Reaction free energy profile for the synthesis of O-VBX.1 with Cs2CO3 in EtOH. 

With the DFT calculations in hand, we proposed a speculative mechanism for the synthesis of N-VBX 

reagents (Figure 4.6). In the presence of a catalytic amount of cesium carbonate, the amide 4.7b can 

be deprotonated and reversibly reacts with EBX.1 to form the anionic intermediate b1. The equilibrium 

between b1 and the protonated product N-VBX.11 is shifted towards the formation of the N-VBX, 

which allowed its isolation after neutralization of the reaction. In another way, b1 can reacts slowly 

and irreversibly to the formation of the ynamide 4.12. This pathway can proceed in presence of 

stoichiometric amount of base, which increase the amount of b1, resulting in full conversion to the 

alkyne 4.12. Similarly, this mechanism can be proposed to the synthesis of O-VBX reagents. 

 

Figure 4.6: Proposed mechanism for the selective formation of N-VBX.11. 
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4.6 Conclusion 

In this chapter we described the highly stereoselective synthesis of Z-enamides and Z-enol ethers 

benziodoxolone reagents.13 This work was performed in collaboration with Dr. Paola Caramenti. The 

strategy was based on previous results obtained in the group on the alkynylation thiols with EBX. The 

use of a catalytic amount of base was required to favor the VBX formation and avoid the formation of 

the thermodynamically favored alkynes. The mechanism of the reaction was supported by DFT 

calculations performed by Dr. Matthew D. Wodrich. The open flask reaction proceeded in ethanol 

using a 1:1 ratio of amide or phenol nucleophile and EBX. After optimization of the conditions several 

N- and O-VBXs were successfully synthesized in moderate to very good yields. The mild conditions 

developed allowed us to extend the transformation to drugs and natural compounds. The reactivities 

of the newly designed hypervalent iodine reagents will be studied in the next chapter. 
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 Reactivity of N- and O-VBX reagents 

The hypervalent iodine bond, with its enhanced reactivity, allows to easily transfer functional groups 

attached to it (see section 2.3). Therefore, with the broad scope of N- and O-VBX reagents available, 

we decided to study their reactivity as electrophiles.  

5.1 Vinyl-cation synthetic equivalents  

5.1.1 Palladium-catalyzed cross-coupling with N- and O-VBX 

To explore the versatility of these substrates, we first investigated the conversion of the obtained N-

VBX and O-VBX reagents into the corresponding enamides and enol ethers using metal-catalyzed 

cross-coupling reactions.  

Z-Stereodefined enamides are not easily accessible and the synthetic methods developed for the 

synthesis of enamides usually lack control of the double bond geometry.1 We then decided to study 

the conversion of the stereodefined N-VBX reagents into stereodefined enamides. Sonogashira cross-

coupling was first performed (Scheme 5.1).2 Starting from N-VBX.1 and trimethylsilylacetylene 5.1, 

the enyne compound 5.2 was obtained at room temperature in 44% yield. However, non-negligible 

isomerization occurred during the transformation, leading to a 6:1 Z:E ratio. 

 

Scheme 5.1: Sonogashira cross-coupling with N-VBX.1. 

We then explored palladium-catalyzed Stille cross-coupling with diverse organostannane reagents 

(Scheme 5.2). Vinyl, aryl and alkyl chains were easily transferred onto N-VBX at room temperature, 

affording the corresponding enamides 5.3a-d in 52% to 88% yield. We were pleased to see that, for 

all couplings, complete retention of the double bond geometry was observed, allowing to obtain Z 

isomers as unique products. In addition to N-VBX, cross-coupling of the more complex O-VBX.17e 

derived from estradiol with vinyl stannane allowed to obtain the stereodefined enol ether 5.3e in a 

good 79% yield.  

                                                            
1 (a) Kuranaga, T.; Sesoko, Y.; Inoue, M. Nat. Prod. Rep. 2014, 31, 514–532. (b) Shen, R.; Porco, J. A. Org. Lett. 
2000, 2, 1333–1336. (c) Mathieson, J. E.; Crawford, J. J.; Schmidtmann, M.; Marquez, R. Org. Biomol. Chem. 2009, 
7, 2170–2175. (d) Villa, M. V. J.; Targett, S. M.; Barnes, J. C.; Whittingham, W. G.; Marquez, R. Org. Lett. 2007, 9, 
1631–1633.   
2 This work was performed by Paola Caramenti. 
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Scheme 5.2: Stille cross-coupling with N- and O-VBX reagents. 
Reaction conditions: N- or O-VBX (0.10 mmol), stannane (2.0 equiv), 5 mol% Pd(PhCN)2Cl2, 0.1 M in DMF, 10 h, rt under 
nitrogen. Isolated yields are given. 

Similar cross-coupling reactions with simple iodides usually required hasher conditions including 

higher temperature.3,4,5 To further highlight the efficiency of benziodoxolone cross-coupling reactions, 

we decided to directly compare the reactivity of a simple iodide substrate with the corresponding 

hypervalent iodine in a Stille cross-coupling reaction. As we were unable to design an efficient 

synthesis of the corresponding iodo-enamides, we decided to apply the photoredox conditions 

reported by Miyake and co-workers to cleave the hypervalent iodine bond.6 Using the described 

catalyst-free conditions, unsubstituted and methyl-substituted reagents N-VBX.2 and N-VBX.1 were 

first engaged in the transformation, but the desired products were not formed (Scheme 5.3). We 

concluded that, in contrast to O-VBX, the N-VBX reagents could not generate the EDA complexes 

required for the reaction to proceed. We then decided to promote the reaction using an iridium 

photoredox catalyst but degradation occurred in this case with N-VBX.1 and N-VBX.2. To our delight, 

cyclopentyl-substituted N-VBX.7 was successfully converted into the analogous iodo-enamide 5.4c in 

51% yield. 

                                                            
3 Chary, B. C.; Kim, S.; Shin, D.; Lee, P. H. Chem. Commun. 2011, 47, 7851–7853. 
4 Pawliczek, M.; Schneider, T. F.; Maaß, C.; Stalke, D.; Werz, D. B. Angew. Chem. Int. Ed. 2015, 54, 4119–4123.  
5 V. V. Zhdankin, Hypervalent Iodine Chemistry: Preparation, Structure and Synthetic Applications of Polyvalent 
Iodine Compounds, In Hypervalent Iodine Chemistry; John Wiley & Sons, Ltd, 2013, pp 1–20.   
6 Liu, B.; Lim, C.-H.; Miyake, G. M. J. Am. Chem. Soc. 2018, 140, 12829–12835.   
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Scheme 5.3: Light-mediated fragmentation of N-VBX.1-2 and N-VBX.7. 

The synthesized compound 5.4c was then engaged in a Stille vinylation reaction (Scheme 5.4) using 

the same conditions applied for N-VBX.7 (Scheme 5.2), which was efficiently converted to enamide 

5.3b. The reaction was followed by 1H NMR analysis and no conversion was observed at room 

temperature. We then increased the temperature to 50 °C, but still the expected product 5.3b could 

not be obtained. When heating up to 75 °C, 10% of the desired product could be observed, as well as 

decomposition of the starting material.2 This result contrasts well with the 80% obtained at room 

temperature with hypervalent iodine reagent N-VBX.7, demonstrating the synthetic utility of VBX 

reagents. 

 

Scheme 5.4: Stille cross-coupling of iodo-enamide 5.4c. 

5.1.2 Reaction with nucleophiles 

With the interesting results obtained from cross-coupling reactions, we then wondered how VBX 

reagents would react under metal-free conditions. The reagent N-VBX.8 was engaged in a procedure 

reported by the group of Olofsson7 (Scheme 5.5). With no need for a metal catalyst the addition of 

the strong thiol nucleophile 5.6a to N-VBX.8 in presence of an excess of potassium tert-butoxide was 

successful, leading to thio-enamide 5.7 in 52% yield. A small but non-negligible decrease of the 

stereospecificity could be observed, suggesting an addition-elimination mechanism. 

 

Scheme 5.5: Addition of thiol 5.6a onto N-VBX.8. 

                                                            
7 Dey, C.; Lindstedt, E.; Olofsson, B. Org. Lett. 2015, 17, 4554–4557.  
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5.2 Oxy-allyl cation synthetic equivalents 

5.2.1 Preliminary results 

With the good result obtained with the nucleophilic addition of thiophenol on N-VBX, we decided to 

test the transformation with phenol nucleophiles. Following the same procedure (Scheme 5.5), para-

cresol 5.8a was added onto reference substrate N-VBX.1 using an excess of base (Scheme 5.6).  

 

Scheme 5.6: Addition of para-cresol 5.8a onto N-VBX.1. 

Surprisingly, according to 1H-NMR of the crude reaction mixture, the desired product 5.9, from a vinyl-

cation type reactivity, was not formed. However, peaks of compound 5.10 could be identified in a low 

35% NMR yield (Figure 5.1). However, after purification on silica, enamide 5.9 was observed as the 

major product and no pure fraction was obtained for characterization. We hypothezised that 

isomerization to the more stable tri-substituted olefin could have occurred on the acidic silica. 

 

Figure 5.1: 1H-NMR of the reaction mixture before and after purification and assignment of relevant alkene 
signals for 5.9 and 5.10.  

Crude 

After purification 

using silica 
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We then decided to further investigate the reactivity of phenols with N-VBX reagents (Table 5-1). 

Substrate N-VBX.1 was submitted to the initial conditions and 28% formation of 5.10 could be 

observed by 1H-NMR analysis (entry 1). A decrease in yield was observed when performing the 

reaction in methanol (entry 2). In TFE, no conversion occurred and the starting material was recovered 

(entry 3). A slight increase in yield was observed with acetonitrile (entry 4). Base screening revealed 

that similar yield could be obtained with cesium carbonate (entry 5), whereas with organic bases such 

as pyridine and triethylamine, the starting material was mainly recovered, in addition to some 

decomposition (entries 6-7). Despite the low yields, an attempt to isolate 5.10 was performed (entries 

1 and 5). Unfortunately, only product 5.9 was obtained. We assumed that 5.10 was not stable on acidic 

silica and easily rearrange to 5.9. However, the same result was obtained with deactivated silica. 

Compound 5.10 seemed to be unstable and no isolation could be achieved. 

Table 5-1: Base and solvent screening for the addition of phenol 5.8a to N-VBX.1. 

 

Entry Base Solvent  Yield% 5.10 

1 KOtBu DME 28a 

2 KOtBu MeOH 11a 

3 KOtBu TFE NR 

4 KOtBu MeCN 36a 

5 Cs2CO3 DME 28a 

6 Pyridine DME 80% SM recovered 

7 Et3N DME 90% SM recovered 

Reaction conditions: N-VBX.1 (0.10 mmol), para-cresol 5.8a (1.0 equiv), base (2.0 equiv) and solvent (0.1 M) at 25 °C. 
NMR are yields given, calculated using dibromomethane as internal standard. aDecomposition was observed. NR: no 
reactivity. SM: starting material. 

We then wondered if the same reactivity could be observed on S-VBX reagents to obtain the 

corresponding thio-enol ethers. Following the non-optimized procedure, benzyl and phenyl 

substituted S-VBX (S-VBX.1 and S-VBX.2) were engaged in the transformation. The thioalkynes 5.12a 

and 5.12b were mainly formed during the reaction, which proceeded with an excess of base. 

Interestingly, formation of the desired compounds 5.11a and 5.11b could be observed by 1H-NMR. 

Benzylthiol-VBX (S-VBX.1) gave a 2:8 ratio between compound 5.11a and the thioalkyne 5.12a, 

whereas a 3:7 ratio was obtained for the phenylthio-VBX (S-VBX.2). However, attempts to isolate the 

thiol enol ethers 5.11a and 5.11b were unsuccessful. 
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Scheme 5.7: Nucleophilic addition of para-cresol 5.8a on S-VBX.1 and S-VBX.2. 

Because of the instability and the low amount of product formed using N- and S-VBX, we decided to 

test these conditions onto O-VBX.1 (Scheme 5.8). The desired compound 5.13a, from a vinyl cation 

type reactivity, was again not formed in the crude but this time allyl aryloxy ether 5.14a, from an oxy-

allyl cation type reactivity, could be isolated as a stable product in 79% yield. The reaction was clean 

and the only side products observed were 2-iodobenzoic acid 5.16, coming from the O-VBX reagent, 

and another enol ester 5.15a, coming from the competitive addition of the in situ generated 

iodobenzoic acid 5.16 or from an intramolecular rearrangement of the starting material O-VBX.1. 

 

Scheme 5.8: Nucleophilic addition of para-cresol 5.8a onto O-VBX.1. 

Recrystallization of 5.14a in a mixture of pentane and ethyl acetate allowed to obtain white crystals 

that were submitted to X-Ray analysis (Figure 5.2). The formation of the less stable terminal alkene 

structure 5.14a was confirmed, which could suggest an oxy-allyl cation type reactivity. 

            

Figure 5.2: Crystal structure of 5.14a and proposed oxy-allyl cation intermediate. 

To the best of our knowledge, access to oxy-allyl cation reactive intermediates from hypervalent 

iodine reagents has not been reported. We, therefore, decided to further study this reactivity. To do 

so, an introduction to the oxy-allyl cation chemistry will be first discussed in the next section. 
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5.2.2 Introduction on oxy-allyl cation chemistry. 

Oxy-allyl cations were first proposed as intermediates in the Favorskii rearrangement in 1894 (Scheme 

5.9).8 The rearrangement takes place in the presence of a strong base, such as sodium hydroxide, to 

yield a carboxylic acid. The reaction mechanism involves first the formation of an enolate. Then, a 

stepwise process has been proposed, with departure of the leaving group X, usually a chloride anion, 

to produce a zwitterionic oxy allyl cation intermediate I. Next, a electrocyclic ring closure takes place 

to afford the cyclopropanone intermediate II, which is then attacked by the hydroxide nucleophile. 

 

Scheme 5.9: Favorskii rearrangement for the synthesis of carboxylic acids from α-substituted ketones. 

Since this pioneering discovery, oxy-allyl cations have been used as transient electrophilic species for 

the reaction with dienes or dienophiles in [4+3] or [3+2] cycloadditions, and are also formed in the 

versatile Nazarov cyclization (Scheme 5.10(a),(b)).9,10,11 Strategies based on nucleophilic addition to 

oxy-allyl cation species have emerged as alternative methodologies for the functionalization of the α-

position of ketones in an Umpolung fashion (c).12 The key oxy-allyl cation intermediate can be 

generated from the corresponding ketones bearing a leaving group at the α-position with the 

assistance of an acid or a base and can be captured with an appropriate nucleophile. Mild conditions 

are required to interrupted the processes and prevent a Favorskii rearrangement.  

 

Scheme 5.10: Transformations with oxy-allyl cation intermediates. 

                                                            
8 (a) Favorskii, A. E. J. Russ. Phys. Chem. Soc. 1894, 26, 559. (b) Loftfield, R. B. J. Am. Chem. Soc. 1951, 73, 4707–
4714. 
9 Selected reviews: (a) Hoffmann, H. M. R. Angew. Chem. Int. Ed. Engl. 1984, 23, 1–19. (b) Hartung, I. V.; 
Hoffmann, H. M. R. Angew. Chem. Int. Ed. 2004, 43, 1934–1949. (c) Harmata, M. Chem. Commun. 2010, 46, 
8904–8922. 
10 Li, H.; Wu, J. Synthesis 2015, 47, 22–33.  
11 Selected reviews: (a) Grant, T. N.; Rieder, C. J.; West, F. G. Chem. Commun. 2009, 5676–5688. (b) Vaidya, T.; 
Eisenberg, R.; Frontier, A. J. ChemCatChem 2011, 3, 1531–1548. (c) Shimada, N.; Stewart, C.; Tius, M. A. 
Tetrahedron 2011, 67, 5851–5870.  
12 Recent examples: (a) Harmata, M.; Huang, C.; Rooshenas, P.; Schreiner, P. R. Angew. Chem. Int. Ed. 2008, 47, 
8696–8699. (b) Tang, Q.; Chen, X.; Tiwari, B.; Chi, Y. R. Org. Lett. 2012, 14, 1922–1925. (c) Yang, B.; Zhai, X.; Feng, 
S.; Shao, Z. Org. Chem. Front. 2018, 5, 2794–2798. (d) Aota, Y.; Doko, Y.; Kano, T.; Maruoka, K. Eur. J. Org. Chem. 
2020, 1907–1911. (e) Wal, M. N. V.; Dilger, A. K.; MacMillan, D. W. C. Chem. Sci. 2013, 4, 3075–3079. 
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In 2016, MacMillan and co-workers developed an enantioselective electrophilic activation of oxy-allyl 

cation intermediates (Scheme 5.11).13 The asymmetric LUMO-lowering catalysis was accomplished 

using an amino alcohol catalyst in the presence of electron-rich indole nucleophiles. Kinetic studies 

revealed that the rate-determining step was the catalyst-mediated α-tosyloxy ketone deprotonation 

step to form the oxy-allyl cation prior to the stereoselective nucleophilic addition. 

 

Scheme 5.11: Enantioselective electrophilic activation of oxy-allyl cation. 

Since their discovery, a high number of transformations took advantage of the unique reactivity of 

oxy-allyl cation intermediates. However, in contrast to these neutral zwitterionic species, only a few 

reports have described the less stable alkyl or aryl substituted oxy-allyl cation intermediates (Scheme 

5.12). Aryloxy-allyl cation intermediates, which are relevant to the work of this thesis, were first 

described by Miller and co-workers, who reported a palladium catalyzed synthesis of allyl aryl ethers 

from 2,3-dibrobomo alkenes and phenol nucleophiles.14 Later, the group of Kawatsura described a 

similar transformation from Z-2-fluoroallyl acetates.15 Both groups proposed the formation of a π-allyl 

palladium complex by oxidative addition of the substrate to the Pd(0). Then, a first attack of a 

phenoxide anion on the central carbon atom of the π-allyl intermediate would afford a 

palladacyclobutane species. The later, after loss of an halide anion, would give another π-allyl 

palladium complex, by complexation of Pd(0) with the aryloxy-allyl cation intermediate. Finally, a 

second nucleophilic attack on the less substituted carbon would give the allyl aryl ether product. 

 

Scheme 5.12: Proposed mechanism for the palladium catalyzed synthesis of allyl aryl ethers through an 
aryloxy-allyl cation intermediate. 

                                                            
13 Liu, C.; Oblak, E. Z.; Vander Wal, M. N.; Dilger, A. K.; Almstead, D. K.; MacMillan, D. W. C. J. Am. Chem. Soc. 
2016, 138, 2134–2137.  
14 Organ, M. G.; Miller, M. Tetrahedron Lett. 1997, 38, 8181–8184.  
15 Nomada, E.; Watanabe, H.; Yamamoto, M.; Udagawa, T.; Zhou, B.; Kobayashi, A.; Minakawa, M.; Kawatsura, 
M. Synlett 2014, 25, 1725–1730.  
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In the next part, the access to an aryloxy-allyl cation type reactivity from hypervalent iodine reagents 

will be described. 

5.2.3 Optimization of the reaction conditions with phenol nucleophiles 

With this initial result we were interested in studying this unexpected reactivity of O-VBX with phenols 

nucleophiles. The reproducibility and the reaction time were first investigated (Table 5-2). On a 0.1 

mmol scale, the reaction was run twice for 1 hour and twice for 16 hours (entries 1-4). Better yields 

were obtained with a longer reaction time, but the procedure was poorly reproducible (entries 3-4). 

We also decided to scale up the reaction to 1 mmol and a lower 57% NMR yield could be observed 

(entry 5). The compound was purified with only minor loss by column chromatography. 

Table 5-2: Reproducibility and reaction time investigation for the addition of phenol 5.8a to O-VBX.1. 

 

Entry Time NMR Yield% 

1 1h 57 

2 1h 52 

3 16 h 80 (79)a 

4 16h 62 (59)a 

5b 16h 57 (50)a 

Reactions conditions: O-VBX.1 (0.10 mmol), para-cresol 5.8a (0.10 mmol), KOtBu (0.12 mmol) and DME (0.1 M) at 25 °C. 
NMR yields are given, calculated using 7.0 µL of dibromomethane as internal standard. aIsolated yield after purification 
on preparative TLC or column chromatography. bReaction was performed on 1.00 mmol. 

In order to improve the reproducibility of the reaction, we decided to further optimize the conditions 

using 16 hours of reaction time. We first studied the influence of solvents (Table 5-3). In contrast to 

DME, which gave 80% yield (entry 1), an important drop in yield was observed with other ether 

solvents such as THF, 1,4-dioxane and diethyl ether (entries 2-4). Similarly, lower yields were obtained 

with DCM and acetonitrile, which gave respectively 5.14a in 40% and 34% NMR yield (entries 5-6). A 

significant decrease in yield was also observed with alcohols, such as methanol and ethanol, as well 

as with TFE (entries 7-9). No reaction occurred in HFIP and the starting materials were recovered (entry 

10). We then proceeded to test various bases in DME. Cesium carbonate gave a similar NMR yield as 

KOtBu (entry 11), whereas organic bases, such as pyridine and triethylamine gave no reactivity (entries 

12-13). The O-VBX was also recovered when performing the reaction in absence of base (entry 14). 

After repeating the reaction with cesium carbonate, it appeared that reproducibility was better and 

similar yields could be achieved. The reaction mixture was heterogeneous because of the low solubility 

of cesium carbonate in DME, but no dependence on the batch of cesium carbonate was observed, and 

using finely ground salt did not change the reaction yield. Considering this result, cesium carbonate 

was used to continue optimization and 1.2 equivalent was confirmed as the best base loading (entry 
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11). In fact, incomplete conversion of the starting material was observed when using a catalytic 

amount of base (entry 15), as well as with one equivalent (entry 16). In the case of a larger excess of 

base (entry 17), formation of the side product 5.15a was increased to the detriment of 5.14a. The 

reaction was also run under nitrogen but no improvement of the reaction could be noticed.  

Table 5-3: Solvent and base screening of the addition of phenol 5.8a to O-VBX.1. 

 

Entry Base Equivalent Solvent NMR Yield% 5.14a NMR Yield% 5.15a 

1 KOtBu 1.20 DME 80 15 

2 KOtBu 1.20 THF 48 ND 

3 KOtBu 1.20 1,4-dioxane 33 ND 

4 KOtBu 1.20 Et2O 40 ND 

5 KOtBu 1.20 DCM 40 ND 

6 KOtBu 1.20 ACN 34 ND 

7 KOtBu 1.20 MeOH 22 ND 

8 KOtBu 1.20 EtOH 29 ND 

9 KOtBu 1.20 TFE 8 ND 

10 KOtBu 1.20 HFIP NR ND 

11 Cs2CO3 1.20 DME 79 15 

12 Pyridine 1.20 DME NR NR 

13 Et3N 1.20 DME NR NR 

14 no base - DME NR NR 

15 Cs2CO3 0.20 DME 35 6 

16 Cs2CO3 1.00 DME 60 8 

17 Cs2CO3 2.00 DME 62 32 

Reactions conditions: O-VBX.1 (0.10 mmol), para-cresol 5.8a (0.10 mmol), base (0.12 mmol) and solvent (0.1 M) at 25 
°C. NMR yields are given, calculated using 7.0 µL of dibromomethane as internal standard. ND: not determined. NR: no 
reactivity. 

5.2.4 Scope with phenol nucleophiles 

With the optimized conditions in hand, a variety of phenols were transformed into the corresponding 

allyl aryloxy ethers in moderate to good yields (Scheme 5.13). On a 0.3 mmol scale, reference substrate 

5.14a was obtained in 83% isolated yield. Halogen-substituted phenols were tolerated in the reaction. 

4-Iodo- and 4-bromophenol afforded the corresponding products 5.14b and 5.14c in respectively 73% 

and 75% yields. Electron-donating substituents on the phenol were also suitable for the 

transformation and 4-methoxyphenol provided the corresponding compound 5.14d in 45% yield. 
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Interestingly, no reactivity was observed with p-hydroxyphenylboronic acid 5.8e, and the O-VBX 

starting material could be recovered, even in presence of two extra equivalents of base. Nevertheless, 

the protected electron-withdrawing pinacol boronic ester could be transformed into the desired 

product 5.14f in 71% yield. Nucleophiles with substituents in the meta positon could also be used, 

such as 3-methoxyphenol, which gave 5.14g in a moderate 60% yield. In the case of an unprotected 

amine-containing substrate, only 35% of product 5.14h was formed and starting material 

decomposition was observed. A phenol bearing an ester group in ortho position was successfully 

converted into the corresponding aryl enol ether 5.14i in 89% yield. Sterically hindered 

hydroxyacetophenone afforded compound 5.14j, albeit in a modest 43% yield, and 2-naphtol gave 

5.14k in 72% yield. Finally, the scope of the reaction could be extended to more complex phenols. As 

a phenol-derived amino acid, protected tyrosine 5.8l was engaged in the reaction. Gratifyingly, the 

biomolecule could be transformed into the desired product 5.14l in an excellent 96% yield with no 

formation of the side product 5.15a, which was previously observed and isolated for all other 

examples. In fact, full conversion of O-VBX.1 always occurred and the non-quantitative yields were 

explained by the competitive addition of the in situ generated nucleophilic iodobenzoic acid 5.16, 

leading to enol ester 5.15a. The reaction profile was clean and the starting benziodoxolones were 

converted into a clean mixture of products from the phenols addition and 5.15a. It is difficult to 

recognize clear trends in the formation of the ester products, although generally electron-rich phenols 

gave larger amounts of 5.15a. 
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Scheme 5.13: Scope of phenol nucleophiles with O-VBX.1. 
Reaction conditions: O-VBX.1 (0.30 mmol), phenol 5.8 (1.0 equiv), Cs2CO3 (1.2 equiv), 0.1 M in DME, 16 h, 0 °C to rt. Isolated 
yields of product 5.14 and side product 5.15a are given. 

Then the scope of O-VBX reagents, regarding the EBX moiety, was explored using para-cresol 5.8a as 

phenol nucleophile (Scheme 5.14). Using a longer alkyl chain, we were curious about the geometry of 

the generated double bond and the regioselectivity of the attack of the nucleophile, which was not a 

concern for the symmetrical simpler substrate. Nucleophilic attack of p-cresol onto the propyl-

substituted O-VBX.3 led to 65% formation of enol ether 5.14m with a complete E-stereoselectivity, as 

supported from X-Ray diffraction analysis (Figure 5.3). The X-Ray also confirmed that the new C-O 

bond was formed at the former position of the iodine atom. A longer alkyl chain was also well-

tolerated and product 5.14n was obtained in 57% yield. Hypervalent iodine reagent bearing a free 
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alcohol (O-VBX.6) could be successfully converted into product 5.14o, with no competitive addition 

of the nucleophilic alcohol. In this case, an extra equivalent of base was required. Finally, functional 

groups such as TMS-protected alkyne and phthalimide were well tolerated in the transformation, 

leading to enol ethers 5.14p and 5.14q in respectively 64% and 65% yield. As observed for O-VBX.1, 

the competitive addition of the in situ generated iodobenzoic acid was observed for each entry and 

the products could be isolated, leading to enol esters 5.15b-c, 5.15e-f and 5.15q. The structure and 

the E-geometry of each substrate were assumed to be the same as 5.14m based on the similar NMR 

spectra. 

 

Scheme 5.14: Scope of O-VBX reagents with para-cresol 5.8a. 
Reaction conditions: O-VBX (0.30 mmol), para-cresol 5.8a (1.0 equiv), Cs2CO3 (1.2 equiv), 0.1 M in DME, 16 h, 0 °C to rt. 
Isolated yields of product 5.14 and side product 5.15 are given. a2.0 equiv of Cs2CO3 were used. 

 

Figure 5.3: Crystal structure of aryl enol ether 5.14m. 
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The scope of O-VBX concerning the phenol part was then investigated using para-cresol 5.8a as phenol 

nucleophile (Scheme 5.15). The transformation could be performed with O-VBX bearing phenol with 

an iodide in ortho position to give product 5.14r-t in moderate 44% to 61% yield. An electron-donating 

methoxy group in the para position was also well-tolerated and enol ether 5.14u and 5.14v could be 

obtained in respectively 56% and 63% yield.  

 

Scheme 5.15: Scope of the O-VBX reagents. 
Reaction conditions: O-VBX (0.30 mmol), para-cresol 5.8a (1.0 equiv), Cs2CO3 (1.2 equiv), 0.1 M in DME, 16 h, 0 °C to rt. 
Isolated yields of product 5.14 and side product 5.15 are given. a2.0 equiv of Cs2CO3 were used. 

To extend the scope of O-VBXs bearing electron-withdrawing aromatic rings, the reaction was 

performed on the fluorine-substituted reagents O-VBX.18 and O-VBX.19, which were easily obtained 

in high yields from EBX.1 and EBX.2 (Scheme 5.16).  Product 5.14w was successfully formed, but could 

not be separated from the side product 5.15r. We then repeated the reaction using para-

methoxyphenol 5.8d as nucleophile and O-VBX.18 and O-VBX.19, but again 5.14x and 5.14y were 

obtained as an inseparable complex mixture, containing a 1:2 ratio of the enol ether and the enol ester 

5.15.  

 

Scheme 5.16: Reaction with pentaflurophenyl-substituted O-VBX reagents. 
Reaction conditions: O-VBX (0.30 mmol), phenol (1.0 equiv), Cs2CO3 (1.2 equiv), 0.1 M in DME, 16 h, 0 °C to rt.  
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To highlight the efficiency of the transformation, a gram scale synthesis was performed on O-VBX.21 

and more than 0.4 grams of enol ether 5.14v could be obtained (Scheme 5.24). Gratefully, the yield 

obtained was similar to the one achieved on scope-scale (0.3 mmol, Scheme 5.15) and the remaining 

mass balance was corresponding to the ester side product 5.15p. 

 

Scheme 5.17: Gram-scale synthesis of 5.14v from O-VBX.21. 

We then wondered if the reaction could be performed in a one-pot two-step procedure, starting 

directly from EBX reagents (Scheme 5.18). To do so, we used the optimized conditions previously 

developed for the synthesis of O-VBX, and replaced EtOH with DME. The reaction was followed by TLC 

and the Me-EBX (EBX.1) was efficiently converted into the corresponding O-VBX intermediate (O-

VBX.1) after 16 hours of reaction. Then, another equivalent of phenol nucleophile 5.8a and an excess 

of base were added to the reaction mixture. After 16 hours, two compounds could be isolated. The 

desired enol ether 5.14a was formed in 63% yield, with 36% of the enol ester 5.15a. 

 

Scheme 5.18: One-pot procedure for the synthesis of 5.14a from EBX.1.  

The one-pot procedure worked efficiently and allowed to obtain the allyl aryloxy ether product directly 

from the corresponding EBX substrate, without isolation of the O-VBX intermediate. The yield 

obtained is however lower than using the two-step procedure (63% vs 83%). The difference could be 

explained by the larger amount of allyl ester formed.  

This one-pot two-step procedure could be used for the synthesis of the more complex product 5.14z 

derived from two natural products, capsaicin (5.8m) and estradiol (5.8n) (Scheme 5.19). Both phenols 

could be used subsequently in the one-pot protocol to give highly functionalized enol ether 5.14z in 

41% yield. 
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Scheme 5.19: One-pot procedure for the synthesis of 5.14z from EBX.1. 

5.2.5 Screening of nucleophiles 

Under the optimized conditions, transformation is working efficiently with phenol-type nucleophiles. 

We were then interested to see if other nucleophiles could be used in the transformation, to generate 

various allyl enol ethers. However, when turning to the screening of nucleophiles suitable for the 

reaction some limitations were discovered (Scheme 5.20). We first investigated heteroatom 

nucleophiles with O-VBX.1. Degradation of the starting material was observed with aniline 5.18 and 

dimethylphenyl silanol 5.19. No reactivity occurred with azide nucleophile 5.20, whereas conversion 

of about two-thirds of the O-VBX to allyl enol ester 5.15a was observed with potassium fluoride 5.21. 

The formation of 5.15a appeared to be quantitative using TBAF 5.22 as a fluoride source and the 

desired fluoride addition did not occur. Surprisingly, the use of 2-iodobenzoic acid 5.23 did not lead to 

product 5.15a and no reactivity was observed. Simpler benzoic acid 5.24 led to the same result. The 

desired product 5.17a from the nucleophilic attack of the sulfonamide 5.25 was formed in a low 33%, 

because of incomplete conversion. C-Nucleophiles were also investigated. Degradation of the O-VBX 

was observed with 2-methyl indole 5.26 and the starting material was recovered with trimethylsilyl 

cyanide 5.27. Allyltributylstannane 5.28 enabled 50% formation of 5.15a. When using anisole 5.29 or 

2-methoxyfuran 5.30, 5.15a could be isolated in 87% and 96% yield respectively. Product formation 

could be observed in the crude with acetylacetone 5.31 but no product was obtained after 

purification. 1-Indanone 5.32 led to the formation of the allyl enol ester side product in 51% yield. 2-

Methyl-1,3-cyclopentanedione 5.33 successfully gave product 5.17b in 31% yield. The low yield can 

be explained by the incomplete conversion of the starting material O-VBX. Better yield was obtained 

with the β-keto ester 5.34, and compound 5.17c was isolated in a moderate 65% yield. No reactivity 

was observed with Meldrum's acid 5.35. With two acidic protons, ethyl cyanoacetate 5.36 led to 

products from the mono and double addition. However, the two products, could not be separated for 

characterization and a 1:1 mixture was obtained.  Finally, addition of diethyl phenylmalonate 5.37 to 

O-VBX led to the desired product, which could be identified in the crude reaction mixture, however 

degradation occurred during purification and no product was recovered.  
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Scheme 5.20: Nucleophiles screening for the transformation of O-VBX.1 to allyl enol ether 5.17. 
Reaction conditions: O-VBX.1 (0.10 mmol), nucleophile (1.0 equiv), Cs2CO3 (1.2 equiv), 0.1 M in DME, 16 h, 0 °C to rt. Isolated 
yields are given. 

According to this screening, under the optimized conditions, the reaction is substrate-dependent 

regarding nucleophiles and worked best with phenol-type nucleophiles. In fact, most of the 

nucleophiles tested did not provide the desired allyl enol ether product. Promising results could 

however be obtained with N- and C-nucleophiles, such as PMP-protected sulfonamide, 1,3-

dicarbonyls and β-ketoesters, and products 5.17a, 5.17b and 5.17c were obtained in low to moderate 

yields, mainly because of incomplete conversion of the starting O-VBX. Optimization would be 

required to improve the conversion and consequently, the yield. 

In addition, this study highlighted the easy formation of the allyl enol ester product, which seemed to 

be triggered in presence of certain additives. In fact, addition of nucleophiles such as TBAF 5.22, 

allowed to promote the formation of 5.15a in moderate to very good yields, depending on the nature 
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of the nucleophile. The best results were obtained with TBAF, anisole and 2-methoxyfuran, which gave 

product 5.15a in respectively 91%, 87% and up to 96% yield.  

5.2.6 Optimization of the reaction conditions without external nucleophiles. 

Allyl enol esters are valuable building blocks in synthetic organic chemistry.16 Therefore, we decided 

to optimize the formation of ester 5.15 in absence of external nucleophiles, which should also prevent 

the formation of a mixture of products. We previously observed during the study of the scope of 

phenol nucleophiles that electron-rich phenols led to an increased amount of the side product ester 

5.15. In addition, the formation of 5.15a in good yields was obtained when TBAF, anisole or 2-

methoxyfuran were used as external nucleophiles. We then wondered if the transformation could be 

promoted by the use of these additives. Because of its higher price, 2-methoxyfuran was not further 

studied for this transformation.  

We first started the optimization by testing the reaction in absence of additives (Table 5-4, entry 1). 

The reaction was repeated 5 times and formation of 5.15a was sometimes observed, together with 

decomposition of O-VBX.1. In addition to the low reproducibility, the yield was never higher than 30 

% (entry 1), which corroborates the necessity of an additive for the transformation to proceed 

efficiently. We then moved to the optimization of the reaction in presence of anisole 5.29 additive, as 

an electron-rich arene lacking the free OH group. With 1 equivalent of anisole, reproducibility issues 

were observed when the reaction was performed at 0 °C to room temperature or directly at room 

temperature, with yields between 34% and 87% (entries 2-3). The reaction was then repeated under 

nitrogen, but partial conversion was observed and only 51% of 5.15a was obtained (entry 4). To 

confirm the role of Cs2CO3, the reaction was performed in absence of base and with 1 equivalent of 

anisole. In this case, no product was formed and O-VBX.1 was recovered, which confirmed the 

necessity of the base for the reaction to proceed (entry 5). A better reproducibility was obtained using 

0.2 equivalents of anisole at room temperature, with full consumption of the starting material (entry 

6). However, only 65% yield of 5.15a was obtained and the loss of material could not be explained. 

Performing the reaction at 0 °C to room temperature with 0.2 equivalents of 5.29 did not improve the 

yield (entry 7). We then tested DMAP 5.38 as both the base and the additive, however 2 equivalents 

of DMAP did not allow the reaction to proceed and O-VBX.1 was recovered (entry 8). Finally, the use 

of TBAF (5.22) as an additive was evaluated. Once more, reproducibility issue was noticed with 1 

equivalent, with yields between 83% and 98% (entry 9). When lowering the loading to 0.2 equivalent 

full conversion of the starting material was achieved and 87% yield was obtained (entry 10). TBAF 

allowed to reach higher yields than anisole, however, when performing the reaction on substrate O-

VBX.3, for the same conversion, a better yield was obtained with anisole (entries 11-12). Also, as the 

use of TBAF could be an issue for compounds containing silyl-protecting group, we decided to use the 

less basic anisole to promote the transformation (entry 6).  

  

                                                            
16 Selected examples: (a) Trost, B. M.; Schneider, S. J. Am. Chem. Soc. 1989, 111, 4430–4433. (b) Trost, B. M.; 
Urabe, H. Tetrahedron Lett. 1990, 31, 615–618. (c) Ikeda, I.; Ohsuka, A.; Tani, K.; Hirao, T.; Kurosawa, H. J. Org. 
Chem. 1996, 61, 4971–4974. (d) Zou, Y.; Chen, S.; Houk, K. N. J. Am. Chem. Soc. 2019, 141, 12382–12387. (e) 
Chai, W.; Zhou, Q.; Ai, W.; Zheng, Y.; Qin, T.; Xu, X.; Zi, W. J. Am. Chem. Soc. 2021, 143, 3595–3603.  
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Table 5-4: Optimization of the formation of enol ester 5.15a from O-VBX.1. 

 

Entry Additive Equivalent Temperature (°C) Remaining O-VBX.1 Yield% 

1 - - 0 °C to rt 30-40 0-30 

2 Anisole 1.0 0 °C to rt 9-60 34-87 

3 Anisole 1.0 rt <5 45 

4a Anisole 1.0 rt 54 51 

5b Anisole 1.0 rt >95 NR 

6 Anisole 0.2 rt <5 65 

7 Anisole 0.2 0 °C to rt 34 61 

8b DMAP 2.0 rt >95 NR 

9 TBAF 1.00 rt <5-15 83-98 

10 TBAF 0.20 rt <5 87 

11c TBAF 0.20 rt 25 38 

12c Anisole 0.20 rt 25 59 

Reactions conditions: O-VBX.1 (0.10 mmol), Cs2CO3 (1.2 equiv), additive and DME (0.1 M) at 25 °C. NMR yields are given, 
calculated using 7.0 µL of dibromomethane as internal standard. aThe reaction was performed under nitrogen. b The 
reaction was performed without Cs2CO3. c The reaction was performed on substrate O-VBX.3. NR: no reactivity. 

With the optimized conditions in hand, we wondered if the one-pot two-step procedure, previously 

developed for the enol ether synthesis, could be applied to the transformation. Therefore, Me-EBX 

(EBX.1) was engaged in the reaction and after conversion into the corresponding O-VBX.1 by addition 

of p-cresol 5.8a, anisole 5.29 and an excess of base were added to the reaction mixture (Scheme 5.21). 

After 16 hours of reaction, enol ether 5.15a was isolated in 65%, with no drop of yield compared to 

the procedure starting from O-VBX.1. 

 

Scheme 5.21: One-pot procedure for the synthesis of 5.15a from EBX.1. 
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5.2.7 Scope with in-situ generated iodobenzoic acid 

Using the one-pot two-step procedure, a variety of EBXs were engaged in the transformation (Scheme 

5.22). The scope of EBX was studied using para-cresol 5.8a as nucleophilic phenol for the first step of 

the reaction. As demonstrated with the reference substrate 5.15a, primary alkyl chains were well 

tolerated in the reaction, and substrates 5.15b, 5.15c and 5.15d, could be obtained in good yield. EBX-

bearing functional groups such as a terminal protected alkyne, a phthalimide, a terminal alkene, or a 

chlorine could be efficiently converted into the corresponding enol esters 5.15e, 5.15f, 5.15g and 

5.15h, in 60% to 82% yield. The scope of the reaction regarding the phenol nucleophile used for the 

O-VBX formation was then investigated. In addition to para-cresol 5.8a, halogen-substituted phenols 

were also suitable for the transformation. The ortho-iodo, meta-bromo and pentafluoro derivates 

5.15i-m were obtained in 40% to 70% yield, with diverse EBX reagents. Finally, phenols bearing an 

electron-withdrawing aldehyde in ortho position, as well as an electron-donating methoxy group in 

para position could be used to give 5.15n-p in good yields. The structure and the E-geometry of each 

substrate were assumed to be the same as 5.14m based on the similar NMR spectra. 
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Scheme 5.22: Scope of the reaction with in-situ generated iodobenzoic acid 5.23. 
Reaction conditions: Step 1: EBX (0.10 mmol), phenol 5.8 (1.0 equiv), Cs2CO3 (0.1 equiv), 0.1 M in DME, 16 h, rt. Step 2: 
anisole 5.29 (0.2 equiv), Cs2CO3 (1.2 equiv), 0.1 M in DME, 16 h, rt. Isolated yields of product 5.15 are given. 
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To further confirm the stereoselectivity of the transformation, Nuclear Overhauser effect (NOE) 

experiments were performed on compounds 5.15c (Figure 5.4). When H1 was irradiated, NOE effects 

were observed with H2, but no effect was observed with H4. In the case of a Z-conformation, NOE 

effects between H2 and H4 would have been expected. In addition, irradiation of H2 gave NOE effects 

with H1, H3 and H4, suggesting their close proximity in space and therefore confirming the E-

conformation. NOE experiments were also performed on compounds 5.15m and similar observations 

were made, supporting the E-selectivity (see Chapter 9). 

 

Figure 5.4: 1H-NMR of enol ester 5.15c and NOE experiments. 

Despite the tolerance of many functional groups, a variety of EBX reagents were not converted to enol 

esters and the O-VBX intermediates were recovered after the second step of the one-pot procedure 

(Scheme 5.23). Cyclopropyl, cyclopentyl and cyclohexyl derivatives (EBX.11, EBX.13 and EBX.12) did 

not allow the oxy-allyl type reactivity, which suggests that EBXs with alkynes bearing di-substituted 

alkyl chains were not suitable for the transformation. In the case of cyclopropyl and cyclohexyl, the 

corresponding O-VBX.9 and O-VBX.10 were obtained in 88% and 65% yield. Surprisingly, the 

cyclopentyl-substituted O-VBX.26 was consumed during the second step of the procedure. However, 

the desired product was not formed and decomposition occurred. Tert-butyl-EBX (EBX.15) and phenyl-

EBX (EBX.16) were also engaged in the procedure. As expected, the reaction stopped at the O-VBX 

intermediate confirming that deprotonation in alpha of the enol ether is necessary for the enol ester 

Irradiation of H1 Irradiation of H2 

1H-NMR of 5.15c 
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formation to occur. Gratifyingly, O-VBX.11 and O-VBX.12 were obtained in a high 80% and 99% yield 

respectively, which was surprising in the case of phenyl-substituted O-VBX.12, as the corresponding 

N-VBX substrate (N-VBX.10) could not be obtained during the previous study (see section 4.4). This 

result is however consistent with the work of Miyake and co-workers.6 In addition, the sterically 

hindered dichloro-substituted O-VBX.16 could not undergo the transformation. Finally, the VBX 

reagent 5.39 was engaged in the second step of the procedure, but no reaction occurred and the 

starting material was recovered. Overall, the oxy allyl reactivity was not successful for O-VBXs with 

secondary alkyl groups, in absence of an allylic C-H bond and in the case of sterically hindered O-VBXs. 

 

Scheme 5.23: Scope of O-VBXs unsuccessful to undergo the oxy-allyl cation reactivity. 
Reaction conditions: Step 1: EBX (0.10 mmol), phenol 5.8 (1.0 equiv), Cs2CO3 (0.10 equiv), 0.1 M in DME, 16 h, rt. Step 2: 
anisole 5.29 (0.20 equiv), Cs2CO3 (1.2 equiv), 0.1 M in DME, 16 h, rt. Isolated yields of products are given. NR: no reactivity. 

To highlight the efficiency of the transformation, a gram scale synthesis was undertaken. EBX.6 was 

easily synthesized in good yield using the one-pot two-step procedure previously described (see 

section 5.2.4). Using the optimized condition, about 0.8 g of 5.15e was synthesized (Scheme 5.24). A 

slight drop of yield was observed in comparison with the scope scale synthesis (66% vs 70% on 0.1 

mmol). 
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Scheme 5.24: Gram-scale synthesis of 5.15e from EBX.6. 

5.2.8 Mechanistic investigations 

To the best of our knowledge, access to allyl cation type intermediates from hypervalent iodine 

reagents has not been reported (see section 5.2.2). We were then interested in understanding the 

mechanism of the reaction and performed several control experiments to gain insights into the 

transformation. 

First, HRMS analysis were performed in order to identify possible intermediates. However, because of 

weak ionization, no conclusion could be drawn. The reaction was also performed in deuterated DMSO 

to allow complete solubilisation of the reagents and followed by 1H-NMR analysis. Peaks of 

iodobenzoic acid and the desired product could be observed, however, no other peaks corresponding 

to eventual intermediates could be identified.  

We then hypothesized that allylic ester 5.15a could be an intermediate in the formation of allylic ether 

5.14a via nucleophilic substitution (Scheme 5.25). However, when 5.15a was resubmitted to the 

reaction conditions, with addition of para-cresol 5.8a as an external phenol nucleophile, no 

substitution was observed. We concluded that 5.15a was not an intermediate of the reaction in the 

synthesis of allylic ethers.  

  

Scheme 5.25: Reaction of 5.15a with para-cresol 5.8a. 

Next, we wondered if the formation of 5.15 could be an intramolecular process, which would explain 

why it was difficult to suppress completely. To check this hypothesis, a 1:1 mixture of reagents O-

VBX.1 and O-VBX.27, bearing different groups on the benzene ring of the hypervalent iodine reagent 

(hydrogen or methoxy) and of the phenol (methyl or methoxy), were submitted to the reaction 
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conditions. The transformation led to four enol ester products 5.15a, 5.15o, 5.15t and 5.15u, obtained 

in a similar proportion, showing that rapid cross-over was occurring. Therefore, the hypothesis of a 

selective intramolecular process was unlikely (Scheme 5.26). 

 

Scheme 5.26: Cross-over experiment of O-VBX.1 and O-VBX.27. 

We then investigated the nature of the reactive intermediate by attempting to trap it. To do so, the 

frequently used radical scavengers TEMPO and para-methoxystyrene were individually added to the 

reaction of O-VBX.1 with para-cresol 5.8a (Scheme 5.27). The additives however did not affect the 

transformation and 5.14a and 5.15a were obtained in similarly yields compared to the standard 

conditions. These results indicated that a radical or a carbene intermediate, if at all present, would be 

short-lived and difficult to intercept.  

 

Scheme 5.27: Reaction of O-VBX.1 with para-cresol 5.8a in presence of TEMPO or para-methoxystyrene. 

We then explored the hypothesis of an oxy-allyl cation intermediate (Scheme 5.28). In order to trap 

the potential intermediate, furan was used as a co-solvent in the transformation. Starting from O-

VBX.1, allylic ester 5.15a was obtained in a lower 50% yield, compared to standard conditions. 

Formation of the expected [4+3] adduct 5.40 was observed by HRMS, but in too small amounts to be 

isolated. 

 

Scheme 5.28: Reaction of O-VBX.1 in presence of furan as co-solvent. 
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Finally, we prepared the reagent EBX.10, with a primary alkyl group in the α-position, to allow the oxy-

allyl cation type reactivity, as well as a cyclopropane ring in the β-position (Scheme 5.29). Under the 

one-pot two-step reaction conditions with para-cresol 5.8a, EBX.10 was converted to diene 5.41 as 

the main product, in 53% yield, together with small amounts of enol ether 5.15v and ketone 5.42. The 

formation of 5.41 could come from the regioselective nucleophilic attack of the in situ generated 

iodobenzoate I on a putative oxy-allyl intermediate II (Scheme 5.29, A), but a concerted mechanism 

with simultaneous cleavage of the C-I bond cannot be excluded (Scheme 5.29, B). Furthermore, a 

control experiment showed that 5.15v did not react with benzoate to give 5.41. 

 

Scheme 5.29: Reaction of EBX.10 in the one-pot two-step procedure with para-cresol 5.8a. 

“Based on the performed experiments, a speculative mechanism was proposed for the synthesis of 

allylic ethers and esters from O-VBX reagents (Scheme 5.30). The formation of O-VBX from EBX has 

been previously described (see section 4.5).17 Then, several pathways can be proposed for the reaction 

of O-VBX with nucleophiles. Direct substitution, either via a vinyl cation intermediate or via a 

concerted/stepwise addition-elimination pathway, as common for EBX reagents,18 would lead to the 

vinylic product (Scheme 5.30, A). This reactivity was previously reported with N-VBX and thiol 

nucleophiles (Scheme 5.5). In presence of a catalytic amount of cesium carbonate, deprotonation of 

the vinyl position would lead to vinyl anion I, which can fragment to give back EBX and the phenolate 

(Scheme 5.30, B). In our previous work, this equilibrium was shown to be feasible and strongly in the 

favour of O-VBX. In presence of an excess of base, a small amount of deprotonation at the allylic 

                                                            
17 P. Caramenti, N. Declas, R. Tessier, M. D. Wodrich, J. Waser, Chem. Sci. 2019, 10, 3223–3230. 
18 (a) R. Frei, M. D. Wodrich, D. P. Hari, P. A. Borin, C. Chauvier, J. Waser, J. Am. Chem. Soc. 2014, 136, 16563–
16573. (b) M. D. Wodrich, P. Caramenti, J. Waser, Org. Lett. 2016, 18, 60–63. 
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position could also occur to give allylic anion II, which can be drawn as its resonance structure II' or 

II''.  Reprotonation of II' in α to the iodine atom would give allylic hypervalent iodine intermediate III 

(Scheme 5.30, C). In the deprotonation event, it would be important to minimize the strong allylic 

strain A1,2 with the aryl group on the ether in TS1-II. The aryl group is expected to point away from the 

iodine atom to limit steric interactions, as confirmed by X-Ray analysis of O-VBX.12 (see section 4.4), 

and potentially also allow a favorable overlap of the oxygen lone-pair with the "sigma-hole" of the 

hypervalent iodine. If reprotonation is significantly faster than bond rotation, the stereochemistry of 

the double-bond would be fixed. From allylic-I(III) intermediate III, two pathways could be envisaged. 

The well-known thermodynamic instability of alkyl-I(III)19 in general and allylic intermediates in 

particular20 would lead to an α-elimination of the aryl iodide to deliver oxy-allyl cation species IV. 

Nucleophilic attack by the in situ generated iodobenzoate, or by an external phenolate, would provide 

the desired allylic products 5.14, 5.15 and 5.17 via an overall SN1 pathway. However, an alternative 

SN2 pathway by direct reaction of the nucleophile with allylic intermediate III cannot be excluded at 

this stage, especially when considering that no very strong support could be gathered for a free oxy-

allyl cation intermediate IV.”21 Based on recent mechanistic study on VBX, intermediate III could also 

undergo a ligand coupling with nucleophiles to give the desired products.22 Despite less probable, 

radical mechanisms can also be considered. In fact, we could envisaged the formation of a carbene 

intermediate V from II', by elimination of iodobenzoic acid.23 The carbene intermediate could then 

react with nucleophiles such as phenols. However, in this case, O- but also C-addition could occurr. In 

addition, homolytic cleavage of intermediate III could also happen, and would lead to the radical 

species VI.24 However, based on the previous trapping experiments (Scheme 5.27), these pathways 

are less probable. 

 

                                                            
19 (a) J. B. Dence, J. D. Roberts, J. Org. Chem. 1968, 33, 1251–1253. (b) G. A. Olah, J. R. DeMember, J. Am. Chem. 
Soc. 1969, 91, 2113–2115. (c) D. G. Morris, A. G. Shepherd, J. Chem. Soc. Chem. Commun. 1981, 1250–1251. (d) 
A. Flores, E. Cots, J. Bergès, K. Muñiz, Adv. Synth. Catal. 2019, 361, 2–25. (f) A. E. Bosnidou, K. Muñiz, Chem.  Eur. 
J. 2019, 25, 13654–13664. 
20 Selected examples: (a) K. Lee, D. Y. Kim, D. Y. Oh, Tetrahedron Lett. 1988, 29, 667–668. (b) H. R. Khatri, J. Zhu, 
Chem. Eur. J. 2012, 18, 12232–12236. (c) H. Nguyen, H. R. Khatri, J. Zhu, Tetrahedron Lett. 2013, 54, 5464–5466. 
(d) B. Xu, U. K. Tambar, J. Am. Chem. Soc. 2016, 138, 12073–12076. (e) B. Xu, U. K. Tambar, Angew. Chem. Int. 
Ed. 2017, 56, 9868–9871. Reviews: (f) A. Shafir, Tetrahedron Lett. 2016, 57, 2673–2682. (g) I. F. D. Hyatt, L. Dave, 
N. David, K. Kaur, M. Medard, C. Mowdawalla, Org. Biomol. Chem. 2019, 17, 7822–7848. 
21 “”The text in between is directly taken from the Supporting Information of our manuscript: Declas, N.; Waser, 
J. Angew. Chem. Int. Ed. 2020, 59, 18256-18260. 
22 Di Tommaso, E. M.; Norrby, P.-O.; Olofsson, B. Angew. Chem. Int. Ed. 2022, e202206347. 
23 (a) Müller, P. Acc. Chem. Res. 2004, 37, 243–251. (b) Kirmse, W. Eur. J. Org. Chem. 2005, 237–260. (c) Muller, 
P.; Allenbach, Y. F.; Chappellet, S.; Ghanem, A. Synthesis 2006, 1689-1696. 
24 Nekipelova, T. D.; Kuzmin, V. A.; Matveeva, E. D.; Gleiter, R.; Zefirov, N. S. J. Phys. Org. Chem. 2013, 26, 137–
143.  
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Scheme 5.30: Proposed mechanism for the oxy-allyl cation type reactivity of O-VBX reagents. 

Finally, it is difficult to propose a rationalization for the anisole additive effect in the transformation 

of O-VBXs into allylic esters. A speculative explanation could be that an electron-rich donor species 

could coordinate to the iodine atom to give an iodonium intermediate V, resulting both in enhanced 

electrophilicity of the allylic system and enhanced nucleophilicity of the benzoate (Scheme 5.31).  

 

Scheme 5.31: Proposed iodonium intermediate for the anisole 5.29 additive effect. 

To date, most of the reported iodonium ylides are bearing strong electron-withdrawing substituents 

such as carbonyl or sulfonyl group,25 and no structure bearing aryl enol ether has been described yet. 

In 1997, Ochiai and co-workers described the generation of monocarbonyliodonium ylides by ester 

exchange of Z-(2-acetoxyvinyl)-iodonium salts with lithium alkoxides (Scheme 5.32).26 The unstable 

monocarbonyl iodonium ylides were stable up to - 30 °C but gradually decompose at - 20°C. 

                                                            
25 Iodonium Ylides in Organic Synthesis. Arkivoc 2016, 2016, 1, 342.  
26 Ochiai, M.; Kitagawa, Y.; Yamamoto, S. J. Am. Chem. Soc. 1997, 119, 11598–11604.  
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Scheme 5.32: Generation of monocarbonyliodonium ylides. 

5.2.9 Products modifications 

We finally examined further functionalization of the obtained aryl enol ether and ester products. 

Surprisingly, our literature survey showed that the chemistry of these functional groups is 

underdeveloped, probably due to the lack of efficient methods to access them.  

We then decided to first study the reduction of the electron-rich double bond. Hydrogenation of the 

allyl iodobenzoate 5.15e obtained from the gram-scale synthesis was first investigated (Table 5-5). 

However, under a hydrogen atmosphere provided by a balloon, both palladium and platinum catalysts 

did not allow the hydrogenation to occur and no consumption of the starting material was observed 

(entries 1-2). 

Table 5-5: Hydrogenation of aryl enol ester 5.15e. 

 

Entry Catalyst Solvent Yield% 

1 Pd/C MeOH NR 

2 Pt EtOH NR 

Reaction conditions: Substrate 5.15e (50.0 µmol), catalyst (5 mol%), solvent (0.1 M) at room temperature, under H2  

balloon pressure for 48 h.  1H-NMR yields are given. NR: no reactivity. 

As the substrate chosen 5.15e was bearing an alkyne functional group that could interact with the 

catalyst, we decided to attempt the hydrogenation on the simpler allyl enol ether 5.14k (Scheme 5.33). 

Using a platinum catalyst and a hydrogen filled balloon, low conversion occurred and the desired 

compound 5.44 could be observed by 1H-NMR analysis, but in too low quantity to be isolated.  

 

Scheme 5.33: Platinum catalyzed hydrogenation of 5.14k. 

Finally, allylic ester 5.15b was used to further investigate the hydrogenation reaction (Table 5-6). 

Under hydrogen atmosphere provided by a balloon, palladium hydroxide as catalyst did not afford any 

reactivity (entry 1). We then wonder if a higher pressure of hydrogen could be required for the 

reaction to proceed. Therefore, we repeated the standard alkene hydrogenation conditions with 

palladium using an autoclave (entry 2). The 10-fold increase in pressure allowed full conversion of 
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5.15b. Surprisingly, the desired product 5.45 was not formed. Instead, hydrogenation led to the 

removal of the tolyl group by cleavage of the aryl-O bond,27 as well as reduction of the aryl iodide. The 

olefin remained however untouched, and tautomerization to the corresponding ketone 5.46 occurred, 

in a high 96% yield.  

Table 5-6: Hydrogenation of aryl enol ester 5.15b. 

 

Entry Catalyst Conditions Yield% 

1 Pd(OH)2/C H2 balloon (1 bar) NR 

2 Pd/C Autoclave (10 bar) 96% of 5.46 

Reaction conditions: Substrate 5.15b (0,1 mmol), catalyst (5 mol%), EtOH (0.1 M) at 25 °C under H2 for 48 h. Isolated 
yields after purification on column chromatography are given. NR: no reactivity. 

With this result in hand, we wondered if the electron-rich nature of the enol ether could allow 

oxidative modification, with the potential for accessing more highly functionalized ketones. Indeed, 

when using 1.2 equivalents of meta-chloroperbenzoic acid (m-CPBA) buffered with sodium 

bicarbonate, the stable epoxides 5.47a and 5.47b could be obtained in quantitative yield starting from 

the corresponding enol ethers 5.14b and 5.14v after 1 hour of reaction (Scheme 5.34). 

 

Scheme 5.34: Oxidation of enol ether 5.14b and 5.14v with m-CPBA. 

Interestingly, in absence of buffer, the addition of the in situ generated meta-chlorobenzoic acid was 

observed, leading to α-benzoylated ketones 5.48a and 5.48b in moderate to good yields from enol 

ethers 5.14m and 5.14a (Scheme 5.35). 

 

Scheme 5.35: Oxidation of enol ether 5.14m and 5.14a with m-CPBA. 

                                                            
27 Wang, M.; Shi, H.; Camaioni, D. M.; Lercher, J. A. Angew. Chem. Int. Ed. 2017, 56, 2110–2114.  
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The regioselectivity of the addition can be explained by acid activation of the epoxide I to form 

oxonium II, followed by addition of the carboxylic acid to give III, and finally acyl migration to generate 

the α-substituted ketone (Scheme 5.36). This mechanism is well-establish for structurally similar 

epoxides derived from alkyl vinyl ethers.28 

 

Scheme 5.36: Speculative mechanism for the synthesis of α-substituted ketones 5.48. 

Finally, treatment of the isolated epoxide 5.47a with acetic acid lead to the same regioselective 

formation of α-acetoxy ketone 5.49 in 72% yield (Scheme 5.37).  

 

Scheme 5.37: Transformation of epoxide 5.47a into α-substituted ketone 5.49. 

Other oxidants were also tested in the reaction, such as Oxone© and Selectfluor™ (Scheme 5.38). 

However, no reaction was observed with Oxone and a complex mixture of products was obtained with 

Selectfluor.  

 

Scheme 5.38: Oxidation attempts of 5.15a with Oxone© and Selectfluor™. 

We then moved to other functionalization of the obtained allyl iodobenzoate and allyl aryloxy ether. 

Taking advantage of their structure we wondered if a benzofuran core could be generated. For this 

purpose, a palladium oxidative coupling was first attempted (Table 5-7).  Procedures reported by the 

group of Wang29 and Youn30 were applied to enol ether 5.15e. However, under the described 

conditions, no conversion of the starting material was observed (entries 1-2). The presence of an 

electron-withdrawing group on the olefin seems to be required for the intramolecular cyclization to 

proceed under the conditions described in entry 1.29 Palladium-catalyzed direct C–H bond activation, 

                                                            
28 (a) Stevens, C. L.; Malik, W.; Pratt, R. J. Am. Chem. Soc. 1950, 72, 4758–4760. (b) Stevens, C. L.; Dykstra, S. J. J. 
Am. Chem. Soc. 1953, 75, 5975–5978. Review: (c) Kirrmann, A.; Duhamel, P.; Nouri-Bimorghi, R. Justus Liebigs 
Ann. Chem. 1966, 691, 33–40. 
29 Zhou, W.; Zhang, Y.; Li, P.; Wang, L. Org. Biomol. Chem. 2012, 10, 7184–7196.  
30 Youn, S. W.; Eom, J. I. Org. Lett. 2005, 7, 3355–3358. 
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proposed in entry 2, was described on allyl aryl ethers substrates and could not be applied to the 

developed enol ether.30  

Table 5-7: Palladium-catalyzed benzofuran synthesis from aryl enol ester 5.15e. 

 

Entry Conditions Solvent and Temperature Yield% 

1 
Pd(OAc)2, 5 mol%, PPh3, 10 mol% 

Cu(OAc)2, 2.0 equiv 

1,4-dioxane (0.5 M) 

130 °C 
NR 

2 
Pd(MeCN)2Cl2, 5 mol%, Na2CO3, 1.0 equiv 

BQ, 1.0 equiv 

1,4-dioxane (0.015 M) 

85 °C 
NR 

Reaction conditions: Substrate 5.15e (50.0 µmol), metal (5 mol%), 1,4-dioxane (M) at T °C for 16 h. NR: no reactivity. 

Then, palladium oxidative cyclization conditions employed by the group of Glorius were applied to 

allylic enol ether 5.15b (Table 5-8, entry 1).31 Again, the starting material was recovered, with a little 

amount of decomposition. As palladium catalysis did not allow the reaction to proceed, visible light 

photocatalysis was then tested (entry 2). Using a Rayonet Reactor©, 5.15b was engaged in the 

conditions developed by Paton and Smith, but again the dihydrobenzofuran was not obtained and no 

reaction occurred.32  

Table 5-8: Benzofuran derivatives synthesis from aryl enol ester 5.15b. 

 

Entry Conditions Solvent and Temperature Yield% 

1 
Pd(OAc)2, 10 mol%, K2CO3, 3.0 equiv 

Cu(OAc)2, 3.0 equiv 
DMF (0.08 M), 80 °C Decomposition 

2 fac-Ir(ppy)3, 1 mol%, KOAc, 1.0 equiv 
MeCN (0.05 M), 60 °C 

Blue LEDs (λ = 450 nm) 
NR 

Reaction conditions: Substrate 5.15b (50.0 µmol), metal (mol%), solvent (M) at T °C for 16 h. NR: no reactivity. 

To overcome the low reactivity observed with the allylic enol esters and ethers, we decided to take 

advantage of the ortho-iodine of substrate 5.14r. This substrate contains an iodine which should allow 

a palladium oxidative cyclization. Using reported conditions, benzofuran 5.52 was successfully 

                                                            
31 Neumann, J. J.; Rakshit, S.; Dröge, T.; Würtz, S.; Glorius, F. Chem. Eur. J. 2011, 17, 7298–7303. 
32 Münster, N.; Parker, N. A.; van Dijk, L.; Paton, R. S.; Smith, M. D. Angew. Chem. Int. Ed. 2017, 56, 9468–9472.  
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obtained in a high 91% yield (Scheme 5.39).33 The procedure was also tested on enol ether 5.14s, with 

an alkyl-substituted alkene, however, the corresponding benzofuran could not be obtained. 

 

Scheme 5.39: Palladium oxidative cyclization of aryl enol ether 5.14r to benzofuran 5.52. 

Finally, a Mukaiyama aldol type addition was tested with allyl aryloxy ether 5.14a (Scheme 5.40). The 

desired product 5.54 was not formed, but decomposition of the starting material 5.14a occurred and 

the α-aryloxy ketone 5.55 was obtained in mixture with benzaldehyde 5.53 and p-cresol 5.8a.  

 

Scheme 5.40: Mukaiyama aldol addition of benzaldehyde 5.53 with 5.14a. 

Formation of the 5.55 was also observed when substrate 5.14a was let into acidic deuterated 

chloroform for one week (Scheme 5.41). 

 

Scheme 5.41: Hydrolysis of substrate 5.14a into the corresponding α-aryloxy ketone 5.55. 

5.3 Other reactivity investigations 

In addition to the vinyl and oxy-allyl cation type reactivities described previously, we were curious to 

investigate the reactivity of O-VBX reagents in reported reactions. Our group previously described a 

room-temperature decarboxylative alkynylation of carboxylic acids with EBX reagents.34 We were then 

interested to see if O-VBX could react with an α-amino radical, generated upon photoredox-activated 

decarboxylation, to give a vinylated product (Table 5-9). Therefore, O-VBX.1 was submitted to the 

reported conditions with both Cbz-protected proline 5.56a (entry 1) and alanine 5.56b (entry 2). 

However, only product 5.58 was observed by 1H-NMR, which could correspond to the hypervalent 

iodine reduction, and the desired products 5.57a and 5.57b were not formed. These results were 

consistent with the work described by the Miyake group, who reported the cleavage of the 

hypervalent iodine bond of O-VBX reagents under blue LEDs irradiation.6 

 

                                                            
33 Zhou, L.; Shi, Y.; Zhu, X.; Zhang, P. Tetrahedron Lett. 2019, 60, 2005–2008. 
34 Le Vaillant, F.; Courant, T.; Waser, J. Angew. Chem. Int. Ed. 2015, 54, 11200–11204. 
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Table 5-9: Decarboxylative vinylation with O-VBX.1 under visible light irradiation. 

 

Entry Conditions Results 

1 Z-Pro-OH Hypervalent Iodine reduction 5.58 

2 Z-Ala-OH Hypervalent Iodine reduction 5.58 

The group of Miyake also recently reported the synthesis of 1,2-dithio-1-alkenes by regio- and stereo-

selective addition of thiol nucleophiles onto the alkynyl triple bond of EBX reagents (see section 

2.3.4.2).35 They demonstrated that the reaction was going through the formation of a S-VBX 

intermediate that could then undergo a radical addition of a second equivalent of thiol nucleophile 

with elimination of the hypervalent iodine moiety (see section 2.3.4.2). Inspired by this work, we 

decided to test the reactivity of O-VBX.1 with thiophenol 5.6b (Scheme 5.42).  Under the reaction 

conditions, 5.60 could be observed by 1H-NMR in the crude mixture, in addition to 5.58, whereas 5.59 

was not identified. However, decomposition occurred during purification and 5.60 could not be 

isolated.  

 

Scheme 5.42: Reaction of thiophenol 5.6b with O-VBX.1. 

5.4 Conclusion 

In conclusion, hetero-substituted vinylbenziodoxolones have been used as versatile reagents in 

various transformations. Under palladium-catalyzed reactions, they could react as vinyl cation 

surrogates, allowing the synthesis of a broad range of stereo-defined enamides and enol ethers in 

good yields.36 The metal-catalyzed cross-coupling conditions used have been shown to be milder than 

with the corresponding iodide. The synthetic versatility of hypervalent iodine reagents was further 

extended with the discovery of an oxy-allyl cation type reactivity of O-VBX, for the stereoselective 

synthesis of aryl enol ethers by reaction with phenols.37 In absence of external nucleophiles, the in situ 

generated benzoate group could react, resulting in the formation of allylic esters. The obtained enol 

                                                            
35 Liu, B.; Alegre-Requena, J. V.; Paton, R. S.; Miyake, G. M. Chem. Eur. J. 2020, 26, 2386–2394. 
36 Caramenti, P.; Declas, N.; Tessier, R.; Wodrich, M. D.; Waser, J. Chem. Sci. 2019, 10, 3223–3230. 
37 Declas, N.; Waser, J. Angew. Chem. Int. Ed. 2020, 59, 18256–18260. 
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ethers could be transformed into α-difunctionalized ketones under oxidative conditions. When 

considering that EBX reagents are obtained in one step from silyl alkynes, the overall four steps 

process terminated by oxidation corresponds to the selective introduction of a nucleophile and an oxo 

group on the triple bond, as well as an ester group into the C-H propargylic bond.  
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 Synthesis and reactivity of O-Vinylbenziodoxoles (O-VBX') 

We previously described the synthesis of oxygen-substituted vinylbenziodoxolones reagents (O-VBX) 

and reported their reactivity as oxy-allyl cation synthetic equivalents. During this work, the scope of 

nucleophiles suitable for the transformation was however mostly limited to phenol nucleophiles. Also, 

the addition of external nucleophiles was in competition with the addition of the in situ generated 

iodobenzoic acid, which led to the formation of allylic esters, valuable building blocks in synthetic 

organic chemistry. Nervertheless, we were interested in improving the reaction selectivity with an 

external nucleophile, by limiting this side reaction. Ethynylbenziodoxoles (EBX'), with the bis-CF3 core, 

are known to have higher stability and a lower reactivity compared to benziodoxolones. Therefore, 

we were interested in developing phenol-substituted vinylbenziodoxoles reagents (O-VBX') in order 

to test their reactivity as oxy-allyl cation synthetic equivalents. In fact, the in situ generated aromatic 

alcohol should be less nucleophilic and therefore prevent the formation of the side product. Also, their 

different reactivity could help to expand the scope of nucleophiles. This work was performed by Ms 

Helena Solé Àvila during her Master project in our laboratory, under the supervision of Prof. J. Waser 

and myself. 

6.1 Preliminary results 

Following reported procedures,1 ethynylbenziodoxoles reagents (EBX') were obtained from the 

commercially available hexafluoro-2-phenylpropan-2-ol 6.1 in three steps: iodination, oxidation, and 

coupling with the corresponding TMS-alkyne reagent (Scheme 6.1).  

 

Scheme 6.1: Synthesis of EBX'.1 and EBX'.2 reagents from 6.1. 

In order to examine the feasibility of the O-VBX' synthesis, we tested the previously reported reaction 

conditions for EBX on the bis-CF3 reagents EBX'.1. The reagent was easily obtained from commercially 

available TMS-alkyne 6.4a using the procedure described above (Scheme 6.2).2 In ethanol and in 

presence of a catalytic amount of cesium carbonate, para-cresol 6.5a was successfully added onto the 

alkynyl triple bond of EBX'.1, leading to O-VBX'.1 in a low 18% yield.  

                                                            
1 Pisella, G.; Gagnebin, A.; Waser, J. Chem. Eur. J. 2020, 26, 10199–10204. 
2 P. Caramenti, N. Declas, R. Tessier, M. D. Wodrich, J. Waser, Chem. Sci. 2019, 10, 3223. 
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Scheme 6.2: Synthesis of O-VBX'.1 from EBX'.1 and phenol 6.5a. 

With this promising result in hand, we then decided to test the reaction in presence of a stoichiometric 

amount of base, to see if the oxy-allyl cation type reactivity could be observed (Scheme 6.3). In this 

case, up to 34% of O-VBX'.1 could be isolated, in addition with 30% of the desired enol ether product 

6.6a. 

  

Scheme 6.3: Reactivity of EBX'.1 in presence of a stoichiometric amount of base and phenol 6.5a. 

6.2 Optimization of O-VBX' synthesis3 

The preliminary results showed that the oxy-allyl cation reactivity can occur on O-VBX' reagents 

bearing the bis-CF3 core. We then decided to further optimize the synthesis of O-VBX' reagents, with 

the goal to study their reactivity. To do so, we selected EBX'.2, bearing a linear alkyl chain, which 

should allow the oxy-allyl cation reactivity. As 1-trimethylsilyl-1-pentyne 6.4b was less expensive than 

1-trimethylsilyl-1-hexyne 6.4a, EBX'.2 was preferred over EBX'.1. 

A base screening was first performed on the easily accessible EBX'.1 (Table 6-1). Starting with Cs2CO3, 

the addition of para-cresol 6.5a onto EBX'.2 provided O-VBX'.2 in 16% NMR yield (entry 1), which was 

consistent with the preliminary results obtained with EBX'.1. Other carbonate salts, such as sodium 

and potassium, gave lower yields in comparison to cesium (entries 2 and 3). Hydrogen carbonate salts 

were also tested but low to no conversion was observed (entries 4-6). Similar yields as with cesium 

carbonate could be reached with sodium and potassium hydroxide (entries 7-8), whereas lower 

efficiency was obtained with cesium hydroxide (entry 9). A higher 51% isolated yield could be obtained 

with potassium tert-butoxide, with however formation of side products coming from the oxy-allyl 

cation reactivity, and the reduction at the hypervalent iodine (entry 10).4 Other organic bases such as 

pyridine, triethylamine and DMAP led to no conversion (entries 11-13). Gratefully, when 1,8-

                                                            
3 This work was performed by Helena Solé Àvila during her master project in our laboratory, under the 
supervision of Prof. J. Waser and myself.   
4 Barham, J. P.; Coulthard, G.; Emery, K. J.; Doni, E.; Cumine, F.; Nocera, G.; John, M. P.; Berlouis, L. E. A.; McGuire, 
T.; Tuttle, T.; Murphy, J. A. J. Am. Chem. Soc. 2016, 138, 7402–7410.  
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diazabicyclo[5.4.0]undec-7-ene (DBU) and tetramethylguanidine (TMG) were used, 54% and 64% 

isolated yield could be achieved respectively (entries 14-15). The reaction scale was increased to 0.3 

mmol, and 47% yield was achieved with 0.1 equivalents of TMG (entry 16). Our group already 

demonstrated that TMG was a base of choice for the reaction of thiol nucleophiles with EBX reagents.5 

Table 6-1: Base screening for the addition of phenol 6.5a to EBX'.2. 

 

Entry Base Isolated (NMR) Yield% 

1 Cs2CO3 16 (18) 

2 Na2CO3 (5) 

3 K2CO3 13 

4 NaHCO3 0 

5 CsHCO3 (4) 

6 KHCO3 (5) 

7 NaOH 16 

8 KOH 16 

9 CsOH (8) 

10 tBuOK 51 

11 Pyridine 0 

12 TEA 0 

13 DMAP 0 

14 DBU 54 

15 TMG 64 

16 TMG 47a 

Reaction conditions: EBX'.2 (0.10 mmol), para-cresol 6.5a (1.0 equiv), base (0.10 equiv) and solvent (0.1 M) at 25 °C. 
Isolated yields are given. NMR yields are given in parenthesis, calculated using dibromomethane as internal standard. 
aThe reaction was performed on 0.3 mmol of EBX'.2. 

Solvents were then investigated using TMG as a base (Table 6-2). In contrast to ethanol, alcohol such 

as methanol, propanol and isopropanol gave a low product formation (entries 1-4). Acetonitrile 

afforded a 36% yield (entry 5), whereas other solvents such as chloroform, dichloromethane, DCE, 

DME and THF led to less than 15 % of O-VBX'.2 (entries 6-10). 

                                                            
5 (a) Frei, R.; Waser, J. J. Am. Chem. Soc. 2013, 135, 9620–9623. (b) Frei, R.; Wodrich, M. D.; Hari, D. P.; Borin, P.-
A.; Chauvier, C.; Waser, J. J. Am. Chem. Soc. 2014, 136, 16563–16573. 
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Table 6-2: Solvent screening for the addition of phenol 6.5a to EBX'.2. 

 

Entry Base Yield% 

1 EtOH  64a 

2 MeOH 24 

3 Propanol 34 

4 IPA 20 

5 MeCN 36 

6 CHCl3 10 

7 CH2Cl2 15 

8 DCE 12 

9 DME 4 

10 THF 10 

Reaction conditions: EBX'.2 (0.10 mmol), para-cresol 6.5a (1.0 equiv), TMG (0.10 equiv) and solvent (0.1 M) at 25 °C. NMR 
yields are given, calculated using dibromomethane as internal standard. aIsolated yield is given. 

As the solvent screening did not allow to improve the reaction yield, we moved to the screening of 

the base stoichiometry (Table 6-3). When 10 mol% and 30 mol% of TMG were used, similar results 

were obtained and about 60% yield was achieved (entries 1-2). A slight increase in yield could be 

observed with 0.5 equivalents of base. Under these conditions, a low formation of the enol ether side 

product 6.6b was observed (entry 3). When increasing the equivalents of TMG to 0.8 and 1.0 

equivalents, higher formation of side product 6.6b was observed, in addition to no improvement of 

the yield (entries 4-5). We then decided to use 0.5 equivalents of TMG to continue our investigation. 
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Table 6-3: Base equivalents screening for the addition of phenol 6.5a to EBX'.2. 

 

Entry Base equivalents O-VBX'.2 Yield% 6.6b Yield% 

1 0.1 60 0 

2 0.3 61 0 

3 0.5 66 3 

4 0.8 63 6 

5 1.0 56 6 

Reaction conditions: EBX'.1 (0.10 mmol), para-cresol 6.5a (1.0 equiv), TMG and EtOH (0.1 M) at 25 °C. Isolated yield are 
given. 

During the solvents screening, acetonitrile allowed to obtain O-VBX'.2 in a low 36% yield (Table 6-2, 

entry 5). Despite this low conversion, we were interested in exploring the conditions described by the 

group of Prof. Miyake, who reported isolation of O-VBX using MeCN as solvent.6 The conditions were 

tested on EBX'.2, using para-cresol 6.5a as nucleophile (Table 6-4). With 0.1 equivalents of cesium 

carbonate, 40% of O-VBX'.2 could be isolated (entry 1). We then repeated the reaction under nitrogen 

and using dry solvent, as reported in the work of Miyake, but the yield was not strongly impacted 

(entry 2). Finally, using a stoichiometric equivalent of base only led to 12% of O-VBX'.2, and the main 

product was the enol ether 6.6b from the oxy-allyl cation reactivity. 

Table 6-4: Test of Miyake's conditions for the addition of phenol 6.5a to EBX'.2. 

 

Entry Base equivalents O-VBX'.2 Yield% 6.6b Yield% 

1 0.1 40 0 

2 0.1 43a 0 

3 1 12 17 

Reaction conditions: EBX'.2 (0.10 mmol), para-cresol 6.5a (1.0 equiv), TMG and EtOH (0.1 M) at 25 °C. Isolated yields are 
given. aThe reaction was performed with dry MeCN under N2. 

                                                            
6 Liu, B.; Lim, C.-H.; Miyake, G. M. J. Am. Chem. Soc. 2018, 140, 12829–12835.  
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As no yield improvement was obtained we decided to use 0.5 equivalents of TMG in EtOH. With the 

optimized conditions in hand, a gram-scale synthesis of O-VBX'.2 was performed (Scheme 6.4). O-

VBX'.2 could be obtained in a good 60% yield, from EBX'.2, affording 750 mg of reagents available to 

study the reactivity of vinylbenziodoxole reagents.  

 

Scheme 6.4: Scale-up synthesis of O-VBX'.2. 

As for O-VBX reagents, the Z-stereoselectivity of the reaction was confirmed by X-Ray analysis of O-

VBX'.2 (Figure 6.1). 

 

Figure 6.1: Crystal structure of O-VBX'.2. 

6.3 Reactivity of O-VBX' reagents 

6.3.1 Reactivity in palladium catalyzed cross coupling 

We were first interested to investigate the reactivity of O-VBX' in palladium catalyzed cross coupling 

reactions. Inspired by the work previously achieved on O-VBX (see section 5.1.1), we decided to 

perform a Stille cross coupling on O-VBX'.2 (Scheme 6.5). Surprisingly, the reaction did not proceed at 

room temperature. Increasing the reaction time or the temperature to 60 °C, as reported by the group 

of Yoshikai on similar substrates, did not allow to obtain 6.8.7 Further investigations using a cleaner 

and more recent batch of organotin should be performed to understand why the reaction did not 

proceed.  

                                                            
7 Ding, W.; Chai, J.; Wang, C.; Wu, J.; Yoshikai, N. J. Am. Chem. Soc. 2020, 142, 8619–8624.  
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Scheme 6.5: Stille cross coupling of O-VBX'.2 with tributylphenyltin 6.7. 

Therefore, we decided to test the Sonogashira cross coupling conditions reported by the group of 

Yoshikai on alcohol-substituted vinylbenziodoxoles (Scheme 6.6).7 This time, the reaction proceeded 

smoothly at room temperature and 6.10 was obtained in 40% yield as a Z:E 5:1 mixture of 

stereoisomers. This result is comparable with vinylbenziodoxolones, as the latter also presented a 

stereoselectivity erosion, with a ratio of Z:E 6:1 (see section 5.1.1). 

 

Scheme 6.6: Sonogashira reaction of O-VBX'.2 with trimethylsilylacetylene 6.9. 

Finally, a Suzuki coupling was performed (Scheme 6.7). O-VBX'.2 was successfully converted in 6.12 

by addition of boronic acid 6.11. The reaction however proceeded with low yield and loss of the 

stereoselectivity. 

 

Scheme 6.7: Sonogashira reaction on O-VBX'.2 with boronic acid 6.11. 

Based on these preliminary results, the developed O-VBX' reagents seemed to have a lower reactivity 

in palladium catalyzed cross-coupling reactions than O-VBX reagents.8 

6.3.2 Reactivity with nucleophiles 

We then moved to the study of the reactivity of O-VBX' reagents with nucleophiles. Addition of phenol 

nucleophiles to O-VBX' through an oxy-allyl cation type reactivity was already observed during the 

                                                            
8 (a) Brand, J. P.; González, D. F.; Nicolai, S.; Waser, J. Chem. Commun. 2010, 47, 102–115. (b) Brand, J. P.; 
Chevalley, C.; Scopelliti, R.; Waser, J. Chem. Eur. J. 2012, 18, 5655–5666. 
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preliminary results, which confirmed the possibility of O-VBX' to undergo oxy-allyl cation reactivity 

(Scheme 6.3). Then, we decided to start our investigation with other nucleophiles than phenols and 

were first interested to see if alcohols could work in the oxy-allyl transformation with O-VBX'. Alcohols 

could not be used as nucleophiles for the synthesis of enol ethers with O-VBX reagents (see section 

5.2). In presence of a base and using methanol as solvent, the O-VBX was mainly converted to the 

corresponding allyl enol ester from the addition of the highly nucleophilic iodobenzoic acid generated 

in situ. With O-VBX', the less nucleophilic aromatic alcohol should not react in the transformation and 

the putative oxy-allyl specie would have more chance to react with methanol.  

The conditions reported on vinylbenziodoxolones were first tested for the addition of 10 equivalents 

of methanol 6.13a on O-VBX'.2 (Table 6-5, entry 1). The reaction showed no conversion and part of 

the starting material O-VBX'.2 was recovered in 56% yield. The loading of nucleophile was then 

increased and methanol was used as a co-solvent with DME (entry 2). In this case, full conversion of 

the O-VBX' was achieved and the desired enol ether product 6.14a could be observed as the main 

compound in the crude 1H-NMR. The addition of the competitive, but less nucleophilic, hexafluoro-2-

(2-iodophenyl)propan-2-ol was not observed. Unfortunately, isolation of 6.14a only led to 10% yield. 

We hypothesized that 6.14a was not stable on acidic silica, as decomposition in CDCl3 could also be 

observed. The reaction was then scaled up to 0.3 mmol and purified by column chromatography with 

deactivated silica to prevent decomposition (entry 3). However, despite the high conversion to the 

product, only 14% of 6.14a was recovered. To be able to expand the reaction to more expensive 

alcohols, which could not be used as co-solvents, we tried to decrease the equivalents of methanol to 

50. In this case, more side products could be observed and only 4% of 6.14a was isolated. Finally, we 

tested the stronger base potassium tert-butoxide instead of cesium carbonate (entry 5). The desired 

product 6.14a could not be observed in the crude and the main product obtained was 6.15 from the 

reduction of the hypervalent iodine bond of O-VBX'.2. 

Table 6-5: Base equivalents screening for the addition of methanol 6.13a to OVBX'.2. 

 

Entry Methanol equivalents 6.14a Yield% Yield% 

1 10 DME, 0.1 M, 18 h - 

2 co-solvent 1:1 DME/MeOH, 0.05 M, 7 h 10 

3a,b co-solvent 1:1 DME/MeOH, 0.05 M, 7 h 14 

4 50 DME, 0.1 M, 7 h 4 

5c 10 DME, 0.1 M, 7 h - 

Reaction conditions: O-VBX'.2 (0.10 mmol), methanol 6.13a, Cs2CO3 (1.2 equiv) at 25 °C. Isolated yield are given. aAt the 
0.3 mmol scale. bPurification in deactivated silica. ctBuOK (1.2 equiv) was used instead of Cs2CO3. 
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With the difficulty to isolate enol ether 6.14a, we decided to test the reactivity with another 

nucleophile, the more hindered tert-amyl alcohol 6.13b (Scheme 6.8). However, addition of 100 

equivalents of alcohol did not allow to form 6.14b and no conversion occurred. It is possible that the 

alcohol was to hindered to react, therefore less hindered secondary alcohols could be tested. 

 

Scheme 6.8: Addition of alcohol 6.13b on O-VBX'.2. 

We were then interested to see if more stable products could be obtained using thiol nucleophiles. A 

vinyl cation type reactivity was previously reported for the addition of thiophenol 6.16a on N-VBX 

reagents (see section 5.1.2). We were then curious to see which reactivity would occur with O-VBX'.2 

(Scheme 6.9). However, after 20 hours of reaction, none of the potential desired products were 

obtained and the starting material was recovered.  

 

Scheme 6.9: Addition of thiol 6.16a on O-VBX'.2. 

Butanethiol 6.16b was then used as nucleophilic species in an attempt to access allyl thioether 

products (Scheme 6.10). Conversion of O-VBX'.2 was achieved, but products 6.17b and 6.18b could 

not be identified and a mixture of unidentified products was obtained. As previously observed with 

alcohols (Table 6-5, entry 5), the use of the stronger potassium tert-butoxide base led to reduction of 

the hypervalent iodine bond as the main product (6.15) after only 5 hours of reaction. 

 

Scheme 6.10: Addition of thiol 6.16b on O-VBX'.2. 
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6.4 Conclusion 

In this chapter, the synthesis of O-VBX reagents from EBX could be extended to ethynylbenziodoxoles, 

and the corresponding O-VBX' could be obtained in good yields using a similar procedure. The 

complete Z-selectivity of the reaction was confirmed by X-Ray analysis. Study of the reactivity of O-

VBX' showed that they displayed a lower reactivity in palladium-catalyzed cross-coupling than O-VBX. 

They could however, similarly to O-VBX, react as oxy-allyl cation synthetic equivalents with phenol 

nucleophiles. The reactivity could be extended to alcohol nucleophiles, but the low stability of the 

products did not allow us to further optimize the transformation. Finally, we could confirm that using 

O-VBX' reagents allowed to prevent side reactions, as the competitive addition of the poorly 

nucleophilic hexafluoro-2-(2-iodophenyl)propan-2-ol generated in situ was not observed in the oxy-

allyl transformation. 
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P.-A.; Chauvier, C.; Waser, J. J. Am. Chem. Soc. 2014, 136, 16563–16573. 
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8. (a) Brand, J. P.; González, D. F.; Nicolai, S.; Waser, J. Chem. Commun. 2010, 47, 102–115. (b) Brand, J. P.; 
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 Tyrosine-selective bioconjugation with hypervalent iodine 

Site-specific chemical modification of peptides and proteins is becoming increasingly important in 

research and industry, and traditional methods for bioconjugation target nucleophilic lysine and 

cysteine residues. However, with its low abundance on the protein surface, tyrosine bioconjugation is 

rapidly becoming an alternative or complement to overcome the limitations encountered with the 

more well-established strategies and expand the functionalization toolbox (see section 2.4.2). Taking 

advantage of the high reactivity of phenols with hypervalent iodine EBX reagents, we decided to 

extend the vinylbenziodoxolone formation to tyrosine on biomolecules under aqueous conditions. 

7.1 Optimization of O-VBX formation with tyrosine in buffer 

The formation of O-VBX reagents from tyrosine was previously obtained in organic solvents, using one 

equivalent of a protected tyrosine (see section 4.4). With this promising result in hand, we decided to 

see if the reaction could work on the protected dipeptide Z-AY-OMe 7.1a, using more biocompatible 

organic solvents such as the commonly used ACN, DMF and DMSO (Table 7-1). Using 0.1 equivalents 

of cesium carbonate base and a 1:1 ratio of tyrosine and Me-EBX (EBX.1), the desired product O-

VBX.29 could be isolated in up to 44% yield in CAN (entry 1). When DMF and DMSO were used (entries 

2-3), lower yields were obtained because of the difficulty to extract the O-VBX.29 from the aqueous 

phase during the workup.  

Table 7-1: Organic solvent screening for O-VBX formation from Z-AY-OMe 7.1a and EBX.1. 

 

Entry Solvent Yield 

1 ACN 44% 

2 DMF 10% 

3 DMSO 13% 

Reactions conditions: Z-AY-OMe 7.1a (0.10 mmol), EBX.1 (1.0 equiv), Solvent (0.1 M), rt, 24 h. Isolated yields are given. 

Biocompatible organic solvents are interesting for reaction on protected amino acids and small 

peptides. However, to work on larger, unprotected peptides and proteins, aqueous buffers are 

required. We then decided to see if the transformation could be performed in buffer, taking into 

account that this could attenuate the reactivity of the residue and degrade the EBX reagent. To do so, 

we chose a slightly basic Tris buffer, to prevent the use of an external base, and used a slight excess 

of EBX.1. The conversion of the water-soluble Z-AY-OH 7.1b to O-VBX.30 was monitored by reverse-

phase HPLC (Table 7-2). In 100 mM Tris buffer at pH 8.2 and room temperature, the reaction was clean 

and we could observe 41% conversion of the starting material to the desired O-VBX.30 (entry 1). 

Increasing the temperature to 37 °C allowed to slightly improve the conversion (entry 2). However, 
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when higher temperatures were tested (entries 3-4) partial (at 50 °C) to total (at 90 °C) decomposition 

of EBX was observed. When a more diluted 10 mM Tris buffer was used, the solubility of the starting 

dipeptide decreased and therefore a lower conversion was obtained (entry 5). The pH of the buffer 

was then tested, and we could notice an improvement of the ratio when 100 mM Tris buffer pH 9.0 

was used at 37 °C (entry 6).  

Table 7-2: Buffer screening for O-VBX formation from Z-AY-OH 7.1b and EBX.1. 

 

Entry Buffer (pH) T (° C) HPLC ratio SM 7.1b : Product O-VBX.30 

1 100 mM Tris (8.2) rt 59 : 41 

2 100 mM Tris (8.2) 37 39 : 61 

3 100 mM Tris (8.2) 50 30 : 70 

4 100 mM Tris (8.2) 90 42 : 58 

5 10 mM Tris (8.2) 37 85 : 15 

6 100 mM Tris (9.0) 37 22 : 78 

Reactions conditions: Z-AY-OH 7.1b (1.0 μmol), EBX.1 (3.0 equiv), buffer:DMSO (8:2, 2 mM), T °C, 24 h. HPLC-UV ratio. 

With these good preliminary results in buffer, we decided to move to more complex unprotected 

peptides. Moving from protected amino acids to native peptides is challenging, as they contain 

multiple reactive nucleophilic functionalities that could interfere in the reaction. To simplify our study, 

we chose the tetramer AFYA-NH2 (7.2a) as model substrate. Despite the free N-terminus, which was 

expected to give a first impression of the selectivity of the transformation towards other nucleophiles, 

AFYA-NH2 (7.2a) did not contain competitive reactive nucleophilic side chain. AFYA-NH2 (7.2a) could 

be easily obtained by solid-phase peptide synthesis (SPPS) and the UV-active phenylalanine residue 

allowed a good detection by HPLC. We chose the azide-functionalized EBX.20 as labeling reagent,1 as 

the azide group could be used for further functionalization via click reaction.2 EBX.20 was synthesized 

following the previously described one-pot procedure (see section 4.3).  

The synthesis of O-VBX on small molecules was shown to work efficiently under open flask and with 

no need for particular precautions (see Chapter 4). Similarly, simple dissolution of the peptide in non-

degassed 10 mM Tris buffer (pH 8.2), and then addition of a solution of N3-EBX (EBX.20) in DMSO, 

allowed to generate the O-VBX bioconjugate (O-VBX.31) in a good 76% HPLC-yield after 24 hours of 

reaction at 37 °C (Table 7-3, entry 1). The transformation was clean and no reaction on the potentially 

nucleophilic N-terminus was observed. The only side products observed were 2-iodobenzoic acid 7.3 

                                                            
1 Abegg, D.; Frei, R.; Cerato, L.; Prasad Hari, D.; Wang, C.; Waser, J.; Adibekian, Angew. Chem. Int. Ed. 2015, 54, 
10852-10857.  
2 Tessier, R.; Ceballos, J.; Guidotti, N.; Simonet-Davin, R.; Fierz, B.; Waser, J. Chem 2019, 5, 2243–2263. 
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and N3-VBX 7.4, both originating from EBX decomposition. N3-VBX 7.4 was probably formed through 

the nucleophilic addition of an azide to the alkynyl triple bond of EBX.20.3 The azide anion could come 

from the degradation of EBX.20, however, a plausible pathway was not determined yet. We then 

moved to the optimization of the conditions in order to improve the yield of the reaction. We first 

studied the molarity of the buffer, which has an important impact on the solubility of the peptide. 

Decreasing the buffer molarity to 1 mM slowed down the bioconjugate formation (52% yield), 

whereas increasing to 100 mM allowed to reach 96% HPLC-yield (entries 2-3). Under higher molarity, 

we observed a lower solubility of the tetramer as well as a higher EBX decomposition to 7.3 and 7.4 

(entry 4). With the best concentration determined, we then tested other buffers. The reaction 

displayed high tolerance towards buffer, as the desired O-VBX could be obtained in 86-87% HPLC yield 

in all cases (entries 5-7). Additional side products were however detected in PB, HEPES and PBS 

buffers. According to HPLC-MS analysis, the side products could correspond to O-VBX 7.5 and 7.6, 

obtained by addition of the phosphate or sulfonate salt of the buffers on EBX.20. To prevent additional 

competitive reactivity, Tris was confirmed as the buffer of choice and we then studied the influence 

of its pH, which was found to be an important factor for the efficiency of the labelling. At pH close to 

physiological pH (7.0), only 24% of bioconjugate was formed, whereas, under more basic conditions 

(pH 9.0), quantitative peptide functionalization could be achieved (entries 8-9). Finally, performing the 

reaction at room temperature slightly slowed down the reaction (entry 10). At higher temperatures 

of 50 and 90 °C, the labelling remained efficient, with 70% and 50% yield respectively, but higher EBX 

decomposition was observed (entries 11-12). Concerning the reaction time, the developed 

methodology required 24 hours to reach full conversion of the peptide to the corresponding labelled 

product. However, decent conversion could be reached in shorter time. In fact, after 1 hour, almost 

60% yield was achieved and up to 80% yield was obtained in 4 hours (entries 13-14). 

Table 7-3: Optimization of the labelling of tetramer 7.2 with EBX.20. 

 

Entry Buffer (Molarity) pH T (°C) Time  Yielda 

1 Tris (10 mM) 8.2 37 24 h 76% 

2 Tris (1 mM) 8.2 37 24 h 52% 

3 Tris (100 mM) 8.2 37 24 h 96% 

4 Tris (1 M) 8.2 37 24 h 90% 

5 PB (100 mM) 8.2 37 24 h 86% 

6 HEPES (100 mM) 8.2 37 24 h 87% 

7 10 X PBS 8.2 37 24 h 86% 

                                                            
3 Yoshimura, A.; Huss, C. D.; Liebl, M.; Rohde, G. T.; Larson, S. M.; Frahm, G. B.; Luedtke, M. W.; Schumacher, T. 
J.; Gardner, Z. S.; Zhdankin, V. V.; Postnikov, P. S.; Yusubov, M. S.; Kitamura, T.; Saito, A. Adv. Synth. Catal. 2021, 
363, 3365–3371.  
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8 Tris (100 mM) 7.0 37 24 h 24% 

9 Tris (100 mM) 9.0 37 24 h > 99% 

10 Tris (100 mM) 9.0 rt 24 h 98% 

11 Tris (100 mM) 9.0 50 24 h 70% 

12 Tris (100 mM) 9.0 90 24 h 50% 

13 Tris (100 mM) 9.0 37 1 h 58% 

14 Tris (100 mM) 9.0 37 4 h 80% 

Reactions conditions: AFYA-NH2 7.2a (1.0 μmol), EBX.20 (3.0 equiv), Buffer (2% v/v DMSO), 2 mM, 24 h. aHPLC-MS yields 
are given. The yields were approximated as the ratio of Aprod/Atotal where Aprod = area in mAU of the product peak and 
Atotal = area in mAU of all peptides products (product, starting material, and side products if present). 

 

Adduct stability is crucial to prevent the loss of the label. Therefore, we studied the stability of the 

newly discovered tyrosine-bond vinyl benziodoxolones. Bioconjugate O-VBX.31 remained intact in 

methanol-d4 for many weeks at room temperature. No decomposition was observed after 2 days in 

acetic acid buffer (10.0 mM, pH 4.0) or in basic CAPS (3-(cyclohexylamino)-1-propanesulfonic acid) 

buffer (10.0 mM, pH 11.0). In presence of glutathione (1 to 10 equivalents), only a low decomposition 

coming from the addition of glutathione was observed after 2 days and 90% of the O-VBX remained 

intact. Finally, no decomposition was noticed when heating up to 80 °C and only minor degradation 

was observed at 100 °C.  

7.2 Scope of the tyrosine bioconjugation 

7.2.1  Scope of tetramers 

With the optimized conditions in hand, we examined the reproducibility of the reaction on larger scale 

(20 μmol instead of 1 μmol). Gratefully, analysis by reverse-phase HPLC showed full conversion of 

AFYA-NH2 7.2a to the corresponding O-VBX.31. Bioconjugate O-VBX.31 could be isolated in 64% yield 

following preparative reverse-phase HPLC purification and fully characterized by NMR spectroscopy. 

Then we proceed by investigating the functional group tolerance of the labelling method. To do so, 

tetrapeptides 7.2 containing various unprotected natural amino acids were engaged in the reaction 

(Scheme 7.1). In addition to phenylalanine, the more sterically hindered leucine residue did not affect 

the reactivity and bioconjugate O-VBX.32 was obtained in 65% isolated yield. High chemoselectivity 

was achieved in presence of tryptophan, however tetramer O-VBX.33 could only be isolated as a 1:2 

mixture with N3-VBX 7.4. The more nucleophilic and basic residues arginine, histidine and lysine did 

not react with EBX and chemo-selectivity was achieved on the tyrosine side chain (O-VBX.34-36). A 

selectivity issue was observed when cysteine-containing tetramer 7.2g was submitted to the reaction 

conditions. In fact, fast addition of the cysteine residue was first observed, within minutes.2 Despite 

this side reaction, another equivalent of EBX could react with the tyrosine residue, leading to a doubly 



 Chapter 7: Tyrosine-selective bioconjugation with hypervalent iodine 

144 
 

labelled S- and O-VBX product (O-VBX.37) in 40% isolated yield. High conversion and chemo-selectivity 

were accomplished in presence of serine, methionine and aspartic acid residues (O-VBX.38-40), 

whereas a slightly lower yield, due to incomplete conversion, was observed with the asparagine amino 

acid (O-VBX.41). The reactivity of residues can be impacted by their position in the peptide, especially 

for N- and C-terminal amino acids.  Therefore, the position of tyrosine in the tetramer was varied and 

we were pleased to see that all peptides were successfully labelled to give O-VBX.42-44. N-terminal 

tyrosine of YALA-NH2 7.2m gave O-VBX.43 in 46% yield and O-VBX.44 was obtained in 59% from the 

C-terminal tyrosine residue of Ac-AFGY 7.2n. 

 

Scheme 7.1: Scope of the tyrosine bioconjugation with EBX on tetramers.  
Reaction conditions: tetramer 7.2 (20.0 μmol), EBX.20 (3.0 equiv), 100 mM pH 9.0 Tris (2% v/v DMSO), 2 mM, 37 °C, 24 h. 
HPLC-MS yields are given. The yields were approximated as the ratio of Aprod/Atotal where Aprod = area in mAU of the 
product peak and Atotal = area in mAU of all peptides products (product, starting material, and side products if present). 
Isolated yields are in parentheses. aObtained as a 1:2 mixture with 7.4. 
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7.2.2  Scope of bioactive peptides 

The promising functional group tolerance and high chemoselectivity observed on tetramers drove us 

to apply the methodology to more complex bioactive peptides (7.7) (Scheme 7.2). Because of the low 

amount of peptides available, the yields of the reactions were monitored by HPLC-MS and the 

chemoselectivity of the peptides labelling was confirmed by MS/MS analysis. The neurohypophysial 

antidiuretic hormone vasopressin 7.7a was successfully functionalized at the tyrosine position to give 

O-VBX.45 in a high 85% yield. Similarly, the neuropeptide oxytocin 7.7b could be converted into O-

VBX.46 in 72% yield. Interestingly, both peptides contained a disulfide bond and no damage to the 

macrocyclic structure was observed. High labelling conversion was also achieved at the N-terminal 

tyrosine residues of the cell-penetrating peptide HIV-1-tat 7.7c and the opioid β-casomorphin human 

7.7d peptide, leading to O-VBX.47 and O-VBX.48 with complete chemo-selectivity. Lower conversion 

was achieved with the peptide hormone angiotensin II 7.7e, because of incomplete conversion to O-

VBX.49, as well as some degradation, with however still high chemoselectivity towards the tyrosine 

residue. Longer amyloid β-proteins 7.7f and 7.7g, primary component of plaques characteristic of 

Alzheimer's disease,4 were functionalized with EBX in respectively 61% (O-VBX.50) and 40% (O-

VBX.51). The cyclopentapeptide RGD 7.7h, containing an Arg-Gly-Asp motif and commonly used in 

targeted therapy for its property to bind specifically to integrin receptor on cell surface,5 was 

successfully functionalized to give O-VBX.52 in 76% yield. Finally, the cyclic lipopeptide jagaricin 7.7i, 

with antifungal properties, was submitted to the reaction conditions.6 Despite the diversity of 

chemical structures present including threonine, histidine, glutamine and sensitive dehydrothreonine 

units, jagaricin (7.7i) was selectively labelled on the tyrosine residue with EBX.20 in 61% HPLC-MS 

yield and could be isolated in 30% yield (O-VBX.53). The bioactivity of the isolated lipopetide O-VBX.53 

against the pathogenic yeast Candida albicans was then tested. However, compared to the natural 

product jagaricin (7.7i), which displayed a minimal inhibition concentration (MIC) of 1.6 µg/mL, the 

derivative exhibited a MIC of 50 µg/mL. The loss of activity could suggest that the free-tyrosine residue 

is required for the bioactivity.7 

                                                            
4 Hamley, I. W. Chem. Rev. 2012, 112, 5147–5192. 
5 Alipour, M.; Baneshi, M.; Hosseinkhani, S.; Mahmoudi, R.; Jabari Arabzadeh, A.; Akrami, M.; Mehrzad, J.; 
Bardania, H. J. Biomed. Mater. Res. A 2020, 108, 839–850. 
6 Graupner, K.; Scherlach, K.; Bretschneider, T.; Lackner, G.; Roth, M.; Gross, H.; Hertweck, C. Angew. Chem. Int. 
Ed.  2012, 51, 13173–13177. 
7 The biological activity were determined by Sebastian Götze from the Department of Paleobiotechnology, 
Leibniz Institute for Natural Product Research and Infection Biology (Germany). 
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Scheme 7.2: Scope of the tyrosine bioconjugation with EBX on bioactive peptides.  
Reaction conditions: peptide 7.7 (1.0 μmol or 1.0 mg), EBX.20 (3.0 equiv), 100 mM pH 9.0 Tris (2% v/v DMSO), 2 mM, 37 °C, 
24 h. HPLC-MS yields are given. The yields were approximated as the ratio of Aprod/Atotal where Aprod = area in mAU of 
the product peak and Atotal = area in mAU of all peptides products (product, starting material, and side products if present).  

7.2.3  Scope of EBX reagents 

Azide-bearing EBX (EBX.20) is an interesting labelling reagent as it allowed for further modifications 

of the bioconjugate by click reaction (see section 2.4.1). In addition, we were interested to evaluate 

the tolerance of the transformation regarding other EBX reagents. We then synthesized EBX reagents 

containing various functional groups. The synthesis of alkyl-EBXs (EBX.21, EBX.5 and EBX.8) was 
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performed following the previously described one-pot procedure (see section 4.3). Fluorescent-EBX 

(EBX.22) was obtained by Steglich esterification of EBX.8 with rhodamine B 7.8. Finally, TIPS-EBX 

(EBX.24),8 Ph-EBX (EBX.16),9 NO2-EBX (EBX.25), functionalized on the aromatic core,10 and water-

soluble EBX (EBX.26),11 were prepared using procedures reported by the group of Prof. Chen and by 

our group.  

The study was performed on the commercially available β-casomorphin human peptide (7.7d) on a 1 

μmol scale. The reactions were monitored by HPLC-MS and the chemoselectivity of the peptides 

labelling was confirmed by MS/MS analysis. To our delight, other hypervalent iodine reagents could 

be used as labelling reagents under the same reaction conditions (Scheme 7.3). Alkyl-EBX reagents 

bearing diverse functional groups such as a terminal alkyne (EBX.21), a chlorine (EBX.5) an alcohol 

(EBX.8) or a more complex rhodamine fluorophore (EBX.22), were successfully added to the N-

terminal tyrosine of β-casomorphin human peptide (7.7d). Bioconjugates O-VBX.54-57 were obtained 

in moderate to very good HPLC yield. The moderate yields could be explained by incomplete 

conversion of 7.7d to the corresponding O-VBXs. The reactions were clean and the only side product 

observed was iodobenzoic acid 7.3. Interestingly, TMS-EBX (EBX.17) led to unsubstituted O-VBX 

bioconjugate (O-VBX.58). A similar result was previously observed by our group when studying 

cysteine ethynylation with EBX.12 In aqueous media, fast and complete desilylation of TMS-EBX 

(EBX.17) to give the free EBX (EBX.23) was previously reported. However, unlike with cysteine, where 

the generated unsubstituted S-VBX underwent a slow rearrangement into the alkynylated product, 

the unsubstituted O-VBX.58 remained stable over time and could be obtained in good yield. This result 

is in agreement with the high energy computed for the formation of O-alkynes (see section 4.5). In 

contrast to the successful alkyl-EBX reagents, bioconjugate O-VBX.59 and O-VBX.60 could not be 

generated under the reaction conditions, which could be due to the low solubility of TIPS- and Ph-EBX 

reagents (EBX.24 and  EBX.16) in aqueous media. The low solubility of p-NO2 substituted EBX (EBX.25) 

also leads to low conversion to O-VBX.61. Interestingly, when we used the water-soluble EBX (EBX.26) 

bearing a sulfonate on the aromatic ring, only traces of bioconjugate O-VBX.62 was formed. In fact, in 

aqueous media, EBX.26 was reported to be less reactive and to preferably undergo thio-alkynylation 

instead of S-VBX formation with cysteine nucleophiles.13 The S-VBX products could be observed as a 

minor product, which could suggest either that an α-addition mechanism was favored or that 1,2-

sulfur shift was accelerated (see section 2.3.4.1).14 In contrast, EBX with no substitution on the 

aromatic core, such as EBX.20, led exclusively to S-VBX products via a β-addition pathway.2 In our case, 

if an α-addition would occur with tyrosine, an O-alkynylation product would be obtained. However, to 

our knowledge, such reactivity was not reported with EBX reagents and phenol nucleophiles, and the 

corresponding ynol-ether would be expected to be unstable.   

                                                            
8 Brand, J. P.; Waser, J. Synthesis 2012, 44, 1155−1158.   
9 Brand, J. P.; Chevalley, C.; Scopelliti, R.; Waser, J. Chem. Eur. J. 2012, 18, 5655−5666. 
10 Huang, H.; Zhang, G.; Gong, L.; Zhang, S.; Chen, Y. J. Am. Chem. Soc. 2014, 136, 2280−2283.   
11 A. Kumar Mishra, R. Tessier, D. Prasad Hari, J. Waser, Angew. Chem. Int. Ed. 2021, 60, 17963 – 17968.   
12 Tessier, R.; Nandi, R. K.; Dwyer, B. G.; Abegg, D.; Sornay, C.; Ceballos, J.; Erb, S.; Cianférani, S.; Wagner, A.; 
Chaubet, G.; Adibekian, A.; Waser, J. Angew. Chem. Int. Ed. 2020, 59, 10961–10970. 
13 Mishra, A. K.; Tessier, R.; Hari, D. P.; Waser, J. Angew. Chem. Int. Ed. 2021, 60, 17963-17968. 
14 Frei, R.; Wodrich, M. D.; Hari, D. P.; Borin, P.-A.; Chauvier, C.; Waser, J. J. Am. Chem. Soc. 2014, 136, 16563–
16573. 
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Scheme 7.3: Scope of EBX reagents for tyrosine bioconjugation on β-casomorphin human peptide.  
Reaction conditions: β-Casomorphin human peptide 7.7d (1.0 μmol), EBX (3.0 equiv), 100 mM pH 9.0 Tris (2% v/v DMSO), 2 
mM, 37 °C, 24 h. HPLC-MS yields are given. The yields were approximated as the ratio of Aprod/Atotal where Aprod = area 
in mAU of the product peak and Atotal = area in mAU of all peptides products (product, starting material, and side products 
if present).  

Rhodamine-EBX (EBX.22) was also used to label jagaricin lipopetide (7.7i) and the corresponding O-

VBX (O-VBX.53) was isolated in 20% yield. The isolated bioconjugate (O-VBX.53) could be used as a 

fluorescent stain in Candida albicans cells (Figure 7.1). The cells were incubated with the jagaricin-

conjugate (O-VBX.53) or rhodamine B (7.8) and microscopy experiments were performed. According 

to the brightfield images, the bioconjugate O-VBX.53 shows a distinct and specific staining pattern in 

comparison to rhodamine B (7.8), which shows a low fluorescent signal. The labelled jagaricin (O-

VBX.53) seems to localize within both hypha and yeast cells and does not bind the surface of the fungal 

cells, as it does not co-localize with the chitin in the cell wall, which are stained with calcofluor white.15 

                                                            
15 The microscopy experiments were performed by Jakob L. Sprague from the Department of Microbial 
Pathogenicity Mechanisms, Leibniz Institute for Natural Product Research and Infection Biology (Germany). 
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Figure 7.1: Brightfield images of Candida albicans incubated with O-VBX.63 or rhodamine B 7.8 overlayed with 
the fluorescence signals for calcofluor white stain (blue) and rhodamine B (orange). 

7.3 Functionalization of proteins and antibody 

7.3.1 Optimization of the conditions on proteins 

The high functional group tolerance, as well as the high chemo-selectivity and good conversion 

observed on peptides, drove us to assess the capacity of EBX.20 to label tyrosine on proteins. We first 

studied myoglobin 7.9a, a 17 kDa commercially available protein that contains 2 tyrosine residues. 

The hemeprotein is found in cardiac and skeletal muscle tissue and has for main function to supply 

oxygen to the cells.16  To simplify the optimization, the conversion was evaluated by the relative 

abundance of the expected O-VBX bioconjugate compared to the native protein, without taking into 

account the potential side products. The previously optimized conditions were first applied on protein 

7.9a and the mass of the mono-functionalized bioconjugate product O-VBX.64 could be observed by 

mass spectrometry analysis, however, with a low intensity (Table 7-4, entry 1). In order to improve 

the conversion, the equivalents of EBX.20 were increased, but the high excess of reagent was 

preventing from proper mass analysis (entries 2-3). Purifications by centrifugation or by ZipTip® were 

performed, but in both cases decomposition of the protein occurred.17 In fact, we could observe that 

high concentration led to aggregation of the protein that could not be further analyzed. We then 

decreased the protein concentration from 2 mM to 10 µM (entry 4). At lower concentration, even in 

presence of higher excess of EBX, the protein could be analyzed directly using size exclusion 

chromatography (SEC), with no need for purification to remove the excess of reagent. Despite better 

analysis, at this concentration, using 12 or 30 equivalents of EBX only allowed a low formation of the 

                                                            
16 Gros, G.; Wittenberg, B. A.; Jue, T. J. Exp. Biol. 2010, 213, 2713–2725.  
17 The ZipTip® pipettes are pipettes tip with a bed of chromatography media (C18 and C4 reversed-phase) fixed 
at its end used to concentrate, desalt and purify peptide, protein or oligonucleotide samples.  
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mono-labelled protein O-VBX.64 and most of the protein 7.9a remained intact (entries 4-5). Increasing 

to 90 equivalents only provided a slight improvement in the conversion (entry 6). Finally, decreasing 

the concentration to 1 µM did not enable the reaction to proceed and only traces of bioconjugate 

could be observed with 30 equivalents of EBX. 

Table 7-4: Optimization of O-VBX formation on myoglobin protein 7.9a. 

 

Sequence: 

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKF

KHLKTEAEMKASEDLKKHGTVVLTALGGILKKKGHHEAELKPLAQSH

ATKHKIPIKY(103)LEFISDAIIHVLHSKHPGDFGADAQGAMTKALEL

FRNDIAAKY(146)KELGFQG 

Entry Conditions Results 

1 
2 mM in Tris buffer (100 mM, pH 9.0, 2% v/v DMSO) 

3.0 equiv EBX, 37 °C, 24 h 
Traces 

2 
2 mM in Tris buffer (100 mM, pH 9.0, 2% v/v DMSO) 

12.0 equiv EBX, 37 °C, 24 h 

Decomposition during 

purification 

3 
2 mM in Tris buffer (100 mM, pH 9.0, 2% v/v DMSO) 

30.0 equiv EBX, 37 °C, 24 h 

Decomposition during 

purification 

4 
10 µM in Tris buffer (100 mM, pH 9.0, 2% v/v DMSO) 

12.0 equiv EBX, 37 °C, 24 h 
13%  

5 
10 µM in Tris buffer (100 mM, pH 9.0, 2% v/v DMSO) 

30.0 equiv EBX, 37 °C, 24 h 
15%  

6 
10 µM in Tris buffer (100 mM, pH 9.0, 2% v/v DMSO) 

90.0 equiv EBX, 37 °C, 24 h 
20%  

7 
1 µM in Tris buffer (100 mM, pH 9.0, 2% v/v DMSO) 

30.0 equiv EBX, 37 °C, 24 h 
Traces 

Reactions conditions: Myoglobin protein 7.9a (0,25 µmol), EBX.20, 100 mM pH 9.0 Tris (2% v/v DMSO), 37 °C, 24 h. The 
percentage corresponds to the relative abundance of the peak compared to the highest peak (peak of the native protein). 

We continued our investigation with another commercially available protein, chymotrypsinogen A 

7.9b, an inactive precursor of chymotrypsin, a digestive enzyme that breaks proteins down into 

smaller peptides.18 Chymotrypsinogen A (7.9b) is a 25.7 kDa protein that contains 4 tyrosine residues. 

Again, we tested the conditions optimized for peptides and we observed similar results as for 

myoglobin (7.9a) (Table 7-5). At a concentration of 2 mM, only traces of mono-labelled bioconjugates 

O-VBX.65 could be detected with 3 equivalents of EBX.20 (entry 1). Increasing the equivalents of 

EBX.20 to 12 and 30 equivalents only led to decomposition of the protein during the purification steps 

(entries 2-3). As previously, decreasing the concentration to 10 µM allowed to prevent aggregation 

                                                            
18 Campbell, Mary K.; Farrell, Shawn O. Biochemistry (7th ed.). Brooks/Cole, Cengage Learning, 2011, p 176. 
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during purification and to obtain the desired product O-VBX.65 in a low amount using 12 equivalents 

of EBX.20 (entry 4). Unfortunately, further tests with higher equivalents of the tagging agent EBX.20 

showed that the reaction was not reproducible on chymotrypsinogen A (7.9b) and that the protein 

has the tendency to aggregate rapidly, even at lower concentrations (entries 5-6).  

Table 7-5: Optimization of O-VBX formation on chymotrypsinogen A protein 7.9b. 

 

Sequence: 

CGVPAIQPVLSGLSRIVNGEEAVPGSWPWQVSLQDKTGFHFCG

GSLINENWVVTAAHCGVTTSDVVVAGEFDQGSSSEKIQKLKIAK

VFKNSKY(94)NSLTINNDITLLKLSTAASFSQTVSAVCLPSASDDF

AAGTTCVTTGWGLTRY(146)TNANTPDRLQQASLPLLSNTNCK

KY(171)WGTKIKDAMICAGASGVSSCMGDSGGPLVCKKNGAW

TLVGIVSWGSSTCSTSTPGVY(227)ARVTALVNWVQQTLAAN 

Entry Conditions Results 

1 
2 mM in Tris buffer (100 mM, pH 9.0, 2% v/v DMSO) 

3.0 equiv EBX, 37 °C, 24 h 
Traces 

2 
2 mM in Tris buffer (100 mM, pH 9.0, 2% v/v DMSO) 

12.0 equiv EBX, 37 °C, 24 h 

Decomposition during 

purification 

3 
2 mM in Tris buffer (100 mM, pH 9.0, 2% v/v DMSO) 

30.0 equiv EBX, 37 °C, 24 h 

Decomposition during 

purification 

4 
10 µM in Tris buffer (100 mM, pH 9.0, 2% v/v DMSO) 

12.0 equiv EBX, 37 °C, 24 h 
24% conversion 

5 
10 µM in Tris buffer (100 mM, pH 9.0, 2% v/v DMSO) 

30.0 equiv EBX, 37 °C, 24 h 
Decomposition 

6 
10 µM in Tris buffer (100 mM, pH 9.0, 2% v/v DMSO) 

90.0 equiv EBX, 37 °C, 24 h 
Decomposition 

Reactions conditions: Chymotrypsinogen A protein (7.9b) (0,25 µmol), EBX.20, 100 mM pH 9.0 Tris (2% v/v DMSO), 37 °C, 
24 h. The percentage corresponds to the relative abundance of the peak compared to the highest peak (peak of the native 
protein). 

We then decided to test the bioconjugation reaction on the small regulatory protein ubiquitin 7.9c 

(8.6 kDa), which contains 1 tyrosine. Ubiquitin regulates a wide variety of biological processes and the 

ubiquitination of a protein most commonly results in the degradation of the protein.19 Under the 

previously optimized conditions for peptides, no labelling occurred and no traces of O-VBX product 

(O-VBX.66) could be detected (Table 7-6, entry 1). We deducted that the Y(59) residue of the protein 

7.9c should be buried within the proteins structure or involved in hydrogen bonding that contributes 

to the stability of the protein.20 We then decided to use denaturing conditions to allow access to the 

residue Y(59). We were pleased to see that using a 6.0 M solution of guanidine hydrochloride 

(GdmHCl) in Tris buffer (100 mM, pH 9.0) and 10 equivalents of EBX.20, mono-labelled protein (O-

                                                            
19 Pickart, C. M.; Eddins, M. J. Biochim. Biophys. Acta, Mol. Cell Res. 2004, 1695, 55–72. 
20 Vijay-Kumar, S.; Bugg, C. E.; Wilkinson, K. D.; Cook, W. J. Proc. Natl. Acad. Sci. USA.  1985, 82, 3582–3585.  
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VBX.66) could be obtained in a low amount (entry 2). The reaction was however less clean than with 

peptides, and the use of higher amount of EBX led to more side products. Increasing the amount of 

EBX.20 to 50 equivalents did not improve the conversion and led to degradation of the protein after 

24 hours of reaction (entry 3). Fortunately, using the same excess of EBX but at a lower concentration 

of 100 µM, the O-VBX protein (O-VBX.66)  could be obtained as the main product (entry 4). However 

a high number of side products could be observed. Decreasing the concentration to 10 µM and 1 µM 

drastically decreased the conversion to O-VBX (entries 5-6). The product formation could be however 

slightly restored at 1 µM using 1000 equivalents of EBX.20 (entry 7). At 100 µM, higher amount of EBX 

led to the desired bioconjugate as the main product after only 8 hours, however with a higher number 

of side products (entry 8) than previously (entry 4). Finally, in order to prevent side products 

formation, we tested the bioconjugation using only 10 equivalents of EBX.20 and increased the 

reaction time to 72 hours (entry 9). Similar results as with 50 equivalents and 24 hours reaction time 

(entry 4) could be obtained, however, with less side reactions and therefore cleaner spectrum. Finally, 

the two best conditions (entries 4 and 9) were repeated in Tris buffer with no denaturing reagent and 

the bioconjugations were inefficient (entries 10-11). 

Table 7-6: Optimization of O-VBX formation on ubiquitin protein 7.9c. 

 

Sequence: 

MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDG

RTLSDY(59)NIQKESTLHLVLRLRGG 

Entry Conditions Results 

1 
2 mM in Tris buffer (100 mM, pH 9.0, 2% v/v DMSO) 

3.0 equiv EBX, 37 °C, 24 h 
No conversion 

2 

2 mM in denaturing Tris buffer  

(6.0 M GdmHCl in 100 mM Tris, pH 9.0, 2% v/v DMSO) 

10.0 equiv EBX, 37 °C, 24 h 

20% 

3 

2 mM in denaturing Tris buffer  

(6.0 M GdmHCl in 100 mM Tris, pH 9.0, 2% v/v DMSO) 

50.0 equiv EBX, 37 °C, 24 h 

Decomposition 

4 

100 µM in denaturing Tris buffer  

(6.0 M GdmHCl in 100 mM Tris, pH 9.0, 2% v/v DMSO) 

50.0 equiv EBX, 37 °C, 24 h 

Main product (176%) 

5 

10 µM in denaturing Tris buffer  

(6.0 M GdmHCl in 100 mM Tris, pH 9.0, 2% v/v DMSO) 

50.0 equiv EBX, 37 °C, 24 h 

9% 

6 
1 µM in denaturing Tris buffer  

(6.0 M GdmHCl in 100 mM Tris, pH 9.0, 2% v/v DMSO) 
3% 
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50.0 equiv EBX, 37 °C, 24 h 

7 

1 µM in denaturing Tris buffer  

(6.0 M GdmHCl in 100 mM Tris, pH 9.0, 2% v/v DMSO) 

1000 equiv EBX, 37 °C, 24 h 

24% 

8 

100 µM in denaturing Tris buffer  

(6.0 M GdmHCl in 100 mM Tris, pH 9.0, 2% v/v DMSO) 

100 equiv EBX, 37 °C, 8 h 

Main product (132%) 

9 

100 µM in denaturing Tris buffer  

(6.0 M GdmHCl in 100 mM Tris, pH 9.0, 2% v/v DMSO) 

10.0 equiv EBX, 37 °C, 72 h 

63% 

10 
100 µM in Tris buffer (100 mM, pH 9.0, 2% v/v DMSO) 

50.0 equiv EBX, 37 °C, 24 h 
7% 

11 
100 µM in Tris buffer (100 mM, pH 9.0, 2% v/v DMSO) 

10.0 equiv EBX, 37 °C, 72 h 
No conversion 

Reactions conditions: Ubiquitin protein 7.9c (1.0 nmol), EBX.20, 100 mM pH 9.0 Tris (2% v/v DMSO), 37 °C, 24 h. The 
percentage corresponds to the relative abundance of the peak compared to the highest peak (peak of the native protein). 

The best conditions obtained previously for ubiquitin 7.9c were then tested on myoglobin 7.9a, on a 

small 1 nmol scale (Table 7-7). In denaturing buffer, both conditions allowed to mono-label myoglobin 

7.9a with EBX.20 with moderate to good conversion (entries 1-2). Under native conditions only low 

formation of O-VBX.64 was however observed (entries 3-4), which could be due to the low 

accessibility of the tyrosine residues. The reaction conditions were also tested on streptavidin 7.9d, a 

tetrameric recombinant protein (52 kDa), which contains 6 tyrosine residues per monomer (13 kDa).21 

In contrast to myoglobin 7.9a, good complementary results were obtained under both denaturing and 

native conditions. In presence of GdmHCl, tetra-labelled protein (O-VBX.67) was obtained with 50 

equivalents of EBX.20 (entry 5) whereas di-labelling was observed with only 10 equivalents of EBX.20 

(entry 6), however, in lower percentage. In absence of the denaturing agent, similar di-labelled 

streptavidin could be obtained in better conversion using 50 equivalents of EBX (entry 7). Finally, by 

lowering the equivalents to 10 and using a longer reaction time, mono-labelling of streptavidin 7.9d 

could be achieved (entry 8).  

  

                                                            
21 Dundas, C. M.; Demonte, D.; Park, S. Appl. Microbiol. Biotechnol. 2013, 97, 9343–9353.  
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Table 7-7: O-VBX formation on myoglobin 7.9a and streptavidin 7.9d proteins. 

Entry Protein Conditions Results 

1 
Myoglobin 

7.9a 

100 µM in denaturing Tris buffer 

(6.0 M GdmHCl in 100 mM Tris, pH 9.0, 2% v/v DMSO) 

50.0 equiv EBX, 37 °C, 24 h 

52% 

2 
Myoglobin 

7.9a 

100 µM in denaturing Tris buffer 

(6.0 M GdmHCl in 100 mM Tris, pH 9.0, 2% v/v DMSO) 

10.0 equiv EBX, 37 °C, 72 h 

Main product 

(150%) 

3 
Myoglobin 

7.9a 

100 µM in Tris buffer (100 mM, pH 9.0, 2% v/v DMSO) 

50.0 equiv EBX, 37 °C, 24 h 
11% 

4 
Myoglobin 

7.9a 

100 µM in Tris buffer (100 mM, pH 9.0, 2% v/v DMSO) 

10.0 equiv EBX, 37 °C, 72 h 
14% 

5 
Streptavidin 

7.9d 

100 µM in denaturing Tris buffer 

(6.0 M GdmHCl in 100 mM Tris, pH 9.0, 2% v/v DMSO) 

50.0 equiv EBX, 37 °C, 24 h 

Main product 

(230%, 4 sites 

labeled) 

6 
Streptavidin 

7.9d 

100 µM in denaturing Tris buffer 

(6.0 M GdmHCl in 100 mM Tris, pH 9.0, 2% v/v DMSO) 

10.0 equiv EBX, 37 °C, 72 h 

50% (2 sites 

labeled) 

7 
Streptavidin 

7.9d 

100 µM in Tris buffer (100 mM, pH 9.0, 2% v/v DMSO) 

50.0 equiv EBX, 37 °C, 24 h 

Main product 

(184%, 2 sites 

labeled) 

8 
Streptavidin 

7.9d 

100 µM in Tris buffer (100 mM, pH 9.0, 2% v/v DMSO) 

10.0 equiv EBX, 37 °C, 72 h 

82% 

(1 site labeled) 

Reactions conditions: protein (1.0 nmol), EBX.20, 100 mM pH 9.0 Tris (2% v/v DMSO), 37 °C, 24 h. The percentage 
corresponds to the relative abundance of the peak compared to the highest peak (peak of the native protein). 

The streptavidin labelling reaction with EBX.20 was clean and under native conditions no side products 

were generated. A few side products could be observed under denaturing conditions, in however low 

amount compared with other proteins. In fact, side products could be observed by mass analysis for 

the bioconjugation of ubiquitin 7.9c and myoglobin 7.9a, but could however not be identified. The 

proteins 7.9c and 7.9a were submitted to the reaction conditions with no addition of EBX reagent 

(EBX.20) and the native proteins remained stable with no decomposition. Based on HRMS analysis of 

the proteins fragments we hypothesized that the side products were originated from reactions with 

fragments coming from EBX decomposition. The accessibility of the tyrosine on the protein was a 

crucial parameter of the reaction in order to avoid using denaturing conditions, but also for the 

conversion of the reaction. In fact, despite the good results obtained, the tagging of the 52 kDa 

streptavidin 7.9d was incomplete and some native proteins remained unlabeled at the end of the 

reaction. Using another mutant 66 kDa streptavidin 7.9e, the conversion could be increased to nearly 

full conversion, confirming that the efficiency of the reaction is dependent of the protein (see section 

7.5).  
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7.3.2 Scope of proteins 

With the optimized conditions in hand, we repeated the transformation on scope scale (10 nmol) for 

each protein and performed further mass spectrometry analysis to confirm the chemo- and/or site-

selectivity of the reaction (Figure 7.2). The yields were determined on deconvoluted mass spectrum 

by a ratio corresponding to the signal intensity of all the EBX-functionalized products mass over the 

sum of the intensities of all other products with a threshold of 5% intensity. The regulatory protein 

ubiquitin 7.9c, which contains 1 tyrosine, successfully reacted under denaturing conditions with 10 

equivalents of N3-EBX (EBX.20) to give modified VBX-ubiquitin (O-VBX.66) in 24% yield with selective 

modification of residue Y59, as confirmed by targeted top-down mass spectrometry analysis 

(conditions Aa). Higher conversion could be obtained using 50 equivalents of EBX.20, but without 

increase in yield of O-VBX.66 due to side reactions (conditions Ba). Similarly, myoglobin 7.9a, which 

contains 2 tyrosine residues, could be mono-labelled by reagent EBX.20 to give the VBX-protein (O-

VBX.64) in 19% yield with 10 equivalents (conditions Aa) and in a lower 10% yield with 50 equivalents 

(conditions Ba), again because of increase of side reactions and incomplete conversion. Chemo- and 

site-selectivity was achieved on the more reactive tyrosine Y146 of myoglobin. Finally, under native 

conditions, 10 equivalents of EBX.20 allowed to mono-label the tetrameric recombinant protein 

streptavidin 7.9d (52 kDa) on the most accessible tyrosines Y31, Y42, Y48 or Y71 to give O-VBX.67 in 

45% yield after 72 hours of reaction (conditions A). This result reflects the reactivity and accessibility 

of these tyrosine residues compared to Y10 and Y84, which were not modified. Increasing the amount 

of EBX.20 to 50 equivalents allowed to doubly modify the protein in 65% yield after 24 hours of 

incubation (conditions B). Again, only Y31, Y42, Y48 and Y71 residues were functionalized. Under 

denaturing conditions, the 4 reactive tyrosine residues could be labelled in 56% yield, with however a 

slight increase of side products formation (conditions Ba). 
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Figure 7.2: Scope of protein functionalization with N3-EBX (EBX.20).  
Conditions A: Protein (10.0 nmol), EBX.20 (10.0 equiv), 100 μM in Tris buffer (100 mM, pH 9.0), 72 h. Conditions B: Protein 
(10.0 nmol), EBX.20 (50.0 equiv), 100 μM in Tris buffer (100 mM, pH 9.0), 24 h. The ratio indicated corresponds to the signal 
intensity of all the functionalized products mass over the sum of the intensities of all other products with a threshold of 5% 
intensity. aDenaturing conditions: Tris buffer (100 mM, pH 9.0, 6.0 M GdmHCl). 
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7.3.3  Functionalization of antibody  

We then decided to investigate the functionalization of more accessible tyrosine in order to improve 

the conversion of the bioconjugation transformation. Trastuzumab 7.9f, a 148 kDa monoclonal 

antibody used to treat breast cancer,22 contains a high number of tyrosine residues including some 

with high accessibility and reactivity.23 We first tested the developed methodology on trastuzumab 

7.9f using the conditions optimized previously for proteins. Under native conditions, both conditions 

(100 μM in Tris buffer with 10 equivalents of EBX.20 for 72 h or 50 equivalents of EBX.20 for 24 h) led 

to precipitation of the antibody, which could be due to the concentration of the reaction or the excess 

of EBX reagent. Therefore, we decreased the concentration to 10 μM and the excess of EBX to 5 

equivalents and we were pleased to see that VBX-trastuzumab (O-VBX.68) could be obtained under 

mild conditions without denaturation, with complete conversion after 4 hours (Scheme 7.4, A). 

Despite the glycans present on the heavy chains, the labelling occurred efficiently with an average of 

2 EBXs per antibody. A longer reaction time of 24 hours allowed to reach a higher degree of 

bioconjugation, with the addition of 4 EBXs (Scheme 7.4, B). A higher excess of EBX.20 (10 equivalents) 

led to bioconjugation of up to 7 EBXs after 24 hours of reaction, but the number of side products 

generated was increased. 

 

Scheme 7.4: Trastuzumab 7.9f functionalization with N3-EBX (EBX.20).  
Reaction conditions: Trastuzumab 7.9f (1.0 nmol), EBX.20 (5.0 equiv), 10 μM in Tris buffer (100 mM, pH 9.0), 37 °C, 4 h (A), 
24 h (B).  

                                                            
22 Nahta, R.; Esteva, F. J. Oncogene 2007, 26, 3637–3643. 
23 Sato, S.; Matsumura, M.; Kadonosono, T.; Abe, S.; Ueno, T.; Ueda, H.; Nakamura, H. Bioconjug. Chem. 2020, 
31, 1417–1424. 
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7.4 O-VBX bioconjugates functionalization 

7.4.1  Click chemistry 

The potential of the obtained O-VBX bioconjugates for further functionalization was then investigated. 

Bioconjugation with EBX.20 bearing an azide handle allowed us to first study functionalization by click 

reactions. The Copper-catalyzed alkyne-azide cycloaddition (CuAAC) reaction is a method of 

widespread utility in many fields including chemical biology.24 However, previous studies in our group 

have demonstrated that the CuAAC reaction was not tolerated in the presence of hypervalent iodine. 

In fact, when submitting to standard conditions for CuAAC, degradation of EBX.20 was observed and 

the desired click product 7.11 could not be obtained despite further optimization (Scheme 7.5).25 It 

was speculated that the decomposition could be due to the high reactivity of EBX reagents in presence 

of copper catalyst.   

 

Scheme 7.5: Attempts for CuAAC between EBX.20 and phenyl acetylene 7.10.  

To avoid degradation caused by the presence of copper, we decided to study the metal-free Strain-

promoted alkyne-azide cycloaddition (SPAAC) reaction.26 In this case, instead of being activated by 

Cu(I), the alkyne is introduced in a cyclooctyne ring and the click reaction is driven by strain release. 

Diverse cyclooctynes containing various biorelevant structures, such as fluorescent probes, are 

commercially available, but are usually expensive. Therefore, we synthesized different functionalized 

bicyclononyne (BCN) reagents. To do so, we followed a procedure reported by the group of Prof. van 

Delft.27 Starting from cyclooctadiene 7.12, a rhodium-catalyzed cyclopropanation with ethyl 

diazonium acetate 7.13 allowed to obtain the two diastereoisomers endo-7.14a and exo-7.14b that 

were easily separated by column chromatography. 

                                                            
24 (a) Meldal, M.; Tornøe, C. W. Chem. Rev. 2008, 108, 2952–3015. (b) Zheng, T.; Rouhanifard, S. H.; Jalloh, A. S.; 
Wu, P. Click Triazoles for Bioconjugation. In Click Triazoles; Košmrlj, J., Ed.; Topics in Heterocyclic Chemistry; 
Springer: Berlin, Heidelberg, 2012; pp 163–183. 
25 This study was performed by Romain Tessier, a former PhD student in the group. 
26 (a) Agard, N. J.; Baskin, J. M.; Prescher, J. A.; Lo, A.; Bertozzi, C. R. ACS Chem. Biol. 2006, 1, 644–648. (b) Jewett, 
J. C.; Bertozzi, C. R. Chem. Soc. Rev. 2010, 39, 1272–1279.  
27 J. Dommerholt, S. Schmidt, R. Temming, L. J. A. Hendriks, F. P. J. T. Rutjes, J. C. M. van Hest, D. J. Lefeber, P. 
Friedl, F. L. van Delft, Angew. Chem. Int. Ed. 2010, 49, 9422–9425. 
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Scheme 7.6: Rhodium-catalyzed cyclopropanation of cyclooctadiene 7.12. 

The synthesis was followed by a multistep procedure (Scheme 7.7). Reduction of the ester of endo-

BCN 7.14a to the alcohol was first performed using lithium aluminum hydride. Then dibromination of 

the alkene moiety was performed by treatment with bromine. Finally, elimination in presence of 

potassium tert-butoxide afforded endo-BCN 7.17 in 59% yield over the three steps. 

 

Scheme 7.7: Multistep procedure for the synthesis of endo-BCN 7.17. 

The endo-BCN 7.17 was finally converted to PEG-BCN 7.21 using a two steps procedure with first 

esterification of the alcohol with 4-nitrophenyl chloroformate 7.18 and then amidation with 1,8-

diamino-3,6-dioxaoctane 7.20. 

 

Scheme 7.8: Synthesis of PEG-BCN 7.21. 

With the PEG-BCN precursor 7.21 in hand, we decided to synthesize 3 different click partners bearing 

a biotin, a fluorophore and a sugar unit attached to the PEG chain (Scheme 7.9). Biotin-BCN 7.22a was 

synthesized by coupling of PEG-BCN 7.21 with an NHS-activated biotin-functionalized ester 7.23, 

leading to a stable amide bond. Fluorescein-BCN 7.22b and sugar-BCN 7.22c were obtained by urea 

formation with the corresponding isothiocyanates partners 7.24 and 7.25.  
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Scheme 7.9: Small library of BCN reagents 7.22 for SPAAC reaction. 

We then tested the copper-free SPAAC, taking advantage of the azide moiety on the labelled AFYA-

NH2 tetramer O-VBX.31 (Scheme 7.10). Following similar conditions previously reported in our group,2 

in Tris buffer, an excess of PEG-functionalized BCN 7.21 efficiently reacted with the azide functional 

group of O-VBX.31, leading to bioconjugate 7.26 in 51% isolated yield after purification by reverse 

phase preparative HPLC. The reaction proceed at room temperature and complete conversion was 

achieved after 2 hours of reaction. According to HPLC analysis of the crude of the reaction, the only 

side product generated was a low amount of iodobenzoic acid 7.3. 

 

Scheme 7.10: SPAAC functionalization of O-VBX.31. 

The good result obtained on tetramer encouraged us to apply the SPAAC functionalization on more 

complex peptides (Scheme 7.11). To improve the efficiency of the transformation we decided to 

proceed through a one-pot two-step procedure starting from the unlabeled peptide, with first O-VBX 

formation, followed by SPAAC. The yields of the reactions were monitored by HPLC-UV and the 

chemoselectivity of the peptides tagging was confirmed by MS/MS analysis. The labelling was first 

tested on the commercially available β-casomorphin human 7.7d. In Tris buffer, the N-terminal 

tyrosine residue was first labelled with N3-EBX (EBX.20) to generate O-VBX.48, as confirmed by HPLC 
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analysis. Then, 3 equivalents of PEG-BCN 7.21 in solution in DMSO were directly added to the crude 

of the reaction and the mixture was shaken at room temperature for 2 hours. Gratefully, bioconjugate 

7.27a was obtained in a good 86% HPLC yield. The reaction was clean, with however an additional side 

product compared to previously (Scheme 7.10) coming from the click reaction of PEG-BCN 7.21 with 

N3-VBX 7.4 formed during the first step. The more complexes biotin-BCN 7.22a, fluorescein-BCN 7.22b 

and glucose-BCN 7.22c also successfully provided bioconjugates 7.27b, 7.27c and 7.27d in good yields 

after O-VBX labelling and SPAAC reaction. Supplementary side products could be observed for the 

formation of fluorescein-functionalized β-casomorphin human 7.27c, but were coming from the BCN 

reagent 7.22b. The one-pot two-step procedure was finally performed on another commercially 

available peptide, vasopressin 7.7a. Similarly, labelling with EBX.20 followed by cycloaddition with the 

functionalized BCN 7.22a, 7.22b and 7.22c proceeded effectively, leading to bioconjugates 7.28a, 

7.28b and 7.28c in good HPLC yields.  

 

Scheme 7.11: One-pot two-steps labelling/SPAAC functionalization of peptides with BCN.  
Reaction conditions: β-Casomorphin human peptide 7.7d (1.0 μmol) or Vasopressin 7.7a (0.76 μmol), EBX.20 (3.0 equiv), 100 
mM pH 9.0 Tris (2% v/v DMSO), 2 mM, 37 °C, 24 h, then BCN (3.0 equiv) in DMSO, rt, 2h. HPLC-UV yield over two steps is 
given.  
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7.4.2 Suzuki-Miyaura cross-coupling 

We then investigated the reactivity of the remaining hypervalent iodine moiety contained in the O-

VBX bioconjugate. The hypervalent iodine bond displayed high reactivity for cross-coupling reactions 

under mild conditions, as described previously for small-molecule O-VBX (see section 5.1.1). Our group 

previously reported a Suzuki-Miyaura cross-coupling of the hypervalent iodine bond of S-VBX with 

boronic acids in aqueous media.2 During this work, an extensive optimization was achieved, in order 

to select the best palladium source and ligand for the transformation.28 Taking advantage of this work, 

we first decided to test the conditions reported. Coupling of isolated tetramer O-VBX.31 to para-

methoxyphenyl boronic acid 7.29a was performed using an excess of boronic acid and 1 equivalent of 

palladium complex Pd.1, which was prepared according to a reported procedure (Scheme 7.12).29 We 

were pleased to see that after 2 hours of reaction at 37 °C, complete conversion of the O-VBX.31 to 

the bioconjugate 7.30 was obtained, with no need for further optimization. The functionalized product 

7.30 could be isolated by preparative HPLC in 54% yield. During the reaction, iodobenzoic acid 7.3 was 

generated, as well as a low amount of dimer 7.31.   

 

Scheme 7.12: Suzuki-Miyaura functionalization of O-VBX.31. 

As for SPAAC, a one-pot two-step procedure was then tested on AFYA-NH2 (7.2a) and the desired 

bioconjugate 7.30 was obtained in quantitative HPLC yields after the two steps, which confirmed the 

efficiency of the protocol (Scheme 7.13).  

                                                            
28 This work was performed by Romain Tessier, a former PhD student in the group. 
29 (a) Latham, J.; Henry, J.-M.; Sharif, H.; Menon, B.; Shepherd, S.; Greaney, M.; Micklefield, J. Nat. Comm. 2016, 
7, 11873. (b) Chalker, J.; Wood, C.; Davis, B. J. Am. Chem. Soc. 2009, 131, 16346.   
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Scheme 7.13: One-pot two-step labelling/Suzuki-Miyaura functionalization of AFYA-NH2 7.2a with p-
methoxyphenyl boronic acid 7.29a. 

The Suzuki-Miyaura coupling was then tested on the more challenging β-casomorphin peptide 7.7d 

(Scheme 7.16). Using the one-pot two-step procedure peptide 7.7d was first tagged with EBX.20 and 

then coupled with 10 equivalents of p-methoxyphenyl boronic acid 7.29a. The desired bioconjugate 

7.32a was obtained as the main product in 78% HPLC-UV yield, in addition with iodobenzoic acid 7.3 

and dimer 7.31. The chemoselectivity of the peptides labelling was confirmed by MS/MS analysis. 

 

Scheme 7.14: One-pot two-step labelling/Suzuki-Miyaura functionalization of β-casomorphin peptide 7.7d 
with p-methoxyphenyl boronic acid 7.29a. 

Finally, we were interested in using biorelevant boronic acids, such as fluorescein-derivative boronic 

acid 7.29b (Scheme 7.15). The boronic acid was synthesized following a reported procedure, by 

substitution of 4-(bromomethyl)phenylboronic acid 7.33 with fluorescein 7.34.30 

 

Scheme 7.15: Synthesis of boronic acid 7.29b. 

The one-pot two-step procedure was then performed on β-casomorphin peptide 7.7d. With the 

previously optimized conditions, the first step allowed to generate the O-VBX intermediate. 

Surprisingly, when boronic acid 7.29b was used for the second step, the desired labelled peptide 7.32b 

could be found by HRMS, but could not be detected by HPLC. We envisioned that the low product 

formation could be due to the poor solubility of the coupling partner 7.29b in buffer. In order to 

                                                            
30 Gorityala, B. K.; Lu, Z.; Leow, M. L.; Ma, J.; Liu, X.-W. J. Am. Chem. Soc. 2012, 134, 15229–15232.  
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improve the solubility of the boronic acid, the ratio of DMSO was increased from 3% to 20% in the 

second step and the reaction was repeated. In this case, the product formation was again confirmed 

by HRMS. However, the peak corresponding to the desired product could still not be identified by 

HPLC. We, therefore, decided to increase the loading of palladium to 10 equivalents, in addition to the 

higher ratio of DMSO (Scheme 7.16). Under these conditions, the fluorescein-functionalized β-

casomorphin 7.32b could finally be detected by HPLC, however in a low 30% HPLC yield, mainly due 

to incomplete conversion of the O-VBX intermediate to the product 7.32b. This result shows that the 

efficiency of the Suzuki-Miyaura reaction depends on many parameters, including the nature of the 

boronic acid partner. Despite the low conversion obtained for 7.32b, the reaction conditions were not 

further optimized.  

 

Scheme 7.16: One-pot two-step labelling/Suzuki-Miyaura functionalization of β-casomorphin peptide 7.7d 
with fluorescein boronic acid 7.29b. 

7.4.3  Doubly orthogonal labelling 

Bioconjugation of tyrosine with EBX.20 allowed to install an O-VBX bioconjugate bearing two 

bioreactive handles. The azide group can react in SPAAC reaction, whereas the hypervalent iodine 

bond can undergo Suzuki-Miyaura coupling with boronic acid. The two functionalizations were 

previously optimized and tested separately on peptides but the orthogonality of the transformations 

was not assessed at this stage. We then wonder if a one-pot three-step process (labeling/Suzuki-

Miyaura/SPAAC or labeling/SPAAC/Suzuki-Miyaura) could be performed. To test the orthogonality, we 

decided to use PEG-BCN 7.21 and biotin-functionalized boronic acid 7.29c, which was synthesized by 

coupling of an amine boronic acid 7.35 with biotin 7.36 (Scheme 7.18). 

 

Scheme 7.17: Synthesis of boronic acid 7.29c. 

β-Casomorphin peptide 7.7d was submitted to the optimized conditions for O-VBX formation (Scheme 

7.18). The formation of the O-VBX intermediate was confirmed by HPLC. Then 10 equivalents of biotin-

functionalized boronic acid 7.29c were added to the reaction mixture, in addition with 1 equivalent of 

palladium complex Pd.1. Unlike with fluorescein boronic acid 7.29b, the Suzuki-Miyaura coupling was 

completed after 2 hours at 37 °C, with no need for further optimization. Therefore, the last step was 
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performed by addition of 3 equivalents of PEG-BCN 7.21 and the reaction mixture was shaken for an 

additional 2 hours at room temperature. The desired doubly-functionalized β-casomorphin peptide 

7.37 was obtained as the main product in 71% HPLC yield. The one-pot three-step procedure was also 

tested with first the click reaction followed by the palladium cross-coupling (labeling/SPAAC/Suzuki-

Miyaura) and a similar result was obtained, indicating that the order of the steps has no impact on the 

efficiency of the doubly orthogonal labelling. 

 

Scheme 7.18: Doubly-orthogonal reaction of β-casomorphin peptide 7.7d. 

During the doubly orthogonal labelling of β-casomorphin peptide 7.7d, the side products observed 

were iodobenzoic acid 7.3, dimer 7.38, a deboronated product 7.39 and a product from coupling with 

iodobenzoic acid 7.40 (Scheme 7.19). 

 

Scheme 7.19: Side products generated during the doubly-orthogonal reaction of β-casomorphin peptide 7.7d. 
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7.5 Application to the thiol-mediated cellular uptake of streptavidin31 

In collaboration with Prof. Matile and his co-workers, we employed the tyrosine bioconjugation 

methodology for the thiol-mediated cellular uptake of streptavidin.  

The cellular membrane provides a barrier to the passage of large, hydrophilic molecules, such as 

proteins, into the cytosol. Thiol-mediated cellular uptake is the entry of substrates into the cells and 

is postulated to be enabled by transporter units, oligochalcogenides, such as disulfides, or inhibited 

by thiol-reactive agents (Scheme 7.20). The key step of this mechanism is the dynamic covalent thiol-

disulfide exchange between disulfides of the substrate and exofacial thiols on the cell surface.32  

 

Scheme 7.20: Thiol-mediated cellular uptake and inhibition. 

In 2020, the group of Prof. Matile introduced cell-penetrating streptavidin (CPS) to exploit the 

streptavidin-biotin biotechnology in cellular uptake (Scheme 7.21).21,33 In fact, streptavidin is a 

tetramer that binds one biotin per monomer with exceptionally high affinity because the barrels close 

upon binding. The CPS were designed by covalent attach of cyclic oligochalcogenides (COCs) 

transporters 7.42 to lysine residues. Lysines of wild-type streptavidin reacted first with NHS-activated 

ester 7.41 bearing an azide handle, which could then be clicked with the transporter 7.42 through 

CuAAC. In contrast to the usual methodology developed for cellular uptake with streptavidin,34 all four 

biotin-binding sites remained free for target delivery. Therefore, HaloTag-GFP fusion proteins were 

successfully targeted using CPS carrying two different biotinylated ligands, such as HaloTag substrates 

or anti-GFP nanobodies, and substrates such as fluorophore or peptide nucleic acids. The delivered 

substrates could be released from CPS into the cytosol through desthiobiotin−biotin exchange.  

                                                            
31 This work was performed by Dr. John R. J. Maynard from the group of Prof. Stefan Matile. 
32 Laurent, Q.; Martinent, R.; Lim, B.; Pham, A.-T.; Kato, T.; López-Andarias, J.; Sakai, N.; Matile, S. JACS Au 2021, 
1, 710–728. 
33 López-Andarias, J.; Saarbach, J.; Moreau, D.; Cheng, Y.; Derivery, E.; Laurent, Q.; González-Gaitán, M.; 
Winssinger, N.; Sakai, N.; Matile, S. J. Am. Chem. Soc. 2020, 142, 4784–4792.  
34 Juanes, M.; Lostalé-Seijo, I.; Granja, J. R.; Montenegro, J. Chem. Eur. J. 2018, 24, 10689–10698.  
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Scheme 7.21: Cell-penetrating streptavidin. 

The use of lysine residues to attach transporters can however suffer from selectivity, making it difficult 

to control the number of covalently linked transporters, which has an important impact on the activity. 

With the good results obtained for the EBX bioconjugation to streptavidin (see section 7.3.2), we then 

wonder if the O-VBX bioconjugation could be applied to the thiol-mediated cellular uptake of 

streptavidin, in order to improve the selectivity. The orthogonal reactivities offered by the tyrosine 

modification with N3-EBX (EBX.20) would allow, following the O-VBX formation, functionalization of 

streptavidin with a lipophilic unit to target the cellular membrane, through Suzuki-Miyaura, and a 

transporter unit to enter the cell, using click reaction. COCs are powerful transporters for cell 

penetration, but their synthesis can be challenging. Therefore, we decided to use asparagusic acid 

(AspA) and cyclic thiosulfonate (CTO), which are easier to synthesize. Their synthesis started with 2-

(2-aminoethoxy)-N-(prop-2-yn-1-yl)acetamide 7.43 which was coupled with propargylamine 7.44 

followed by Fmoc-deprotected to give the precursor 7.47 in 88% yield (Scheme 7.22).  

 

Scheme 7.22: Synthesis of transporter precursor 7.47. 

Precursor 7.47 was then converted to AspA and CTO transporters 7.49 and 7.51 by amide coupling 

with AspA-NHS ester 7.48 and CTO-PNP ester 7.50 respectively (Scheme 7.23). 
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Scheme 7.23: Synthesis of AspA and CTO transporters 7.49 and 7.51. 

The CPS functionalized on tyrosine were then synthesized (Scheme 7.24). Using the previously 

developed conditions in Tris buffer, we were able to functionalize a 66 kDa streptavidin (7.9e) with 50 

equivalents of N3-EBX (EBX.20), leading to O-VBX.69 after purification through a desalting column.35 

According to mass spectrometry analysis, streptavidin proteins 7.9e were tagged with one to two 

EBXs, as previously observed on the 52 kDa streptavidin (see section 7.3.2). The hypervalent iodine 

bond of the O-VBX unit was then engaged in a palladium-catalyzed Suzuki-Miyaura cross-coupling with 

aromatic lipophilic 4-(trifluoromethyl)phenylboronic acid 7.29d,36 giving streptavidin 7.52 after 

purification. Compared to the conditions used on peptides (see section 7.2), a higher excess of boronic 

acid was used, as well as a higher loading of palladium complex Pd.1. The coupling was completed 

after 1 hour and confirmed by MALDI-MS analysis. Then, in absence of the hypervalent iodine bond, 

CuAAC click chemistry could be applied to 7.52 and AspA and CTO transporters (7.49 and 7.51) were 

successfully installed on streptavidin through the tyrosine residue. Finally, functionalized proteins 7.53 

and 7.54 were still easily complexed with 2 equivalents of a red fluorescent TAMRA-biotin derivative 

7.55.  

                                                            
35 Wild-type Streptavidin (7.9e, 66 kDa) was a generous gift provided by Prof. Thomas R. Ward (University of 
Basel). 
36 de Araujo, A. D.; Hoang, H. N.; Lim, J.; Mak, J.; Fairlie, D. P. Angew. Chem. Int. Ed. 2022, anie.202203995. 
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Scheme 7.24: Functionalization of streptavidin 7.9e with EBX.20 for thiol-mediated cellular uptake. 

To study the impact of the transporters, protein 7.52 was also complexed with TAMRA-biotin 7.55  to 

give complex 7.58, which served as a control. Uptake of complexes 7.56-58 was then studied in cells. 

HeLa MZ cells were incubated for 6 hours at 37 °C with 10 μM of the biotin-complexed functionalized 

protein 7.58, bearing no transporters, and with 7.56 or 7.57, carrying AspA and CTO transporters 

respectively. Live-cell imaging were taken at 37 °C and the fluorescent images were acquired with two 
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channels: blue for the cell-permeable stain Hoechst 33342 and red for the fluorescent TAMRA (Figure 

7.3). A diffuse pattern of fluorescence was observed in spinning disk confocal microscopy (SDCM) 

images for AspA 7.56 and CTO 7.57 complexes. In line with previous reports, this implied delivery to 

the cytosol rather than entrapment within endosomes following endocytosis. In contrast, N3-complex 

7.58 showed a punctate fluorescence indicative of endocytosis.37  

 

 

Figure 7.3: Functionalized-streptavidin-biotin complexes 7.56, 7.57 and 7.58 used for cellular uptake studies and 
enlarged image of HeLa MZ cells following 6 h incubation with 10 μM of 7.56, 7.57 and 7.58. Scale bars: 150 μm. 
Brightness and contrast were adjusted equally in all images. 

The data were quantified according to reported procedures (Figure 7.4).38 Integrated fluorescent 

intensity values showed a 3-fold increase in cellular uptake with streptavidin 7.56 functionalized with 

AspA compared to the N3 control 7.58 bearing no transporter, whereas CTO-functionalized 

streptavidin 7.57 displayed a higher 28-fold increase in cellular uptake versus N3 (7.58). These results 

were in accordance with the relative reactivities of the two transporter units in thiol-disulfide 

exchange, observed during previous studies on small molecule fluorophore cargoes.39  

                                                            
37 (a) Luther, D. C.; Jeon, T.; Goswami, R.; Nagaraj, H.; Kim, D.; Lee, Y.-W.; Rotello, V. M. Bioconjug. Chem. 2021, 
32, 891–896. (b) Du, S.; Liew, S. S.; Li, L.; Yao, S. Q. J. Am. Chem. Soc. 2018, 140, 15986–15996.  
38 (a) Cheng, Y.; Pham, A.-T.; Kato, T.; Lim, B.; Moreau, D.; López-Andarias, J.; Zong, L.; Sakai, N.; Matile, S. Chem. 
Sci. 2021, 12, 626–631. (b) Laurent, Q.; Martinent, R.; Moreau, D.; Winssinger, N.; Sakai, N.; Matile, S. Angew. 
Chem. Int. Ed. 2021, 60, 19102–19106.  
39 Kato, T.; Lim, B.; Cheng, Y.; Pham, A.-T.; Maynard, J.; Moreau, D.; Poblador-Bahamonde, A. I.; Sakai, N.; Matile, 
S. JACS Au 2022, 2, 839–852. 

N3 AspA CTO 
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Figure 7.4: Relative fluorescence intensities of live HeLa MZ cells in SDCM images following incubation with 10 
μM N3 7.58, AspA 7.56, or CTO 7.57. 

According to previous structure-activity relationships studies for cyclic thiosulfonate transporters and 

thiol-mediated uptake inhibitors, the presence of hydrophobic directing groups to target aprotic 

environments such as the cellular membrane and proteins, has a strong impact on the uptake.39 In 

fact, it was demonstrated that the proticity-dependent cascade exchange of cyclic thiosulfonates is 

enhanced in hydrophobic pockets. Therefore, in presence of the directing hydrophobic motif tert-

butyldimethylsilyl group, the reactivity of CTO transporters is enhanced. In addition, the 9-fold 

increase in uptake efficiency observed between AspA 7.56 and CTO 7.57 complexes exceeds the 3-

fold difference observed with small-molecule fluorophore cargoes.39 As cyclic thiosulfonate uptake 

has been shown to be more sensitive to hydrophobicity, the greater differential could result from the 

additional hydrophobic directing group provided by the CF3-aromatic unit. 

In conclusion, using the developed O-VBX bioconjugation methodology, streptavidin could be 

functionalized with transporters for efficient cytosolic delivery through thiol-mediated cellular uptake. 

This work further established that the functionalized streptavidin retains its structural integrity and 

activity to bind biotin, a crucial feature for applications in chemical biology. These results highlighted 

the possibilities offered by the dual, orthogonal functionalization available following EBX-tyrosine 

modification and indicate the potential of readily accessible, broadly stable cyclic thiosulfonates as 

transporters for the efficient cytosolic delivery of proteins via thiol-mediated uptake.   
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7.6 Reactivity investigation of O-VBX bioconjugates 

Finally, with the high reactivity of the hypervalent iodine bond, we wondered if other transformations 

than palladium catalyzed Suzuki-Miyaura cross-couplings could be performed under biocompatible 

conditions. Cross-linked peptides and peptide macrocycles are attractive and powerful classes of 

compounds due to their capacity to target protein-protein interactions.40 As a result, the development 

of synthetic methodologies for the synthesis of macrocycles, stapled and cross-linked peptides has 

been broadly investigated.  

In this context, we envisaged to use the reactivity of O-VBX reagents for the cross-linking of tyrosine 

with other amino acids, such as tryptophan (Table 7-8). We were first inspired by the work of Lavilla, 

who reported a C–H activation stapling between tryptophan and iodine modified-phenylalanine or 

tyrosine residues.41 The reaction was tested on the protected Z-AY-OMe O-VBX (O-VBX.29) with 

tryptophan 7.59. However, the reported conditions (10 mol% Pd(OAc)2, AgBF4 and pivalic acid in DMF 

under microwave irradiation at 80 °C for 20 min) led to decomposition of O-VBX.29 (entry 1). To 

prevent this decomposition, the same conditions were tested using a simple heating plate to prevent 

overheating (entry 2), but similar results were obtained and the desired cross-linking product 7.60 

could not be identified. We then decided to test the conditions developed by the Ackermann group, 

who reported a metal-free C-H arylation of non-natural tryptophan derivatives with diaryliodonium 

salts.42 Heating the dipeptide O-VBX.29 in DMF with tryptophan 7.59 did not allow to generate 

product 7.60 and no conversion was observed (entry 3). We then moved to conditions reported on 

natural tryptophan.43 The palladium-catalyzed C-H arylation with diaryliodonium salts was reported 

on protected tryptophan-containing peptides in acetic acid. Using O-VBX.29 instead of diaryliodonium 

salt did not allow the formation of the cross-linked product 7.60 and full decomposition occurred 

(entry 4). A reported ruthenium(II)-catalyzed C–H alkylation of 2-pyridyl protected-tryptophan residue 

with alkenes was then envisaged,44 and the reaction was tested with protected-indole 7.61. Full 

conversion of O-VBX.29 was observed, however, the desired product 7.62 could not be identified 

(entry 5). Finally, the tryptophan residue has been reported to react under visible light with various 

fluoroalkylated λ3-iodanes reagents under biocompatible conditions.45 The conditions were then 

tested on our model substrates, but no reaction occurred and the starting materials O-VBX.29 and 

7.59 could be recovered. 

  

                                                            
40 Fairlie, D. P.; Araujo, A. D. Pept. Sci. 2016, 106, 843–852.  
41 Mendive-Tapia, L.; Preciado, S.; García, J.; Ramón, R.; Kielland, N.; Albericio, F.; Lavilla, R. Nature Commun. 
2015, 6, 7160. 
42 Zhu, Y.; Bauer, M.; Ploog, J.; Ackermann, L. Chem. Eur. J. 2014, 20, 13099–13102. 
43 Zhu, Y.; Bauer, M.; Ploog, J.; Ackermann, L. Chem. Eur. J. 2015, 21, 9980–9983. 
44 Schischko, A.; Kaplaneris, N.; Rogge, T.; Sirvinskaite, G.; Son, J.; Ackermann, L. Nature Commun. 2019, 10, 3553. 
45 Rahimidashaghoul, K.; Klimánková, I.; Hubálek, M.; Matoušek, V.; Filgas, J.; Slavíček, P.; Slanina, T.; Beier, P. 
ChemPhotoChem 2021, 5, 43–50.  
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Table 7-8: O-VBX Z-AY-OMe (O-VBX.29) reaction with tryptophan. 

 

Entry Conditions Conversion Results 

1 
3.0 equiv AgBF

4
, 1.5 equiv Pivalic acid, 10 mol% Pd(OAc)

2
 

90 °C MW, 60 mM DMF, 20 min  
100 % Decomposition 

2 
3.0 equiv AgBF

4
, 1.5 equiv Pivalic acid, 10 mol% Pd(OAc)

2
 

90 °C, 60 mM DMF, 20 min 
100 % Decomposition 

3 100 °C, 25 mM DMF, 17h  - NR 

4 20 mol% Pd(OAc)
2
, 0.1 M AcOH, rt, 17h 100 % Decomposition 

5 
10 mol% [RuCl

2
(pcymene)]

2
, 0.25 M AcOH, 80 °C, 15 h, 

with 7.61 
100 % 

No product 
identified 

6 50 mM DMF:water 6:1, blue LEDs, rt, 16 h - NR 
Reactions conditions: O-VBX.29 (0.10 mmol), tryptophan (1.0 equiv). NR: no reactivity. 

 

As no good preliminary results were obtained with tryptophan residues, we decided to move to 

other models. Inspired by a reported room-temperature decarboxylative alkynylation of carboxylic 

acids,46 our group recently published a C-terminal bioconjugation of peptides using photoredox 

catalyzed decarboxylative alkynylation.47 We were then interested to see if an O-VBX bioconjugate 

could react with an α-amino radical, generated upon photoredox decarboxylation, to give a 

vinylated product (Table 5-9). Therefore, O-VBX.29 was submitted to the reported biocompatible 

conditions with both Cbz-protected proline 7.63a (entry 1) and alanine 7.63b (entry 2). However, 

according to HPLC analysis, the reaction only led to product 7.65, wich that could correspond to the 

hypervalent iodine reduction, and the desired products 7.64a and 7.64b were not formed. These 

results were consistent with the reactivity observed on small molecules O-VBX (see section 5.3) and 

with the work described by the Miyake group, who reported the cleavage of the hypervalent iodine 

bond of O-VBX reagents under blue LEDs irradiation.48 

 

                                                            
46 Le Vaillant, F.; Courant, T.; Waser, J. Angew. Chem. Int. Ed. 2015, 54, 11200–11204. 
47 Garreau, M.; Le Vaillant, F.; Waser, J. Angew. Chem. Int. Ed. 2019, 58, 8182–8186.  
48 Liu, B.; Lim, C.-H.; Miyake, G. M. J. Am. Chem. Soc. 2018, 140, 12829–12835. 
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Table 7-9: Decarboxylative vinylation with O-VBX.29 under visible light irradiation. 

 

Entry Conditions Results 

1 Z-Pro-OH 7.63a Hypervalent Iodine reduction 7.65 

2 Z-Ala-OH 7.63b Hypervalent Iodine reduction 7.65 

 
 

The group of Prof. Miyake recently reported the synthesis of 1,2-dithio-1-alkenes by regio- and stereo-

selective addition of thiol nucleophiles onto the alkynyl triple bond of EBX reagents.49 They 

demonstrated that the reaction was going through the formation of a S-VBX intermediate that could 

then undergo a radical addition of a second equivalent of thiol nucleophile with elimination of the 

hypervalent iodine moiety (see section 2.3.4.2). Inspired by this work, we decided to test the reactivity 

of O-VBX bioconjugate (O-VBX.29) with cysteine 7.66 (Scheme 5.42).  When the reaction conditions 

were applied to O-VBX.29, product 7.67 was not identified in the crude mixture but product 7.68 from 

an oxy-allyl cation reactivity could be observed by 1H-NMR. However, decomposition occurred quickly 

and the product could not be further characterized.  

 

Scheme 7.25: Reaction of cysteine 7.66 with O-VBX.29. 

These preliminary results drove our attention to the oxy-allyl cation reactivity of O-VBX 

bioconjugates.50 We first tested nucleophilic residues under the reported conditions (see section 5.2), 

                                                            
49 Liu, B.; Alegre-Requena, J. V.; Paton, R. S.; Miyake, G. M. Chem. Eur. J. 2020, 26, 2386. 
50 Declas, N.; Waser, J. Angew. Chem. Int. Ed. 2020, 59, 18256–18260. 
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on the simpler O-VBX.1 (Scheme 7.26).  As previously, in the case of cysteine 7.66, full conversion of 

the starting materials occurred and the desired product could be observed in the crude by 1H-NMR, 

but could not be isolated for characterization. No reaction was detected with the lysine amino acid 

7.69 and starting materials were recovered. The tryptophan-containing dipeptide 7.70 was also 

recovered after the reaction, but O-VBX.1 was converted into side product 7.72 in a high 96% yield.  

 

Scheme 7.26: Reaction of O-VBX.1 with nucleophilic amino-acids.  

Phenol nucleophiles were demonstrated to be more suitable for the oxy-allyl cation reactivity (see 

section 5.2) and promising preliminary results were previously obtained with protected tyrosine 7.1c 

and the aryl enol-ether product 7.73a could be obtained in high yield (Scheme 7.27). Therefore, we 

decided to test the oxy-allyl cation transformation with other protected tyrosine amino-acids. We 

were pleased to see that Boc- and Cbz-protecting groups were tolerated on the N-terminal and aryl 

enol ether 7.73b and 7.73c were obtained in respectively 88% and 82%. The protected dipeptide Z-

AY-OMe 7.1a could also be used in the transformation, but led to 7.73d in a lower 55% yield. 

 

Scheme 7.27: Reaction of O-VBX.1 with protected tyrosine residues 7.1. 
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We then tested a one-pot two-step procedure to generate in situ the O-VBX bioconjugate (O-VBX.29) 

from dipeptide 7.1a and Me-EBX (EBX.1), followed by coupling with another equivalent of tyrosine-

containing dipeptide 7.1a (Scheme 7.28). We were pleased to see that the expected cross-linked 

peptide 7.74 could be isolated in a low 24% yield.  

 

Scheme 7.28: One-pot two-step formation of cross-linked peptide 7.74. 

To optimize the oxy-allyl cation transformation in biocompatible media, we chose to use O-VBX.1 and 

dipeptide Z-AY-OMe 7.1a as model substrates. To be suitable for chemical biology, we first studied 

the influence of the solvent on the reaction (Table 7-10). The reaction was monitored by reverse-

phase HPLC when water and DMF were used as solvents. In DME, increasing the equivalents of cesium 

carbonate to 3.2 instead of 1.2 allowed to reach full conversion after 1 hour of reaction, and 76% yield 

of 7.73d was obtained (entry 1). Decreasing the molarity to 10 mM significantly decreased the product 

formation to 40% yield and increased the formation of side product 7.72 (entry 2). At 50 mM, the 

reactivity could be restored and 80% of 7.73d could be isolated (entry 3). At this concentration, 

lowering the excess of base still allowed to reach 69% yield (entry 4). We then tested more 

biocompatible solvents, using 1.2 equivalents of cesium carbonate. Acetonitrile and DMF gave 

respectively 60% and 42% of aryl enol-ether 7.73d (entries 5-6). The product could be detected in 

DMA and DMSO, but the yields were not determined (entries 7-8). Addition of water lowered the 

amount of product formed in DME and ACN (entries 9-10), whereas 43% HPLC yield could still be 

achieved in a 4:1 mixture of DMF and water (entry 11). Finally, the reaction was tested in basic Tris 

buffer, but no reaction occurred and the starting materials remained intact even after 24 hours of 

reaction (entry 12).  
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Table 7-10: Reaction of Z-AY-OMe 7.1a with O-VBX.1. 

 

Entry 
Base 

equivalents 
Concentration Solvent 

Reaction 

time 
Yield (%) 

1 3.2 0.1 M DME 1 h 76 (11) 

2 3.2 10 mM DME 2 h 40 (53) 

3 3.2 50 mM DME 1 h 80 (16) 

4 1.2 50 mM DME 1 h 69 

5 1.2 50 mM ACN 4 h 60 

6 1.2 50 mM DMF 4 h 42a 

7 1.2 50 mM DMA 4 h ND 

8 1.2 50 mM DMSO 4 h ND 

9 1.2 50 mM DME : water (4:1) 4 h 26 

10 1.2 50 mM ACN : water (4:1) 4 h 7a 

11 1.2 50 mM DMF : water (4:1) 4 h 43a 

12 - 50 mM Tris buffer pH 8.2 (2% v/v DMSO) 24 h NR 

Reactions conditions: Z-AY-OMe 7.1a (0.10 mmol), O-VBX.1 (1.0 equiv). Isolated yields are given. The yields in parenthesis 
correspond to the yields of 7.72. aHPLC yields are given. ND: not determined. NR: no reactivity. 

 

As DMF is a relatively good solvent for bioconjugation reaction, we decided to test the reactivity of 

the free C-terminal Z-AY-OH dipeptide 7.1b (Scheme 7.29), using the previous conditions (Table 7-10, 

entry 6). The desired enol-ether product 7.73e could be observed by HPLC, in addition to a product 

bearing an additional para-cresol unit. We suspected that this product was obtained by reaction of 

both the tyrosine and the free C-terminal carboxylic acid with O-VBX.1, leading to 7.75. We then 

repeated the reaction in ACN to be able to isolate 7.75 for characterization. The doubly-functionalized 

product could be obtained in 22% yield and the structure was confirmed by NMR spectroscopy.  
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Scheme 7.29: Reaction of Z-AY-OH 7.1b with O-VBX.1. 

To see if only C-terminal carboxylic acid could react as a nucleophile in the transformation, we 

submitted aspartic acid residue 7.76 to the previous conditions in ACN (Scheme 7.30). The desired 

product 7.77 could be obtained in a 49% yield, confirming that, in addition to the C-terminal carboxylic 

acid, aspartic acid residues can act as nucleophiles in the oxy-allyl cation type reactivity with O-VBX 

reagents.  

 

Scheme 7.30: Reaction of aspartic acid 7.76 with O-VBX.1. 

With this result in hand, we were interested to see if a macrocyclic peptide could be obtained by first 

O-VBX formation on a tyrosine residue and then the oxy-allyl cation reactivity with a free C-terminal 

carboxylic acid. To test the transformation we used the YFGP tetramer 7.2o and Me-EBX (EBX.1) 

(Scheme 7.31). In DMF, in presence of a catalytic amount of cesium carbonate, formation of the O-

VBX intermediate (O-VBX.70) was successful and could be confirmed by HPLC analysis. However, 

addition of an excess of base did not allow the macrocyclization and product 7.78 could not be 

obtained under those conditions. 
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Scheme 7.31: Attemps for macrocyclization reaction with Ac-YFGP-OH (7.2o) and EBX.1. 

7.7 Conclusion 

During this project, we developed a chemo- and site-selective tyrosine bioconjugation methodology 

using EBX hypervalent iodine reagents.51 Under mild and biocompatible conditions, tyrosine residues 

reacted with various EBX reagents to generate stable O-VBX bioconjugates. The high functional group 

tolerance of the conjugation method allowed to selectively label a broad range of bioactive peptides, 

as well as proteins and an antibody. The high tyrosine selectivity described compares well with existing 

methods for O-functionalization of tyrosine residues, in which labelling of other nucleophilic amino 

acids such as lysine and histidine has often been reported. The generated O-VBX conjugates could be 

further functionalized orthogonally by palladium-catalyzed Suzuki-Miyaura cross-coupling of the 

hypervalent iodine bond and strain-promoted azide-alkyne cycloaddition when the azide-bearing EBX 

was employed, providing a wide range of labelled biomolecules. The potential of the doubly-

orthogonal functionalization was demonstrated in a cellular uptake experiment performed by Dr. John 

R. J. Maynard from the group of Prof. Stefan Matile. This work further highlights the potential of 

hypervalent iodine reagents in chemical biology. Finally, preliminary studies of other functionalization 

of the hypervalent iodine bond of O-VBX bioconjugates were performed, but further investigations 

would be needed to found biocompatible transformations. 

  

                                                            
51 Declas, N.; Maynard, J. R. J.; Menin, L.; Gasilova, N.; Götze, S.; Sprague, J. L.; Stallforth, P.; Matile, S.; Waser, J. 
Chem. Sci. 2022, Accepted. 
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 Conclusion and Outlook 

8.1 General conclusion 

The research work presented in this thesis aimed for the development of new hypervalent iodine 

reagents to access valuable enamides and enol ethers motif. In the first chapter, in collaboration with 

Dr. Paola Caramenti, we described the synthesis of stereodefined enamide- and enol ether-based 

vinylbenziodoxolones reagents (Scheme 8.1). The N- and O-VBXs were obtained by stereoselective 

addition of sulfonamide and phenol nucleophiles onto the alkynyl triple bond of EBX reagents. The 

reaction proceeded at room temperature in ethanol and tolerated a broad range of EBXs. Various 

sulfonamides and phenols could be used as nucleophiles in the transformation, including natural 

products and drugs bearing other nucleophilic functional groups. Key of the reaction was the use of a 

catalytic amount of cesium carbonate, to prevent the competitive formation of the alkyne. The stable 

VBXs reagents could be isolated in high yield and complete stereoselectivity was achieved.  

 

Scheme 8.1: Stereoselective synthesis of N- and O-VBX reagents. 

Next, we studied the reactivity of the newly developed VBX reagents (Scheme 8.2). The enhanced 

reactivity of the hypervalent bond allowed their use as formal vinyl cations in presence of nucleophiles 

and in palladium catalyzed cross-coupling reactions at room temperature. Their high reactivity was 

further highlight by a direct comparison with a simple iodine(I) reagent. In addition, a new mode of 

reactivity of hypervalent iodine was described. O-VBX reagents were demonstrated to act as oxy-allyl 

cation synthetic equivalents, a reactivity that differs from the well-established vinyl-cation behavior 

of alkenyl iodonium salts.1 The new transformation, promoted by an excess of base, is working 

especially well with phenol nucleophiles, leading to aryl enol ethers bearing an allylic ether with 

complete E-stereoselectivity. In absence of external nucleophiles, the 2-iodobenzoate group of the 

reagent could be transferred, leading to aryl enol esters with still complete E-stereoselectivity. Under 

oxidative conditions, the obtained products were transformed in alpha-functionalized ketones, 

offering a new synthetic pathway to access functionalized ketones from alkynes in three to five steps. 

 

Scheme 8.2: Reactivity of N- and O-VBX reagents. 

                                                            
1 T.; Takino, T.; Sueda, T.; Ochiai, M. J. Am. Chem. Soc. 1995, 117, 3360–3367. 
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Finally, with their low toxicity, high functional group tolerance and stability in biocompatible media, 

hypervalent iodine reagents have recently emerged as powerful tools for late-stage peptide and 

protein functionalization.2 Taking advantage of the ability of phenol nucleophiles to react with EBX, 

we developed a selective tyrosine bioconjugation of peptides (Scheme 8.3). Under physiological 

conditions, the tyrosine residue reacted to give stable O-VBX bioconjugates. The methodology 

tolerated a broad range of functional groups, with the only exception of the cysteine side-chain, and 

high yields could be reached. Complex peptides of different sizes and proteins were successfully 

labelled with high chemo- and site-selectivity. The installed hypervalent iodine allowed further 

functionalization, enriching the currently existing post-synthetic modification toolbox for peptides. 

Palladium-catalyzed Suzuki-Miyaura cross-coupling of the hypervalent iodine bond and strain-

promoted azide-alkyne cycloaddition could be orthogonally performed on the O-VBX bioconjugates. 

The potential of the doubly-orthogonal functionalization was further demonstrated in a cellular 

uptake experiment performed by Dr. John R. J. Maynard from the group of Prof. Stefan Matile. 

 

Scheme 8.3: Tyrosine bioconjugation with EBX reagents. 

8.2 Outlook 

Based on the advances made with these projects, we can envisage further research towards the 

synthesis of VBX reagents and the investigation of their reactivity. 

8.2.1 N- and O-VBX reagents 

During the development of N- and O-VBX reagents, we were limited by the use of PMP-substituted 

sulfonamides and phenols as nitrogen and oxygen nucleophiles respectively. Despite our mechanistic 

studies, we could not explain why simpler amines and alcohols could not react as nucleophiles in the 

transformation, even in presence of stronger base to allow deprotonation. The high pKa and therefore 

low acidity of alcohols and amines could explain their low nucleophilicity compared to thiols, phenols 

or sulfonamides, which have lower pKa. In addition, as harder nucleophiles, a soft interaction with the 

iodine center is not favoured, which could promote side reactions such as attack at other position. 

Alternatives to access N-VBXs bearing simpler sulfonamides or hydroxamic acids have been proposed 

by the group of Prof. Itoh and Tada using ethynyl-1,2-benziodoxol-3(1H)-one chloroform or 

acetonitrile complexes.3 This chemistry was however limited to unsubstituted EBXs. In addition, the 

group of Prof. Yoshikai described trans-1,2-difunctionalization of alkynes with alcohols or nitriles, 

mediated by a trivalent iodine electrophile, which allowed access to a broad scope of  alcohol- and 

                                                            
2 Allouche, E. M. D.; Grinhagena, E.; Waser, J. Angew. Chem. Int. Ed. 2022, 61, e202112287.  
3 (a) Shimbo, D.; Shibata, A.; Yudasaka, M.; Maruyama, T.; Tada, N.; Uno, B.; Itoh, A. Org. Lett. 2019, 21, 9769–
9773. (b) Shimbo, D.; Maruyama, T.; Tada, N.; Itoh, A. Org. Biomol. Chem. 2021, 19, 2442–2447. 
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amide-based VBXs.4 Those methodologies allowed access to a high number of N- and O-VBXs reagents, 

which could not be obtained by direct nucleophilic addition. Nevertheless, it would be interesting to 

better understand which parameters are controlling the nucleophilic addition. This would enabled us 

to design new valuable VBXs, such as silyl enol ether vinylbenziodoxolones, which could potentially be 

used in transformations such as Mukaiyama aldol additions, Michael reactions or Lewis-acid-catalyzed 

reactions (Scheme 8.4). 

 

Scheme 8.4: Synthesis of silyl enol ether-VBX reagents.  

8.2.2 N- and O-VBX reactivity 

N- and O-VBXs are valuable reagents to access stereoselective enamides and enol ethers, for examples 

by palladium catalyzed cross coupling or nucleophilic addition. Further investigation of their reactivity 

can be envisaged to expand the scope of enamides and enol ethers accessible under mild conditions. 

Taking advantages of the high reactivity of the hypervalent iodine bond, photo- or electro-chemistry 

could be considered to break the carbon-iodine bond and install new functional groups (Scheme 8.5).  

 

Scheme 8.5: Access to enamides and enol ethers from N- and O-VBX reagents. 

8.2.3 Tyrosine bioconjugation 

The efficient application of O-VBX bioconjugation for thiol-mediated cellular uptake is a promising first 

step in the use of hypervalent iodine structures for protein target delivery. The doubly orthogonal 

functionalization of O-VBX allows first to install a transporter to enter the cells through CuAAC. The 

remaining hypervalent iodine bond is then available to attach other groups using Suzuki-Miyaura 

cross-coupling. We previously installed an aromatic hydrophobic motif to target the membrane of the 

cell, but we could envisaged to couple a ligand in order to target a specific protein within the cells. 

Taking advantage of the streptavidin-biotin biotechnology, we could then deliver to the targeted 

protein any substrate attached to the biotin unit (Figure 8.1). 

                                                            
4 (a) Ding, W.; Chai, J.; Wang, C.; Wu, J.; Yoshikai, N. J. Am. Chem. Soc. 2020, 142, 8619–8624. (b) Chai, J.; Ding, 
W.; Wang, C.; Ito, S.; Wu, J.; Yoshikai, N. Chem. Sci. 2021, 12, 15128–15133. 
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Figure 8.1: Doubly-orthogonal labeling of streptavidin with O-VBX for protein target delivery. 

O-VBX functionalization could be further used for peptide cross-linking, stapling or macrocyclization 

(Figure 8.2). Taking advantage of the oxy-allyl cation type reactivity of O-VBX reagents, we could 

envisaged to generate O-VBX bioconjugates on peptides and use another residue such as tyrosine, 

aspartic acid, glutamic acid, or a C-terminal carboxylic acid, as nucleophiles in the transformation. 

Preliminary results have shown that the latest residues can undergo the transformation in organic 

solvents, and an example of cross-linking between two tyrosine dipeptides Z-AY-OMe was performed. 

Further optimization would be required to be able to perform the transformation in buffer and to find 

proper ring size to allow stapling or macrocycle formation.  

 

Figure 8.2: Peptides cross-linking, stapling and macrocycle with O-VBX. 

Finally, in addition to the Suzuki-Miyaura reaction, it would be interesting to discover new 

transformations for the derivatization of the hypervalent iodine bond under physiological conditions. 

For this purpose, our group is currently studying the functionalization of the hypervalent iodine moiety 

of O-VBX bioconjugates by fluorodeiodination (Scheme 8.6). Different fluorine sources are currently 

tested and evaluated in our laboratory. This concept, if successfully implemented, would offer the 

possibility of applications in pharmaceutical radiochemistry, by used of labelled fluorine-18.   

 

Scheme 8.6: Fluorodeiodination of O-VBX bioconjugates. 
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 Experimental part 

9.1 General methods 

All reactions using anhydrous conditions were performed with oven-dried glassware, under an 

atmosphere of nitrogen, unless stated otherwise. For quantitative flash chromatography, technical 

grade solvents were used. For flash chromatography for analysis, HPLC grade solvents from Sigma-

Aldrich were used. THF, Et2O, CH3CN, toluene, hexane and CH2Cl2 were dried by passage over activated 

alumina under nitrogen atmosphere (H2O content < 10 ppm, Karl-Fischer titration). The solvents were 

degassed through Freeze-Pump-Thaw method when mentioned. Dichloroethane and ethanol were 

purchased from Acros and trifluoroethanol was purchased from Fluorochem. DMSO was purchased 

from Sigma-Aldrich. All the Fmoc-protected amino acids and Rink Amide MBHA resin were purchased 

from GL Biochem or Bachem. 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-

oxide hexafluorophosphate (HATU, Bachem) and N,N-diisopropylethylamine (DIPEA, Iris Biotech 

GmbH) were used as received. Vasopressin, oxytocin, HIV-1 tat, angiotensin, β-casomorphin, amyloid 

β-protein and cyclic RGD were purchased from Bachem in lyophilized form. Ubiquitin was purchased 

from Bio-Techne and Myoglobin from Sigma Aldrich in lyophilized form. All the other reagents were 

purchased from ABCR, Acros, AlfaAesar, Apollo Scientific, Fluorochem, Fluka, Roth, Sigma-Aldrich and 

TCI and were used as such. For flash chromatography, distilled technical grade solvents were used. 

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 aluminum or glass 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. 1H-NMR spectra were recorded on a Bruker DPX-400 400 MHz 

spectrometer in CDCl3, DMSO-d6, CD2Cl2, CD3OD, or D2O. All signals are reported in ppm with the 

internal CHCl3 signal at 7.26 ppm, the internal DMSO signal at 2.50 ppm, the internal CD2Cl2 signal at 

5.30 ppm as standard. and CD3OD as 3.31 ppm as standard. The data is being reported as: s = singlet, 

d = doublet, t = triplet, q = quadruplet, qi = quintet, m = multiplet or unresolved, br = broad signal, app 

= apparent, coupling constant(s) in Hz, integration, interpretation. 13C-NMR spectra were recorded 

with 1H-decoupling on a Brucker DPX-400 100 MHz spectrometer in CDCl3, DMSO-d6, CD3OD or CD2Cl2, 

all signals are reported in ppm with the internal chloroform signal at 77.0 ppm, the internal DMSO 

signal at 39.5 ppm, the internal methanol signal at 49.0 ppm and the internal dichloromethane signal 

at 54.0 ppm as standard. Spectra were fully assigned using COSY, HSQC, HMBC and ROESY. 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 

spectrometry measurements were performed by the mass spectrometry service of ISIC at the EPFL on 

LTQ Orbitrap ELITE ETD and Exploris 240 instruments (Thermofisher) and Xevo G2-S QTOF (Waters). 
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9.2 Preparation of starting materials 

(4-Iodo-but-1-yn-1-yl)trimethylsilane (9.2) 

 

Following a slightly modified procedure,1 triphenylphosphine (PPh3, 37.9 g, 145 mmol, 1.00 equiv.) 

was added to a cooled solution of 4-(trimethylsilyl)but-3-yn-1-ol (9.1) (20.6 g, 145 mmol, 1.00 equiv.) 

in tetrahydrofuran (545 mL) at 0 °C. Upon dissolution, imidazole (9.84 g, 145 mmol, 1.00 equiv.) was 

added, followed by iodine (I2, 36.7 g, 145 mmol, 1.00 equiv.). The resulting mixture was then allowed 

to warm to room temperature and was stirred for 2 hours. It was then diluted with diethyl ether (400 

mL) and washed with 10% aqueous sodium thiosulfate (400 mL). The aqueous layer was extracted 

with additional portions of diethyl ether (2 x 150 mL) and the combined organic layers were washed 

with brine (400 mL), dried over magnesium sulfate, filtered and concentrated in vacuo. The resulting 

white suspension was filtered through a plug of silica, eluting with pentane, to afford pure (4-iodo-

but-1-yn-1-yl)trimethylsilane (9.2) (34.9 g, 138 mmol, 96% yield) as a colorless oil. 1H NMR (400 MHz, 

CDCl3) δ 3.20 (t, J = 7.5 Hz, 2H, CH2CH2I), 2.78 (t, J = 7.5 Hz, 2H, CH2CH2I), 0.14 (s, 9H, TMS). 13C NMR 

(101 MHz, CDCl3) δ 105.1, 86.9, 25.3, 1.1, 0.1. Spectroscopic data was consistent with the values 

reported in literature.2 

(4-Azidobut-1-yn-1-yl)trimethylsilane (9.3) 

 

Following a slightly modified procedure,3 (4-iodobut-1-yn-1-yl)trimethylsilane (9.2) (34.9 g, 138 mmol, 

1.00 equiv.) was added to a 0.5 M solution of sodium azide in dimethyl sulfoxide (NaN3, 304 mL, 152 

mmol, 1.10 equiv.). The reaction mixture was stirred for 24 hours at room temperature, then slowly 

poured into a mixture of ice:water (800 mL). The aqueous layer was extracted with diethyl ether (3 x 

300 mL) and the combined organic layers were washed with water (2 x 200 mL), brine (200 mL), dried 

over magnesium sulfate, filtered and concentrated under reduced pressure. The light yellow crude 

liquid was purified through a plug of silica, eluting with pentane, to afford pure (4-azidobut-1-yn-1-

yl)trimethylsilane (9.3) (22.8 g, 136 mmol, 99% yield) as a colorless liquid. 1H NMR (400 MHz, CDCl3) δ 

3.37 (t, J = 6.8 Hz, 2H, CH2CH2N3), 2.52 (t, J = 6.8 Hz, 2H, CH2CH2N3), 0.15 (s, 9H, TMS). 13C NMR (101 

MHz, CDCl3) δ 102.8, 87.3, 49.8, 21.1, 0.0. Spectroscopic data was consistent with the values reported 

in literature.4 

  

                                                            
1 Rodier, F.; Rajzmann, M.; Parrain, J. L.; Chouraqui, G.; Commeiras, L. Chem. Eur. J. 2013, 19, 2467. 
2 Berkessel, A.; Kramer, J.; Mummy, F.; Neudorfl, J. M.; Haag, R. Angew. Chem. Int. Ed. 2013, 52, 739. 
3 Frei, R.; Wodrich, M. D.; Hari, D. P.; Borin, P.-A.; Chauvier, C.; Waser J. J. Am. Chem. Soc. 2014, 136, 16563. 
4 Diaz, L.; Bujons, J.; Casas, J.; Llebaria, A.; Delgado, A. J. Med. Chem. 2010, 53, 5248. 
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Trimethyl(4-(prop-2-yn-1-yloxy)but-1-yn-1-yl)silane (9.4) 

 

Following a reported procedure,4 4-(trimethylsilyl)but-3-yn-1-ol (9.1) (4.00 g, 28.1 mmol, 1.00 equiv.) 

was dissolved in dichloromethane (60 mL) and the solution was cooled down at 0 °C. Then, 

tetrabutylammonium hydrogensulfate ((tBu)4NHSO4, 0.477 g, 1.41 mmol, 0.05 equiv.) was added, 

followed by sodium hydroxide (NaOH, 2.25 g, 56.2 mmol, 2.00 equiv.). The reaction mixture was 

stirred at this temperature for 5 minutes and then propargyl bromide (3.03 mL, 28.1 mmol, 1.00 

equiv.) was added. The resulting yellow reaction mixture was stirred for 4 hours at 0 °C and quenched 

with water (60 mL) keeping the internal temperature at 0 °C. The aqueous layer was extracted with 

dichloromethane (60 mL), then the combined organic layers were dried over magnesium sulfate, 

filtered and concentrated in vacuo. The crude yellow oil was purified by column chromatography (SiO2, 

Pentane:Ethyl acetate 99:1) affording pure trimethyl(4-(prop-2-yn-1-yloxy)but-1-yn-1-yl)silane (9.4) 

(1.44 g, 8.00 mmol, 29% yield) as a colorless liquid. Rf 0.22 (Pentane:Ethyl acetate 99:1). 1H NMR (400 

MHz, CDCl3) δ 4.19 (dd, J = 6.9, 2.4 Hz, 2H, CCCH2O), 3.66 (q, J = 7.1 Hz, 2H, OCH2), 2.53 (t, J = 7.2, 2H, 

OCH2CH2), 2.44 (dt, J = 3.2, 2.4 Hz, 1H, CCH), 0.14 (s, 9H, TMS). 13C NMR (101 MHz, CDCl3) δ 103.3, 

86.1, 79.6, 74.7, 68.3, 58.3, 21.3, 0.2. Spectroscopic data was consistent with the values reported in 

literature.4  

7-(Trimethylsilyl)hept-6-yn-1-ol (9.6) 

 

Following a reported procedure,5 hept-6-yn-1-ol (9.5) (5.00 g, 44.6 mmol, 1.00 equiv.) was dissolved 

in tetrahydrofuran (150 mL) and the solution was cooled down at - 78 °C. A cooled 2.5 M solution of 

n-butyllithium in hexanes (nBuLi, 39.2 mL, 98.0 mmol, 2.20 equiv.) was added dropwise, followed by 

4-(dimethylamino)pyridine (DMAP, 1.36 g, 11.1 mmol, 0.25 equiv.). After stirring for 1 hour at this 

temperature, trimethylsilyl chloride (TMS-Cl, 20.4 mL, 156 mmol, 3.50 equiv.) was added dropwise. 

The mixture was then allowed to warm to room temperature. After 2 hours of stirring, the reaction 

was quenched with a 1.0 N aqueous hydrochloric acid (50 mL) and vigorously stirred at room 

temperature over 30 minutes. The mixture was then diluted with ethyl acetate (200 mL) and the layers 

were separated. The aqueous phase was extracted with additional portions of ethyl acetate (3 x 50 

mL). The combined organic layers were collected, washed with a solution of saturated aqueous 

sodium bicarbonate (100 mL), brine (50 mL), dried over magnesium sulfate, filtered and concentrated 

in vacuo. After purification by column chromatography (SiO2, Pentane:Ethyl acetate 4:1), 7-

(trimethylsilyl)hept-6-yn-1-ol (9.6) (6.58 g, 35.7 mmol, 80% yield) was obtained as a colorless oil. Rf 

0.32 (Pentane:Ethyl acetate 4:1). 1H NMR (400 MHz, CDCl3) δ 3.65 (td, J = 6.5, 1.0 Hz, 2H, CH2OH), 2.24 

                                                            
5 Peixoto, P. A.; Richard, J. A.; Severin, R.; Chen, D. Y. Org. Lett. 2011, 13, 5724. 
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(td, J = 7.0, 1.0 Hz, 2H, CCCH2), 1.63-1.51 (m, 4H, CH2), 1.51-1.41 (m, 2H, CH2), 0.14 (s, 9H, TMS). 13C 

NMR (101 MHz, CDCl3) δ 107.4, 84.6, 62.9, 32.3, 28.6, 25.1, 19.9, 0.3. Spectroscopic data was 

consistent with the values reported in literature.6 

Trimethylsilyl(triisopropylsilyl)acetylene (9.8) 

 

Following a reported procedure,7 a cooled 2.5 M solution of n-butyllithium in hexanes (nBuLi, 86.0 mL, 

209 mmol, 0.98 equiv.) was added dropwise to a stirred solution of trimethylsilylacetylene (9.7) (30.3 

mL, 213 mmol, 1.00 equiv.) in tetrahydrofuran (330 mL) at - 78 °C. After stirring for 2 hours at this 

temperature, triisopropyl chloride (TIPS-Cl, 45.6 mL, 213 mmol, 1.00 equiv.) was added dropwise. The 

mixture was then allowed to warm to room temperature. After stirring overnight, the reaction was 

treated with a saturated aqueous solution of ammonium chloride (300 mL) and was extracted with 

diethyl ether (2 x 300 mL). The combined organic phase were dried over magnesium sulfate, filtered 

and concentrated under reduced pressure. The crude product was passed through a short plug of 

silica, eluting with pentane to afford trimethylsilyl(triisopropylsilyl)acetylene (52.5 g, 206 mmol, 96% 

yield) as a colorless liquid (9.8). 1H NMR (400 MHz, CDCl3) δ 1.08 (m, 21H, TIPS), 0.18 (s, 9H, TMS). 13C 

NMR (101 MHz, CDCl3) δ 116.3, 110.3, 18.7, 11.2, 0.2. Spectroscopic data was consistent with the 

values reported in literature.8  

  

                                                            
6 Rodier, F.; Rajzmann, M.; Parrain, J. L.; Chouraqui, G.; Commeiras, L. Chem. Eur. J. 2013, 19, 2467. 
7 Helal, C J.; Magriotis, P. A.; Corey, E. J. J. Am. Chem. Soc. 1996, 118, 10938. 
8 Brand, J. P.; Waser, J. Synthesis 2012, 44, 1155. 
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9.3 Synthesis of EBX reagents 

The synthesis of the precursors for EBX reagents (except 5f, 5o, 5p and 5q) and their starting materials 

had been already described before in our group.3, 9  The procedures here reported are taken from the 

cited publications to facilitate reproduction of the results by having all the data in the same file. 

General procedure for the synthesis of EBX from boronic acid: 

 

GP1: Following a slightly modified procedure,10 2-iodobenzoic acid 9.9 (1.00 equiv.), para-

toluenesulfonic acid monohydrate (1.10 equiv.) and meta-chloroperoxybenzoic acid (mCPBA-70%, 

1.10 equiv.) were dissolved in dichloromethane and 2,2,2-trifluoroethanol (1:1 mixture, 0.27 M). The 

mixture was stirred at room temperature under nitrogen for 1 hour, after which the correspondent 

alkyl-1-boronic acid pinacol ester (1.40 equiv.) was added in one portion. The reaction mixture was 

stirred for 2.5 hours at room temperature, filtered and concentrated in vacuo. The resulting oil was 

dissolved in dichloromethane (30 mL) and under vigorous stirring, saturated aq. NaHCO3 (30 mL) was 

added. The mixture was stirred for 15 minutes, the two layers were separated and the aqueous phase 

was extracted with additional portions of dichloromethane (3 x 25 mL). The combined organic layers 

were washed with brine (25 mL), dried over MgSO4, filtered and concentrated in vacuo. The crude 

product was purified by flash column chromatography (DCM:MeOH 9:1) to afford the desired EBX 

compounds. 

Propynyl-1,2-benziodoxol-3(1H)-one (EBX.1) 

Following GP1 on 4.30 mmol scale and using propynyl-1-boronic acid pinacol ester 

(4.85 g, 21.2 mmol, 1.40 equiv.), EBX.1 (1.03 g, 3.60 mmol, 84%) was obtained as 

a white solid. Rf: 0.10 (EtOAc). Mp 124-150 °C (decomposition). 1H NMR (400 MHz, 

Chloroform-d) δ 8.41-8.35 (m, 1 H, ArH), 8.22-8.14 (m, 1 H, ArH), 7.79-7.68 (m, 2H, 

ArH), 2.27 (s, 3H, CCCH3). 13C NMR (100 MHz, Chloroform-d) δ 166.7, 134.8, 132.5, 131.6, 126.4, 115.6, 

105.1, 39.0, 5.7. One aromatic carbon signal was not resolved. IR ν 2183 (w), 1607 (s), 1559 (m), 1350 

(m), 746 (m), 730 (m). HRMS (ESI) C10H8IO2
+ [M+H]+ 286.9564; found 286.9561. 

(Pent-1-ynyl)-1,2-benziodoxol-3(1H)-one (EBX.2) 

 Following GP1 on 4.00 mmol scale and using 1-pentynyl-1-boronic acid 

pinacol ester (1.09 g, 4.60 mmol, 1.15 equiv.) EBX.2 (0.754 g, 2.40  mmol, 60%) 

was obtained as a white oil. 1H NMR (400 MHz, Chloroform-d) δ 8.40 (ddd, J = 

7.4, 3.8, 2.3 Hz, 1H, ArH), 8.26 – 8.09 (m, 1H, ArH), 7.75 (dddd, J = 6.0, 4.6, 2.8, 

1.8 Hz, 2H, ArH), 2.58 (td, J = 7.1, 1.6 Hz, 2H, CH2), 1.68 (dtd, J = 14.7, 7.2, 2.1 Hz, 2H, CH2), 1.08 (td, J 

= 7.6, 2.1 Hz, 3H, CH3). 13C NMR (CDCl3, 100 MHz) 166.8, 134.6, 132.1, 131.3, 126.2, 115.5, 109.5, 50.4, 

38.8, 22.3, 21.6, 13.4. IR ν 2960 (w), 2875 (w), 2172 (w), 1732 (m), 1654 (s), 1465 (w), 1439 (w), 1342 

                                                            
9 D. P. Hari, J. Waser, J. Am. Chem. Soc. 2016, 138, 2190. 
10 M. J. Bouma, B. Olofsson, Chem. – A Eur. J. 2012, 18, 14242. 
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(w), 1296 (m), 1252 (m), 1109 (w), 1016 (w), 832 (m), 743 (s). HRMS (ESI) calcd for 

C12H12IO2
+ [M+H]+ 314.9877; found 314.9882. 

(5-Chloropent-1-ynyl)-1,2-benziodoxol-3(1H)-one (EBX.5) 

 Following GP1 on 15.2 mmol scale and using 5-chloro-1-pentynyl-1-boronic 

acid pinacol ester (4.85 g, 21.2 mmol, 1.40 equiv.), EBX.5 (3.76 g, 10.8 mmol, 

71%) was obtained as a white solid. Mp: 138.5-141.7 °C. Rf: 0.15 (EtOAc 

100%). 1H NMR (400 MHz, Chloroform-d) δ 8.41-8.34 (m, 1H, ArH), 8.22-8.13 

(m, 1H, ArH), 7.82-7.68 (m, 2H, ArH), 3.71 (t, J = 6.1 Hz, 2H, ClCH2CH2), 2.82 (t, J = 6.9 Hz, 2H, CCCH2CH2), 

2.18-2.05 (m, 2H, ClCH2CH2). 13C NMR (CDCl3, 100 MHz) δ 166.8, 134.9, 132.5, 131.6, 131.6, 126.4, 

115.8, 107.1, 43.4, 41.2, 30.7, 18.0. IR ν 2942 (w), 2866 (w), 2171 (w), 2091 (w), 1727 (w), 1617 (s), 

1556 (w), 1441 (w), 1339 (m), 1213 (w), 1023 (w), 846 (w), 742 (s). 

2-Cyclopropylethynyl-1,2-benziodoxol-3(1H)-one (EBX.11) 

Following GP1 on 25.8 mmol scale and using 5-chloro-1-pentynyl-1-boronic acid 

pinacol ester (4.85 g, 21.2 mmol, 1.40 equiv.), (cyclopropylethynyl)trimethylsilane 

(5.00 g, 36.2 mmol, 1.40 equiv.) EBX.11 (2.11 g, 6.76 mmol, 26%) was obtained as 

a white solid. Mp: 174.2–177.6 °C (Dec.). Rf: 0.46 (EtOAc:MeOH, 9:1). 1H NMR 

(400 MHz, Chloroform-d) δ 8.34 (dd, J = 7.0, 2.1 Hz, 1H, ArH), 8.18-8.09 (m, 1H, ArH), 7.81-7.63 (m, 2H, 

ArH), 1.59 (tt, J = 8.2, 5.0 Hz, 1H, CH), 1.07-0.85 (m, 4H, CH2CH2). 13C NMR (CDCl3, 100 MHz) δ 166.7, 

134.7, 132.3, 131.7, 131.4, 126.2, 115.9, 113.3, 35.0, 9.8, 1.1. IR ν 3464 (w), 3077 (w), 3012 (w), 2238 

(w), 2159 (m), 1607 (s), 1559 (m), 1438 (m), 1338 (m), 1298 (m), 833 (m), 744 (s), 691 (m). HRMS (ESI) 

calcd. for C12H10IO2
+ [M+H]+ 312.9720; found 312.9719.  

2-Cyclopentylethynyl-1,2-benziodoxol-3(1H)-one (EBX.12) 

Following GP1 on 4.00 mmol scale and using ethynylcyclopentane (0.649 g, 5.60 

mmol, 1.40 equiv.) at 50 °C, EBX.12 (0.950 g, 2.79 mmol, 70%) was obtained as 

a white amorphous solid. Rf: 0.40 (DCM:MeOH 9:1). 1H NMR (400 MHz, 

Chloroform-d)  δ 8.28 (t, J = 6.0 Hz, 1H, ArH), 8.08 (t, J = 6.4 Hz, 1H, ArH), 7.66 

(tt, J = 13.4, 7.0 Hz, 2H, ArH), 2.91 (q, J = 6.7 Hz, 1H, CH), 1.96 (dd, J = 13.6, 7.5 Hz, 2H, CH2), 1.68 (d, J 

= 13.9 Hz, 4H, CH2), 1.63 – 1.48 (m, 2H, CH2). 13C NMR (CDCl3, 100 MHz) δ 166.7, 134.4, 131.9, 131.5, 

131.0, 126.1, 115.5, 113.7, 38.3, 33.5, 31.3, 24.9. IR ν 2960 (w), 2868 (w), 2165 (w), 1649 (s), 1610 (s), 

1560 (m), 1439 (m), 1333 (m), 1295 (m), 1222 (w), 1008 (m), 833 (w), 752 (m). HRMS (ESI) calcd for 

C14H14IO2
+ [M+H]+ 341.0033; found 341.0036.  

2-Cyclohexylethynyl-1,2-benziodoxol-3(1H)-one (EBX.13) 

Following GP1 on 4.00 mmol scale and using ethynylcyclohexane (0.732 g, 5.60 

mmol, 1.40 equiv) EBX.13 (0.850 g, 2.40 mmol, 60%) was obtained as a white 

amorphous solid. Rf: 0.44 (DCM:MeOH 9:1). 1H NMR (400 MHz, Chloroform-d) 

δ 8.28 (t, J = 6.0 Hz, 1H, ArH), 8.10 (t, J = 5.8 Hz, 1H, ArH), 7.65 (dp, J = 12.9, 6.6 

Hz, 2H, ArH), 2.68 (h, J = 4.7, 4.2 Hz, 1H, CH), 1.82 (d, J = 12.5 Hz, 2H, CH2), 1.67 (d, J = 10.7 Hz, 2H, 

CH2), 1.46 (t, J = 10.4 Hz, 3H, CH2), 1.29 (d, J = 10.2 Hz, 3H, CH2). 13C NMR (CDCl3, 100 MHz) δ 166.7, 

134.3, 131.9, 131.4, 130.9, 126.1, 115.5, 113.4, 38.7, 31.9, 30.4, 25.3, 24.4. IR ν 2899 (m), 2877 (m), 

1634 (s), 1579 (s), 1494 (w), 1307 (s), 1241 (w), 1049 (w), 980 (w), 876 (w), 817 (w). HRMS (ESI) calcd 

for C15H16IO2
+ [M+H]+ 355.0190; found 355.0192. 
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Preparation of hydroxy-BX: 

 

GP2: Following a reported procedure,3 NaIO4 (1.05 equiv.) and 2-iodobenzoic acid 9.9 (1.00 equiv.) 

were suspended in 30% (v/v) aq. AcOH (48 mL for 33.8 mmol). The mixture was vigorously stirred and 

refluxed for 4 h. The reaction mixture was then diluted with cold water (180 mL) and allowed to cool 

to room temperature, protecting it from light. After 1 h, the crude product was collected by filtration, 

washed on the filter with ice water (3 x 20 mL) and acetone (3 x 20 mL), and air-dried in the dark to 

give the pure product 16.  

1-Hydroxy-5-methyl-1,2-benziodoxol-3-(1H)-one (4.9) 

Following GP2 on 33.8 mmol scale, 1-hydroxy-1,2-benziodoxol-3-(1H)-one 4.9 (8.3 g, 

31 mmol, 98%) was obtained as a white solid. 1H NMR (400 MHz, (CD3)2SO): δ 8.02 (dd, 

J = 7.7, 1.4 Hz, 1H, ArH), 7.97 (m, 1H, ArH), 7.85 (dd, J = 8.2, 0.7 Hz, 1H, ArH), 7.71 (td, 

J = 7.6, 1.2 Hz, 1H, ArH). 13C NMR (100 MHz, (CD3)2SO): δ 167.7, 134.5, 131.5, 131.1, 

130.4, 126.3, 120.4. IR ν 3083 (w), 3060 (w), 2867 (w), 2402 (w), 1601 (m), 1585 (m), 1564 (m), 1440 

(m), 1338 (s), 1302 (m), 1148 (m), 1018 (w), 834 (m), 798 (w), 740 (s), 694 (s), 674 (m), 649 (m). The 

values of the NMR spectra are in accordance with reported literature data.11  

1-Hydroxy-5-methoxy-1,2-benziodoxol-3-(1H)-one (9.10) 

Following GP2 on 3.60 mmol scale, 1-hydroxy-5-methoxy-1,2-benziodoxol-3-(1H)-one 

9.10  (0.838 g, 2.85 mmol, 79%) was obtained as a white amorphous solid. 1H NMR 

(400 MHz, Dimethyl Sulfoxide-d6) δ 8.00 (s, 1H, ArH), 7.72 – 7.61 (m, 1H, ArH), 7.59 – 

7.47 (m, 1H, ArH), 3.88 (s, 3H, OCH3). 13C NMR 13C NMR (100 MHz, Dimethyl Sulfoxide-

d6) δ 167.9, 162.0, 133.5, 127.6, 122.0, 115.4, 109.5, 56.4. The values of the NMR 

spectra are in accordance with reported literature data.12 

General procedure for the synthesis of EBX from hydroxy-BX: 

 

GP3: Following a reported procedure,13 to a solution of 2-iodosylbenzoic acid 4.9-9.10 (1.00 equiv.) in 

dry DCM (c = 0.2 M) was added trimethylsilyl trifluoromethanesulfonate (1.10 equiv.) dropwise at 

room temperature and the reaction mixture was stirred for 1 h. After this time, the corresponding 

trimethylethynylsilane 9.11 (1.10 equiv.) was added and the mixture was stirred for 6 h at room 

temperature. The reaction mixture was then quenched with saturated aqueous NaHCO3 solution and 

extracted with dichloromethane (3 times). The combined organic extracts were dried over MgSO4, 

                                                            
11 Kraszkiewicz, L.; Skulski, L. Arkivoc 2003, 6, 120. 
12 S. Bertho S.; R. Rey‐Rodriguez, C. Colas, P. Retailleau, I.  Gillaizeau, Chem. – Eur. J. 2017, 23, 17674–17677.  

13 S. Nicolai, C. Piemontesi, J. Waser, Angew. Chem. Int. Ed. 2011, 50, 4680. 
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filtered and concentrated under reduced pressure. The residue was purified by column 

chromatography using DCM/methanol as eluent to give the corresponding EBX reagent. 

1-[Phenylethynyl]-1,2-benziodoxol-3(1H)-one (EBX.16) 

Following GP3 on 41.5 mmol scale, 1-[phenylethynyl]-1,2-benziodoxol-3(1H)-one 

EBX.16 (6.08 g, 17.4 mmol, 46 %) as a white solid. Mp (Dec.) 155.0–160.0 °C (lit 

153-155°C). 1H NMR (400 MHz, CDCl3) δ 8.46 (m, 1H, ArH), 8.28 (m, 1H, ArH), 7.80 

(m, 2H, ArH), 7.63 (m, 2H, ArH), 7.48 (m, 3H, ArH). 13C NMR (100 MHz, CDCl3) δ 

163.9, 134.9, 132.9, 132.5, 131.6, 131.3. 130.8, 128.8, 126.2, 120.5, 116.2, 106.6, 50.2. Data reported 

in literature.13  

1-[(Trimethylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one (EBX.17) 

Following GP3 on 28.0 mmol scale, 1-[(trimethylsilyl)ethynyl]-1,2-benziodoxol-

3(1H)-one EBX.17 (7.17 g, 20.8 mmol, 74%) was obtained as a colorless solid. Mp: 

143-145°C (dec); 1H NMR(400 MHz, Chloroform-d) δ 8.42 (dd, J= 6.4, 1.9 Hz, 1 H; 

ArH), 8.19 (m, 1 H; ArH), 7.78 (m, 2 H; ArH), 0.32 (s, 9 H; TMS); 13C NMR (100 

MHz, CDCl3) δ 166.4, 134.9, 132.6, 131.7, 131.4, 126.1, 117.2, 115.4, 64.2, -0.5; IR ν 3389 (w), 2967 

(w), 1617 (s), 1609 (s), 1562 (m), 1440 (w), 1350 (m), 1304 (w), 1254 (w), 1246 (w), 1112 (w), 1008 (w), 

852 (s), 746 (m), 698 (m), 639 (m). The characterization data corresponded to the reported values.9  

5-Methoxy-propynyl-1,2-benziodoxol-3(1H)-one (EBX.27) 

Following GP3 on 2.72 mmol scale, 5-methoxy-propynyl-1,2-benziodoxol-3(1H)-

one EBX.27 (0.273 g, 864 µmol, 32%) was obtained as a white solid Rf: 0.51 

(DCM:MeOH 9:1). Mp: 176 °C. 1H NMR (400 MHz, Chloroform-d) δ 7.97 (d, J = 9.1 

Hz, 1H, ArH), 7.91 (d, J = 3.0 Hz, 1H, ArH), 7.30 (dd, J = 9.1, 3.0 Hz, 1H, ArH), 3.93 

(s, 3H, OCH3), 2.26 (s, 3H, CH3). 13C NMR (100 MHz, Chloroform-d) δ 166.6, 163.3, 133.2, 127.0, 123.1, 

115.5, 104.7, 103.3, 56.4, 38.5, 5.7. IR ν 2175 (w), 1631 (s), 1577 (s), 1464 (m), 1418 (m), 1317 (s), 1231 

(m), 1031 (m), 1000 (w), 907 (m), 789 (m), 734 (s). HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C11H10IO3
+ 

316.9669; Found 316.9676.  

1-[(Triisopropylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one (EBX.24) 

 

Following a reported procedure,8 a cooled solution of trimethylsilyl trifluoromethanesulfonate 

(TMSOTf, 19.9 mL, 110 mmol, 1.10 equiv.) was added dropwise to a stirred suspension of 2-

iodosylbenzoic acid (4.9) (26.4 g, 100.0 mmol, 1.00 equiv.) in acetonitrile (350 mL) at 0 °C. The mixture 

was then allowed to warm to room temperature and was stirred for 15 minutes. Then 

trimethylsilyl(triisopropylsilyl)acetylene (9.12) (28.0 g, 110 mmol, 1.10 equiv.) was added dropwise to 

the reaction mixture. After 30 minutes, pyridine (9.8 mL, 122 mmol, 1.10 equiv.) was added dropwise 

and, 15 minutes later, the reaction mixture was concentrated under reduced pressure. The collected 

solid was dissolved in dichloromethane (250 mL) and washed with a 1.0 N aqueous hydrochloric acid 

(150 mL). The aqueous layer was extracted with dichloromethane (250 mL), then the combined 

organic layers were washed with a saturated aqueous sodium bicarbonate (2 x 250 mL), dried over 
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magnesium sulfate, filtered and concentrated in vacuo. The resulting solid was then recrystallized 

from acetonitrile and washed with hexanes (2 x 40 mL) to yield pure TIPS-EBX (2h) (32.1 g, 74.9 mmol, 

75% yield) as white crystals. 1H NMR (400 MHz, CDCl3) δ 8.43 (dd, J = 5.9, 3.3 Hz, 1H, ArH), 8.29 (dd, J 

= 6.0, 3.3 Hz, 1H, ArH), 7.76 (dd, J = 5.9, 3.3 Hz, 2H, ArH), 1.33-1.05 (m, 21H, TIPS). 13C NMR (101 MHz, 

CDCl3) δ 166.4, 134.5, 132.3, 131.4, 131.4, 126.1, 115.6, 113.9, 64.7, 18.4, 11.1. Spectroscopic data 

was consistent with the values reported in literature.8 

One pot procedure for the synthesis of EBX: 

Octynyl-1,2-benziodoxol-3(1H)-one (EBX.3) 

 

Following a slightly modified procedure,14 a solution of 1-octyne 9.13 (747 mg, 6.78 mmol, 1.00 eq.) 

and dry diethyl ether (7.0 mL) was cooled to -78 °C, at which temperature 1.6 M nBuLi in hexanes (4.24 

mL, 6.78 mmol, 1.00 eq.) was added dropwise. The mixture was stirred at -78 °C for 90 minutes and 

then canullated into a to -78 °C pre-cooled solution consisting of triisopropyl borate (1.56 mL, 6.78 

mmol, 1.00 eq.) and dry diethyl ether (7.0 mL). The reaction mixture was stirred at -78 °C for 2 hours, 

after which 2.0 M HCl in diethyl ether (3.73 mL, 7.46 mmol, 1.10 eq.) was added. The cooling bath was 

removed and the mixture was stirred for an additional 60 minutes. After filtration and solvent removal, 

Kugelrohr distillation (75 °C at 0.6 mbar) furnished pure diisopropyloct-1-ynylboronate (9.14, 940 mg, 

3.95 mmol, 58% yield) as a colorless liquid. 1H NMR (CDCl3, 400 MHz): δ 4.55 (sept, 2 H, J = 6.2 Hz, iPr-

CH), 2.27 (t, 2 H, J = 7.0 Hz, propargyl CH2), 1.60-1.48 (m, 2 H, CH2), 1.45-1.24 (m, 6 H, CH2), 1.19 (d, 12 

H, J = 6.2 Hz, iPr-CH3), 0.89 (t, 3 H, J = 6.9 Hz, alkyl CH3). The values of the 1H NMR spectrum are in 

accordance with reported literature data.15 

Following a slightly modified procedure,10 2-iodobenzoic acid 9.9 (692 mg, 2.79 mmol, 1.00 eq.), para-

toluenesulfonic acid monohydrate (TsOH.H2O, 531 mg, 2.79 mmol, 1.00 eq.) and meta-

chloroperoxybenzoic acid (mCPBA-70%, 756 mg, 3.07 mmol, 1.10 eq.) were dissolved in 

dichloromethane (4.5 mL) and 2,2,2-trifluoroethanol (4.5 mL). The mixture was stirred at room 

temperature under nitrogen for 1 hour, after which diisopropyloct-1-ynylboronate (9.14, 930 mg, 3.90 

mmol, 1.40 eq.) was added in one portion. The reaction mixture was stirred for 2 hours at room 

temperature, filtered and concentrated in vacuo. The resulting oil was dissolved in dichloromethane 

(30 mL) and under vigorous stirring, saturated aq. NaHCO3 (30 mL) was added. The mixture was stirred 

for 15 minutes, the two layers were separated and the aqueous layer was extracted with additional 

portions of dichloromethane (3 x 10 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 EBX.3 (940 mg, 2.64 mmol, 95%) as a white solid. Rf (EtOAc) = 0.25. Mp 50-63 °C. 1H 

NMR (CDCl3, 400 MHz): δ 8.42-8.35 (m, 1 H, ArH), 8.20-8.13 (m, 1 H, ArH), 7.78-7.69 (m, 2 H, ArH), 

                                                            
14 H. C. Brown, N. G. Bhat, M. Srebnik, Tetrahedron Lett. 1988, 29, 2631. 
15 R. Morita, E. Shirakawa, T. Tsuchimoto, Y. Kawakami, Y. Org. Biomol. Chem. 2005, 3, 1263. 
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2.59 (t, 2 H, J = 7.1 Hz, CCCH2), 1.70-1.58 (m, 2 H), 1.51-1.39 (m, 2 H), 1.38-1.26 (m, 4 H), 0.94-0.86 (m, 

3 H, CH2CH3). 13C NMR (CDCl3, 100 MHz): δ 166.7, 134.7, 132.5, 131.7, 131.6, 126.3, 115.7, 109.9, 39.4, 

31.3, 28.7, 28.3, 22.6, 20.6, 14.1. IR ν 2930 (w), 2858 (w), 2166 (w), 1619 (s), 1561 (w), 1439 (w), 1331 

(m), 1297 (m), 832 (w), 748 (m). HRMS (ESI) C15H18IO2
+ [M+H]+ calc. = 357.0346; [M+H]+ obs. = 

357.0339. 

Hexadecynyl-1,2-benziodoxol-3(1H)-one (EBX.4) 

 

To a mixture of trimethylsilylacetylene (8.33 g, 85.0 mmol, 1.20 eq.) 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 eq.) 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 9.15 (19.6 g, 70.7 mmol, 1.00 eq.), hexamethylphosphoramide 

(HMPA, 14.2 mL, 78.0 mmol, 1.10 eq.) 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 (9.16, 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): 16 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. 

Following a slightly modified procedure,10 2-iodobenzoic acid 9.9 (8.00 g, 32.2 mmol, 1.00 eq.), para-

toluenesulfonic acid monohydrate (TsOH.H2O, 6.13 g, 32.2 mmol, 1.00 eq.) and meta-

chloroperoxybenzoic acid (mCPBA-70%, 8.74 g, 35.5 mmol, 1.10 eq.) 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 (9.16, 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 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 

                                                            
16 Some signals were not resolved at 100 MHz. 
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chromatography (ethyl acetate) to afford EBX.4 (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):5 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). HRMS (ESI) C23H34IO2
+ [M+H]+ calc. = 469.1598; [M+H]+ obs. = 469.1614. 

8-(Trimethylsilyl)octa-1,7-diyn-1-yl-1,2-benziodoxol-3(1H)-one (EBX.6) 

 

Following a slightly modified procedure,3 to a solution of 1,7-octadiyne 9.17 (10.6 g, 100 mmol, 1.00 

equiv) in dry THF (150 mL) was added at -78 °C under nitrogen 1 M lithium bis(trimethylsilyl)amide in 

THF (LiHMDS, 100 mL, 100 mmol, 1.00 equiv.). The solution was stirred at -78 °C for 30 minutes, after 

which trimethylsilyl chloride (TMSCl, 13.0 mL, 100 mmol, 1.00 equiv.) was added dropwise. The 

reaction was warmed to room temperature and stirred for 2 h. The reaction was cooled to 0 °C and 

quenched by adding water (10 mL). The mixture was diluted with 1 M HCl (200 mL) and extracted with 

diethyl ether (100 mL and 2 x 75 mL). The combined organic layers were washed with brine (200 mL), 

dried over MgSO4, filtered and concentrated in vacuo. The crude product was purified by vacuum 

distillation using a 20 cm Vigreux column (oil bath set to 98 °C at 0.3 mbar) furnishing pure 

trimethyl(octa-1,7-diyn-1-yl)silane 9.18 (8.37 g, 46.9 mmol, 47%) as a colorless liquid. Rf: 0.2 

(Pentane). 1H NMR (CDCl3, 400 MHz) δ 2.28-2.17 (m, 4H), 1.93 (t, J = 2.7 Hz, 1H, CCH), 1.68-1.57 (m, 

4H), 0.13 (s, 9H, TMS). 13C NMR (CDCl3, 100 MHz) δ 107.0, 84.9, 84.2, 68.6, 27.7, 27.6, 19.5, 18.1, 0.3. 

IR ν 3309 (w), 2951 (w), 2175 (w), 1250 (m), 912 (w), 841 (s), 761 (m), 734 (m). Data reported in 

literature.3  

Following a slightly modified procedure,10 2-iodobenzoic acid 9.9 (8.43 g, 33.3 mmol, 1.00 equiv.), 

para-toluenesulfonic acid monohydrate (TsOH.H2O, 6.40 g, 33.3 mmol, 1.00 equiv.) and meta-

chloroperoxybenzoic acid (mCPBA-70%, 9.04 g, 36.7 mmol, 1.10 equiv.) were dissolved in CH2Cl2 (60 

mL) and 2,2,2-trifluoroethanol (60 mL). The mixture was stirred at room temperature under nitrogen 

for 1 h, after which trimethyl(octa-1,7-diyn-1-yl)silane 23 (8.32 g, 46.7 mmol, 1.40 equiv.) was added. 

The reaction mixture was stirred for 15 h at room temperature and then filtered and concentrated in 

vacuo. The resulting light being solid was dissolved in CH2Cl2 (500 mL) and under vigorous stirring, 

saturated solution of NaHCO3 (500 mL) was added. The mixture was stirred for 1 h, the two layers 

were separated and the aqueous layer was extracted with additional portions of CH2Cl2 (3 x 150 mL). 

The combined organic layers were dried over MgSO4, filtered and concentrated in vacuo. The crude 

product was purified by flash column chromatography using ethyl acetate to afford EBX.6 (4.20 g, 9.90 

mmol, 30%) as a white solid. Mp: 152.3–155.6 °C. Rf: 0.59 (EtOAc:MeOH 9:1). 1H NMR (CDCl3, 400 

MHz) δ 8.37 (dd, J = 6.7, 2.3 Hz, 1H, ArH), 8.17 (dd, J = 7.8, 1.5 Hz, 1H, ArH), 7.82-7.66 (m, 2H, ArH), 

2.63 (t, J = 6.8 Hz, 2H,), 2.29 (t, J = 6.7 Hz, 2H), 1.83-1.62 (m, 4H), 0.13 (s, 9H, TMS). 13C NMR (CDCl3, 

100 MHz) δ 166.7, 134.8, 132.4, 131.7, 131.5, 126.3, 115.7, 109.1, 106.4, 85.4, 40.0, 27.7, 27.3, 20.2, 
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19.4, 0.3. IR ν 2955 (w), 2170 (w), 1647 (m), 1621 (s), 1439 (w), 1329 (m), 1296 (w), 1249 (m), 840 (s), 

746 (s). HRMS (ESI) calcd. for C18H22IO2Si+ [M+H]+ 425.0428; found 425.0433. Data reported in 

literature.3  

(Oct-6-en-1-ynyl)-1,2-benziodoxol-3(1H)-one (EBX.7) 

 

To a mixture of trimethylsilylacetylene (7.23 g, 73.6 mmol, 1.20 eq.) and dry THF (40 mL) was added 

at -78 °C under nitrogen 2.5 M nBuLi in hexanes (31.9 mL, 80.0 mmol, 1.30 eq.) 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 6-bromohexene 9.19 (10.0 g, 61.3 mmol, 1.00 eq.), hexamethylphosphoramide (HMPA, 

12.0 mL, 67.5 mmol, 1.10 eq.) and dry THF (20 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 (5 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 

trimethyl(oct-7-en-1-yn-1-yl)silane (9.20, 10.6 g, 58.8 mmol, 95.9% yield) as a colorless liquid. 1H NMR 

(CDCl3, 400 MHz): δ 5.79 (ddt, 1 H, J = 16.9, 10.2, 6.7 Hz, CH2CHCH2), 5.04-4.91 (m, 2 H, CH2CHCH2), 

2.22 (t, 2 H, J = 6.9 Hz, CH2), 2.11-2.01 (m, 2 H, CH2), 1.58-1.43 (m, 4 H, CH2), 0.14 (s, 9 H, TMS). 13C 

NMR (CDCl3, 100 MHz): δ 138.8, 114.7, 107.6, 84.5, 33.3, 28.2, 28.1, 19.9, 0.3. The values of the NMR 

spectra are in accordance with reported literature data.17 

Following a slightly modified procedure,10 2-iodobenzoic acid 9.9 (9.82 g, 39.6 mmol, 1.00 eq.), para-

toluenesulfonic acid monohydrate (TsOH.H2O, 7.53 g, 39.6 mmol, 1.00 eq.) and meta-

chloroperoxybenzoic acid (mCPBA-70%, 10.7 g, 43.6 mmol, 1.10 eq.) were dissolved in 

dichloromethane (73 mL) and 2,2,2-trifluoroethanol (73 mL). The mixture was stirred at room 

temperature under nitrogen for 1 hour, after which trimethyl(oct-7-en-1-yn-1-yl)silane (30, 10.0 g, 

55.4 mmol, 1.40 eq.) was added in one portion. The reaction mixture was stirred for 14 hours at room 

temperature, filtered and concentrated in vacuo. The resulting oil was dissolved in dichloromethane 

(700 mL) and under vigorous stirring, saturated aq. NaHCO3 (700 mL) was added. The mixture was 

stirred for 1 hour, the two layers were separated and the aqueous layer was extracted with additional 

portions of dichloromethane (3 x 200 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 EBX.7 (2.60 g, 7.34 mmol, 19%) as a white solid. In addition, starting 

trimethyl(oct-7-en-1-yn-1-yl)silane (77, 3.20 g, 17.7 mmol) was recovered and re-submitted to the 

above described conditions to afford additional 11m (1.18 g, 3.33 mmol, 28%) as a white solid, giving 

an overall yield of 27% brsm. Rf (EtOAc) = 0.34. Mp 48-58 °C. 1H NMR (CDCl3, 400 MHz): δ 8.43-8.36 

(m, 1 H, ArH), 8.21-8.13 (m, 1 H, ArH), 7.80-7.69 (m, 2 H, ArH), 5.81 (ddt, 1 H, J = 17.0, 10.2, 6.7 Hz, 

                                                            
17 H. Urabe, F. Sato, J. Am. Chem. Soc. 1999, 121, 1245. 
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CH2CHCH2), 5.10-4.95 (m, 2 H, CH2CHCH2), 2.61 (t, 2 H, J = 7.0 Hz), 2.17-2.07 (m, 2 H), 1.73-1.51 (m, 4 

H). 13C NMR (CDCl3, 100 MHz): δ 166.7, 138.1, 134.8, 132.5, 131.6, 131.6, 126.2, 115.7, 115.2, 109.5, 

39.7, 33.2, 28.1, 27.7, 20.4. IR ν 3294 (w), 2912 (w), 2869 (w), 1731 (w), 1650 (w), 1625 (w), 1447 (m), 

1250 (w), 1101 (s), 1018 (m), 747 (s). HRMS (ESI) C15H16IO2
+ [M+H]+ calc. = 355.0189; [M+H]+ obs. = 

355.0182. 

5-Pentanolethynyl-1,2-benziodoxol-3(1H)-one (EBX.8) 

 

Following a slightly modified procedure,5 2.5 M nBuLi in hexanes (39.2 mL, 98.0 mmol, 2.20 eq.) was 

added at -78 °C under nitrogen to a mixture of hept-6-yn-1-ol 9.5 (5.00 g, 44.6 mmol, 1.00 eq.) and 

dry THF (150 mL), followed by 4-dimethylaminopyridine (DMAP, 1.36 g, 11.1 mmol, 0.25 eq.). The 

mixture was stirred at -78 °C for 60 minutes, after which trimethylsilyl chloride (TMS-Cl, 20.4 mL, 156 

mmol, 3.50 eq.) was added dropwise. The cooling bath was removed and the reaction stirred for 2 

hours. Next, 1.0 N aq. HCl (50 mL) was added and the solution was stirred vigorously for 30 minutes 

at room temperature. The mixture was diluted with EtOAc (200 mL) and extracted. The aqueous layer 

was extracted with additional portions of EtOAc (3 x 50 mL). The combined organic layers were washed 

with sat. aq. NaHCO3 (100 mL), brine (50 mL), dried over MgSO4, filtered and concentrated in vacuo. 

The crude product was purified by flash column chromatography (pentane:EtOAc 4:1) to afford 7-

(trimethylsilyl)hept-6-yn-1-ol (9.6, 8.22 g, 43.5 mmol, 97%) as a colorless oil. 1H NMR (CDCl3, 400 MHz): 

δ 3.61 (t, 2 H, J = 6.5 Hz, CH2OH), 2.21 (t, 2 H, J = 7.0 Hz, CCCH2), 1.73 (bs, 1 H, CH2OH), 1.61-1.48 (m, 4 

H), 1.48-1.38 (m, 2 H), 0.11 (s, 9 H, TMS). 13C NMR (CDCl3, 100 MHz): δ 107.4, 84.6, 62.8, 32.3, 28.5, 

25.1, 19.9, 0.3. The values of the 1H NMR spectrum are in accordance with reported literature data.1 

Following a slightly modified procedure,10 2-iodobenzoic acid 9.9 (7.69 g, 31.0 mmol, 1.00 eq.), para-

toluenesulfonic acid monohydrate (TsOH.H2O, 5.90 g, 31.0 mmol, 1.00 eq.) and meta-

chloroperoxybenzoic acid (mCPBA-70%, 8.41 g, 34.1 mmol, 1.10 eq.) were dissolved in 

dichloromethane (57 mL) and 2,2,2-trifluoroethanol (57 mL). The mixture was stirred at room 

temperature under nitrogen for 1 hour, after which 7-(trimethylsilyl)hept-6-yn-1-ol (21, 8.00 g, 43.4 

mmol, 1.40 eq.) was added in one portion. The reaction mixture was stirred for 18 hours at room 

temperature, filtered and concentrated in vacuo. The resulting oil was dissolved in dichloromethane 

(500 mL) and under vigorous stirring, saturated aq. NaHCO3 (500 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 150 mL). The combined organic layers were dried over 

MgSO4, filtered and concentrated in vacuo. The crude product was purified by flash column 

chromatography (EtOAc:MeOH 95:5) to afford EBX.8 (3.56 g, 9.94 mmol, 32%) as a white solid. Rf 

(EtOAc:MeOH 9:1) = 0.24. Mp 115-120 °C. 1H NMR (CDCl3, 400 MHz): δ 8.33 (dd, 1 H, J = 7.2, 2.0 Hz, 

ArH), 8.15 (d, 1 H, J = 8.0 Hz, ArH), 7.79-7.64 (m, 2 H, ArH), 3.66 (t, 2 H, J = 5.9 Hz, CH2OH), 2.59 (t, 2 H, 

J = 6.9 Hz, CCCH2), 1.73-1.49 (m, 7 H, CH2 and OH). 13C NMR (CDCl3, 100 MHz): δ 167.0, 134.8, 132.3, 

131.6, 131.5, 126.5, 115.7, 109.7, 62.3, 39.2, 32.1, 28.0, 25.3, 20.6. IR ν 3351 (w), 2934 (w), 2170 (w), 
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1623 (s), 1585 (m), 1561 (w), 1439 (w), 1333 (m), 1300 (w), 1058 (w), 911 (m), 832 (w), 732 (s), 689 

(m). HRMS (ESI) C14H16IO3
+ [M+H]+ calc. = 359.0139; [M+H]+ obs. = 359.0136. 

2-(6-(3-Oxo-1,2-benziodoxol-3(1H)-yl)hex-5-yn-1-yl)isoindoline-1,3-dione (EBX.9) 

 

To a stirring solution of 6-(trimethylsilyl)hex-5-yn-1-ol 9.6 (852 mg, 5.00 mmol, 1.00 equiv.) in THF 

(16.7 mL) was added triphenylphosphine (1.44 g, 5.50 mmol, 1.10 equiv.) and DIAD (1.15 mL, 5.50 

mmol, 1.10 equiv.) at 0 oC. The reaction mixture was stirred at this temperature for 15 min and then, 

phthalimide (9.21) (750 mg, 5.10 mmol, 1.02 equiv.) was added. The reaction was continued at room 

temperature for 5 h, then cold water (20 mL) was added and the product was extracted with EtOAc (3 

x 40 mL). The combined organic layers were washed with brine (50 mL), dried over anhydrous MgSO4 

and the solvent was removed under reduced pressure. The crude product was purified by column 

chromatography using Et2O/pentane 10:90 as eluent to furnish 2-(6-(trimethylsilyl)hex-5-yn-1-

yl)isoindoline-1,3-dione (9.22) as a white solid (1.37 g, 4.58 mmol, 92%). M.p. 68-70 °C; Rf = 0.26 

(Et2O/pentane 10:90); 1H NMR (400 MHz, CDCl3) δ 7.83 (dd, J = 5.4, 3.1 Hz, 2H, ArH), 7.70 (dd, J = 5.4, 

3.1 Hz, 2H, ArH), 3.70 (t, J = 7.0 Hz, 2H, CH2NPhth), 2.27 (t, J = 7.1 Hz, 2H, C≡CCH2), 1.85 - 1.74 (m, 2H, 

CH2), 1.61 - 1.49 (m, 2H, CH2), 0.12 (s, 9H, TMS); 13C NMR (101 MHz, CDCl3) δ 168.5, 134.0, 132.3, 

123.3, 106.7, 85.1, 37.6, 27.8, 25.9, 19.6, 0.3; IR (νmax, cm-1) 2955 (w), 2931 (w), 2170 (w), 1770 (w), 

1705 (m), 1440 (w), 1390 (s), 1352 (m), 1324 (m), 1247 (m), 1035 (m), 904 (m), 841 (s), 761 (s), 718 (s), 

638 (m); HRMS (ESI/QTOF) m/z: [M+H]+ Calcd. for C17H22NO2Si+ 300.1414; Found 300.1413. 

Following a slightly modified procedure,10 2-iodobenzoic acid 9.9 (496 mg, 2.00 mmol, 1.00 equiv.), 

para-toluenesulfonic acid monohydrate (TsOH•H2O, 380 mg, 2.00 mmol, 1.00 equiv.) and meta-

chloroperoxybenzoic acid (mCPBA-70%, 493 mg, 2.20 mmol, 1.10 equiv.) were dissolved in CH2Cl2 (3 

mL) and 2,2,2-trifluoroethanol (3 mL). The mixture was stirred at room temperature under nitrogen 

for 1 h, after which 2-(6-(trimethylsilyl)hex-5-yn-1-yl)isoindoline-1,3-dione 26 (599 mg, 2.00 mmol, 

1.00 equiv.) was added. The reaction mixture was stirred for 15 h at room temperature and then 

filtered and concentrated in vacuo. The resulting light beige solid was dissolved in CH2Cl2 (30 mL) and 

under vigorous stirring, a saturated solution of NaHCO3 (30 mL) was added. The mixture was stirred 

for 1 h, the two layers were separated and the aqueous layer was extracted with additional portions 

of CH2Cl2 (3 x 20 mL). The combined organic layers were dried over MgSO4, filtered and concentrated 

in vacuo. The crude product was purified by flash column chromatography using ethyl acetate to 

afford 2-(6-(3-oxo-1,2-benziodoxol-3(1H)-yl)hex-5-yn-1-yl)isoindoline-1,3-dione EBX.9 (300 mg, 634 

µmol, 32%) as a white solid. Rf: 0.54 (DCM:MeOH 9:1). Mp: 168-172 °C. 1H NMR (400 MHz, 

Chloroform-d) δ 8.40 (dd, J = 7.3, 1.9 Hz, 1H, ArH), 8.16 (dd, J = 8.1, 1.1 Hz, 1H, ArH), 7.85 (dd, J = 5.4, 

3.0 Hz, 2H, ArH), 7.82 – 7.69 (m, 4H, ArH), 3.76 (t, J = 7.0 Hz, 2H, CH2), 2.67 (t, J = 7.0 Hz, 2H, CH2), 1.95 

– 1.83 (m, 2H, CH2), 1.78 – 1.67 (m, 2H, CH2). 13C NMR (101 MHz, Chloroform-d) δ 168. 6, 166.6, 135.0, 

134.3, 132.5, 132.1, 131.6, 131.6, 126.3, 123.5, 115.7, 108.6, 40.7, 37.3, 27.8, 25.4, 20.1. IR ν 2937 (w), 
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2164 (w), 1768 (m), 1710 (s), 1647 (s), 1619 (s), 1441 (m), 1398 (m), 1329 (m), 1181 (w), 1031 (w), 914 

(m), 835 (w), 727 (s), 687 (w). HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C21H17INO4
+ 474.0197; Found 

474.0203. 

1-(3-Cyclopropylprop-1-yn-1-yl)-1,2-benziodoxol-3(1H)-one (EBX.10) 

 

To a mixture of trimethylsilylacetylene (2.36 g, 24.0 mmol, 1.20 eq.) and dry THF (20 mL) was added 

at -78 °C under nitrogen 2.5 M nBuLi in hexanes (10.4 mL, 26.0 mmol, 1.30 eq.) 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 (bromomethyl)cyclopropane 9.23 (2.70 g, 20.0 mmol, 1.00 eq.), 

hexamethylphosphoramide (HMPA, 3.83 mL, 22.0 mmol, 1.10 eq.) and dry THF (2 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 (20 mL) and diluted with water (5 mL) and Et2O (20 mL). The two layers were 

separated and the aq. layer was extracted with additional portions of Et2O (3 x 20 mL). The combined 

organic layers were washed with water (2 x 20 mL), brine (20 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 the (3-cyclopropylprop-1-yn-1-yl)trimethylsilane 9.24 (2.72 g, 17.9 

mmol, 89%). 

Following a slightly modified procedure,10 2-iodobenzoic acid 9.9 (2.33 g, 9.38 mmol, 1.00 eq.), para-

toluenesulfonic acid monohydrate (TsOH.H2O, 1.78 g, 9.38 mmol, 1.00 eq.) and meta-

chloroperoxybenzoic acid (mCPBA-70%, 2.31 g, 10.3 mmol, 1.10 eq.) were dissolved in 

dichloromethane (16 mL) and 2,2,2-trifluoroethanol (16 mL). The mixture was stirred at room 

temperature under nitrogen for 1 hour, after which (3-cyclopropylprop-1-yn-1-yl)trimethylsilane (33, 

2.00 g, 13.1 mmol, 1.40 eq.) was added in one portion. The reaction mixture was stirred for 14 hours 

at room temperature, filtered and concentrated in vacuo. The resulting oil was dissolved in 

dichloromethane (30 mL) and under vigorous stirring, saturated aq. NaHCO3 (30mL) was added. The 

mixture was stirred for 1 hour, the two layers were separated and the aqueous layer was extracted 

with additional portions of dichloromethane (3 x 20 mL). The combined organic layers were dried over 

MgSO4, filtered and concentrated in vacuo. The crude product was purified by flash column 

chromatography (DCM/methanol) to afford EBX.10 (1.08 g, 3.31 mmol, 35%) as a white solid. Rf: 0.61 

(DCM:MeOH 9:1). Mp: 132-137 °C. 1H NMR (400 MHz, Methylene Chloride-d2) δ 8.34 – 8.28 (m, 1H, 

ArH), 8.27 – 8.22 (m, 1H, ArH), 7.77 (m, 2H, ArH), 2.61 (d, J = 6.3 Hz, 2H, CH2), 1.08 (ttt, J = 8.0, 6.3, 4.8 

Hz, 1H, CH), 0.66 – 0.53 (m, 2H, CH2), 0.35 – 0.27 (m, 2H, CH2). 13C NMR (101 MHz, Methylene Chloride-

d2) δ 166.7, 135.1, 132.4, 132.2, 131.9, 126.9, 116.3, 108.5, 40.3, 25.4, 9.9, 4.7. IR ν 3425 (m), 3073 

(m), 3005 (m), 2921 (m), 2167 (m), 1616 (s), 1560 (s), 1514 (m), 1443 (s), 1328 (s), 1296 (s), 1243 (m), 

1011 (s), 950 (m), 833 (s), 751 (s), 681 (m), 643 (m). HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C13H12IO2
+ 

326.9877; Found 326.9879.  
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3-(Benzyloxy)-3-methyl-but-1-yn-1-yl)-1,2-benziodoxol-3(1H)-one (EBX.14) 

 

Following a reported procedure,3 9.25 (850 mg, 4.90 mmol, 1.00 equiv.) was dissolved in dry THF (10 

mL). Next, nBuLi (2.5 M in hexane, 5.10 mL, 13.0 mmol, 2.60 equiv.) was added through syringe 

dropwise over 10 minutes and the reaction mixture was stirred for another 10 minutes to get a 

brownish-red solution. Next, TMSCl (0.700 mL, 5.50 mmol, 1.10 equiv.) was added dropwise to get a 

clear solution and the reaction mixture was stirred for 1.5 h at 0 °C. The resulting reaction mixture was 

continuously stirred at room temperature for 2.5 h until a white solid precipitated. It was then diluted 

with hexane (30 mL), washed with water (3 x 20 mL), brine (20 mL), dried over MgSO4, filtered and 

concentrated in vacuo. The crude product was purified by flash chromatography using EtOAc:Pentane 

1:20 as mobile phase to afford (3-(benzyloxy)-3-methylbut-1-yn-1-yl)trimethylsilane (362 mg, 1.47 

mmol, 33%), which was used directly in the next step. 

Trimethylsilyltriflate (1.60 mL, 8.56 mmol, 1.10 equiv.) was added dropwise to a stirred solution of 2-

iodosylbenzoic acid 4.9 (2.12 g, 7.99 mmol, 1.00 equiv.) in acetonitrile (40 mL) at 0 °C. After 15 

minutes, (3-(benzyloxy)-3-methylbut-1-yn-1-yl)trimethylsilane (2.07 g, 8.89 mmol, 1.05 equiv.) was 

added dropwise, followed, after 30 min, by the addition of pyridine (6.00 mL). The mixture was stirred 

for 20 minutes. The solvent was then removed under reduced pressure and the crude oil was dissolved 

in CH2Cl2 (100 mL). The organic layer was washed with 0.5 M HCl (100 mL) and the aqueous layer was 

extracted with CH2Cl2 (100 mL). The organic layers were combined, washed with a saturated solution 

of NaHCO3 (2 x 100 mL), brine (100 mL), dried over MgSO4, filtered and the solvent was evaporated 

under reduced pressure. Recrystallization from hot EtOAc afforded EBX.14 (770 mg, 0.183 mmol, 23%) 

as a light yellow solid. Mp: 146.6-148.0 °C. 1H NMR (CDCl3, 400 MHz): δ 8.39 (dd, J = 7.3, 1.8 Hz, 1H, 

ArH), 8.11 (dd, J = 8.2, 1.1 Hz, 1H, ArH), 7.78-7.62 (m, 2H, ArH), 7.39-7.31 (m, 4H, ArH), 7.31-7.27 (m, 

1H, ArH), 4.70 (s, 2H, ArCH2), 1.69 (s, 6H, 2 x CH3). 13C NMR (CDCl3, 100 MHz) δ 166.6, 138.3, 135.0, 

132.6, 131.7, 131.4, 128.6, 127.9, 127.6, 126.1, 115.8, 110.0, 71.9, 67.2, 45.5, 28.8. IR ν 2986 (w), 2868 

(w), 2159 (w), 1618 (s), 1561 (m), 1446 (w), 1330 (m), 1299 (m), 1224 (m), 1159 (m), 1054 (m), 888 

(w), 834 (m), 742 (s). Data reported in literature.3  

3,3-Dimethylbutynyl-1,2-benziodoxol-3(1H)-one (EBX.15) 

 

Following a slightly modified procedure,10 2-iodobenzoic acid 9.9 (1.64 g, 6.59 mmol, 1.00 eq.), para-

toluenesulfonic acid monohydrate (TsOH.H2O, 1.25 g, 6.59 mmol, 1.00 eq.) and meta-
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chloroperoxybenzoic acid (mCPBA-70%, 1.79 g, 7.25 mmol, 1.10 eq.) 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 

(9.26, 1.94 g, 9.23 mmol, 1.40 eq.) 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 EBX.15 (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. 

(4-Azidobut-1-ynyl)-1,2-benziodoxol-3(1H)-one (EBX.20) 

 

Following a reported procedure,3 2-iodobenzoic acid (9.9) (24.1 g, 97.0 mmol, 1.00 equiv.), para-

toluene sulfonic acid monohydrate (pTsOH.H2O, 18.5 g, 97.0 mmol, 1.00 equiv.) and meta-

chloroperoxybenzoic acid (mCPBA-77%, 23.9 g, 107 mmol, 1.10 equiv.) were dissolved in a mixture of 

dichloroethane (81 mL) and 2,2,2-trifluoroethanol (81 mL). After 1 hour stirring at 40 °C, (4-azidobut-

1-yn-1-yl)trimethylsilane (9.3) (22.7 g, 136 mmol, 1.40 equiv.) was added in one portion. The reaction 

mixture was stirred for an additional 14 hours at the same temperature, then the resulting suspension 

was filtered and the volatiles were removed under reduced pressure. The resultant residue was 

dissolved in dichloromethane (1000 mL) and treated with a solution of saturated aqueous sodium 

bicarbonate (1000 mL). The mixture was vigorously stirred for 1 hour, then the two layers were 

separated and the aqueous layer was extracted with additional portions of dichloromethane (3 x 500 

mL). The organic layers were combined, dried over magnesium sulfate; filtered and concentrated 

under reduced pressure. Purification by column chromatography (SiO2, Ethyl acetate) afforded (4-

azidobut-1-ynyl)-1,2-benziodoxol-3(1H)-one (EBX.20) (5.23 g, 15.3 mmol, 16% yield) as a white solid. 

Rf 0.47 (Ethyl acetate:Methanol 9:1). 1H NMR (400 MHz, CDCl3) δ 8.37 (d, J = 7.5 Hz, 1H, ArH), 8.21 (d, 

J = 7.5 Hz, 1H, ArH), 7.80-7.70 (m, 2H, ArH), 3.56 (t, J = 6.5 Hz, 2H, CH2CH2N3), 2.86 (t, J = 6.5 Hz, 2H, 

CH2CH2N3). 13C NMR (101 MHz, CDCl3) δ 167.2, 134.9, 132.3, 131.6, 131.4, 126.8, 115.8, 104.5, 49.4, 

42.7, 21.5. Spectroscopic data was consistent with the values reported in literature.18 

  

                                                            
18 Abegg, D.; Frei, R.; Cerato, L.; Hari, D. P.; Wang, C.; Waser, J.; Adibekian, A. Angew. Chem. Int. Ed. 2015, 54, 
10852. 



 Chapter 9: Experimental Part 

205 
 

4-(Prop-2-yn-1-yloxy- but-1-yn-1-yl)-1,2-benziodoxol-3(1H)-one (EBX.21) 

 

Following a reported procedure,3 2-iodobenzoic acid (9.9) (1.75 g, 7.06 mmol, 1.00 equiv.), para-

toluene sulfonic acid monohydrate (pTsOH.H2O, 1.34 g, 7.06 mmol, 1.00 equiv.) and meta-

chloroperoxybenzoic acid (mCPBA-77%, 1.74 g, 7.77 mmol, 1.10 equiv.) were dissolved in a mixture of 

dichloroethane (5.9 mL) and 2,2,2-trifluoroethanol (5.9 mL). After 1 hour stirring at 40 °C, trimethyl(4-

(prop-2-yn-1-yloxy)but- 1-yn-1-yl)silane (9.4) (1.78 g, 9.88 mmol, 1.40 equiv.) was added in one 

portion. The reaction mixture was stirred for an additional 14 hours at the same temperature, then 

the resulting suspension was filtered and the volatiles were removed under reduced pressure. The 

resultant residue was dissolved in dichloromethane (25 mL) and treated with a solution of saturated 

aqueous sodium bicarbonate (25 mL). The mixture was vigorously stirred for 1 hour, then the two 

layers were separated and the aqueous layer was extracted with additional portions of 

dichloromethane (3 x 20 mL). The organic layers were combined, dried over magnesium sulfate; 

filtered and concentrated under reduced pressure. Purification by column chromatography (SiO2, 

Ethyl acetate) afforded 4-(prop-2-yn-1-yloxy- but-1-yn-1-yl)-1,2-benziodoxol-3(1H)-one (EBX.21) (177 

mg, 0.500 mmol, 7% yield) as a white solid. Rf 0.10 (Ethyl acetate). 1H NMR (400 MHz, CDCl3) δ 8.40 

(dd, J = 7.0, 2.2 Hz, 1H, ArH), 8.26 (dd, J = 8.1, 1.1 Hz, 1H, ArH), 7.83-7.70 (m, 2H, ArH), 4.25 (d, J = 2.4 

Hz, 2H, OCH2CC), 3.78 (t, J = 6.3 Hz, 2H, OCH2CH2), 2.90 (t, J = 6.3 Hz, 2H, OCH2CH2), 2.49 (t, J = 2.4 Hz, 

1H, CCH). 13C NMR (101 MHz, CDCl3) δ 166.6, 135.0, 132.5, 131.7, 131.5, 126.5, 115.8, 105.9, 79.2, 

75.3, 67.4, 58.6, 41.5, 21.9. Spectroscopic data was consistent with the values reported in literature.3 

Rhodamine-EBX (EBX.22) 

 

Following a slightly modified procedure,19 to a solution of 1-(7-hydroxyhept-1-ynyl)-1lambda3,2-

benziodoxol-3-one EBX.8 (20.0 mg, 55.8 μmol, 1.00 equiv), rhodamine B (7.34, 32.1 mg, 67.0 μmol, 

1.20 equiv) and DMAP (680 μg, 5.60 μmol, 0.100 equiv) in 0.40 mL of DCM, was added slowly a solution 

of DCC (15.0 mg, 72.6 μmol, 1.30 equiv) in 0.20 mL of DCM at 0 °C in an ice bath. The reaction was 

stirred for 30 minutes and then the ice bath was removed, and the reaction left to stir for another 6 

hours. The mixture was filtered and purified by column chromatography (95:5 DCM: MeOH) to give 

                                                            
19 J. Zhu, H. Sun, C. E. Callmann, M. P. Thompson, C. Battistella, M. T. Proetto, A. S. Carlini, N. C. Gianneschi, 

Chem. Commun. 2020, 56, 6778–6781. 
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EBX.22 (23.0 mg, 29.3 μmol, 53% yield) as a dark purple amorphous solid.  1H NMR (400 MHz, CDCl3) 

δ 8.33 (dt, J = 7.3, 1.8 Hz, 1H, ArH), 8.23 (dd, J = 7.9, 1.3 Hz, 1H, ArH), 8.15 (dd, J = 8.0, 1.2 Hz, 1H, ArH), 

7.81 – 7.62 (m, 4H, ArH), 7.26 (m, 1H, ArH), 7.07 (dd, J = 9.5, 5.1 Hz, 2H, ArH), 6.95 (dd, J = 9.4, 2.4 Hz, 

2H, ArH), 6.81 (d, J = 2.5 Hz, 2H, ArH), 4.05 (t, J = 6.5 Hz, 2H, CH2OCO), 3.65 (qd, J = 7.4, 6.7, 4.0 Hz, 8H, 

NCH2CH3), 2.54 (t, J = 7.0 Hz, 2H, ICCCH2), 1.63 – 1.45 (m, 4H, CH2CH2OCO), 1.33 – 1.28 (m, 14H, CH2, 

NCH2CH3). 13C NMR (101 MHz, CDCl3) δ 167.2, 165.2, 158.9, 157.8, 155.7 (2 C under this peak), 134.7, 

133.6, 133.2, 132.2, 132.1, 131.4, 131.4 (2 C under this peak), 131.2, 130.5, 130.3, 130.1, 126.8, 116.7, 

114.5 (2 C under this peak), 113.6 (2 C under this peak), 108.4, 96.5 (2 C under this peak), 65.4, 50.9, 

46.3 (4 C under this peak), 28.0, 27.7, 25.2, 20.5, 12.8 (4 C under this peak). 1 C is under the solvent 

peak. HRMS (ESI/QTOF) m/z: [M]+ Calcd for C42H44IN2O5
+ 783.2289; Found 783.2300. 

2-Iodosyl-5-nitrobenzoic acid (S12) and 2-iodosyl-3-nitrobenzoic acid (9.27) 

 

Following a reported procedure,20 fuming nitric acid (3.3 mL) was acid to 2-iodobenzoic acid (9.9) (5.0 

g, 20 mmol, 1 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 9.27 (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 9.28 (630 mg, 2.04 mmol, 10 %). 9.27: 1H NMR (400 MHz, DMSO) δ 

8.73 (dd, 1H, J = 8.8, 2.6 Hz, ArH), 8.58 (d, 1H,  J = 2.4 Hz, ArH), 8.54 (br s, 1H, OH), 8.11 (d, 1H, J = 8.8 

Hz, ArH). 9.28: 1H NMR (400 MHz, DMSO) δ 7.92 (dd, 1 H, J = 7.9, 1.5 Hz), 7.79 (m, 1 H), 7.67 (m, 1 H). 

Spectroscopic data was consistent with the values reported in literature.9  

5-nitro-1-(pent-1-yn-1-yl)-1,2-benziodoxol-3(1H)-one (EBX.25) 

 

Following a slightly modified procedure,21 to a solution of BI-OH (9.27) (250 mg, 809 μmol, 1.00 equiv) 

in dry DCM (8.00 mL) in a flame-dried round-bottom flask, was added trimethylsilyl 

trifluoromethanesulfonate (198 mg, 161 μL, 890 μmol, 1.10 equiv) dropwise at room temperature and 

the reaction mixture was stirred for 1.5 h. After this time, trimethyl(pent-1-ynyl)silane (9.29, 125 mg, 

163 μL, 890 μmol, 1.10 equiv) was added and the mixture was stirred for 6 h at room temperature. 

The reaction mixture was then quenched with saturated aqueous NaHCO3 solution and extracted with 

DCM (3 times). The combined organic extracts were dried over MgSO4, filtered and concentrated 

                                                            
20 Morrison, G. F.; Hooz, J. J. Org. Chem. 1970, 35, 1196. 
21 Huang, H.; Zhang, G.; Gong, L.; Zhang, S.; Chen, Y. J. Am. Chem. Soc. 2014, 136, 2280−2283. 
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under reduced pressure. The residue was purified by column chromatography (DCM:MeOH 100:0 to 

80:20) to give EBX.25 (70.0 mg, 195 μmol, 24% yield) as an off-white solid. 1H NMR (400 MHz, DMSO) 

δ 8.68 – 8.60 (m, 2H, ArH), 8.52 – 8.44 (m, 1H, ArH), 2.69 (t, J = 7.1 Hz, 2H, CH2), 1.65 (h, J = 7.3 Hz, 2H, 

CH2), 1.04 (t, J = 7.3 Hz, 3H, CH3).13C NMR (101 MHz, DMSO) δ 164.4, 150.2, 134.3, 129.5, 128.6, 124.8, 

122.7, 109.1, 39.9, 21.6, 21.2, 13.4. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C12H11INO4
+ 359.9727; 

Found 359.9711. 

Preparation of (9.31) 

 

Following a reported procedure,22 2-amino-5-sulfobenzoic acid 9.30 (4.34 g, 20.0 mmol, 1.0 equiv.) 

was suspended in a 10% aqueous hydrochloric acid solution (100 mL) and cooled to 0 °C. A cooled 

solution of sodium nitrite (NaNO2, 3.45 g, 50.0 mmol, 2.5 equiv.) in water (18 mL) was slowly added 

over a period of 45 minutes. After an additional 30 minutes stirring at this temperature, a cooled 

solution of potassium iodide (KI, 19.9 g, 120 mmol, 6.0 equiv.) in water (75 mL) was slowly added over 

a period of 1 hour at 0 °C. The resulting dark solution was allowed to warm to room temperature and 

stirred for 16 hours. Then, the reaction was slowly quenched by small portions of sodium bisulfite 

(around 14 g) until the solution persistently turned as a light-yellow23 suspension. The resulting 

suspension was filtered, washed with acetone (3 x 100 mL) and dichloromethane (50 mL) to afford a 

yellow pale solid. The collected solid was then recrystallized from water and washed with cold water 

(2 x 50 mL), acetone (2 x 50 mL) and dichloromethane (2 x 50 mL) to yield pure 9.31 (3.71 g, 10.1 

mmol, 51% yield) as a pale-yellow solid. 1H NMR (400 MHz, DMSO-d6) δ 7.95 (d, J = 8.1 Hz, 1H, ArH), 

7.90 (d, J = 2.0 Hz, 1H, ArH), 7.41 (dd, J = 8.1, 2.1 Hz, 1H, ArH). 13C NMR (101 MHz, DMSO-d6) δ 167.9, 

147.8, 140.5, 136.4, 129.5, 127.3, 94.8. Spectra data was consistent with the values reported in 

literature.22  

Preparation of (9.32) 

 

Following a reported procedure,24 9.31 (1.75 g, 8.17 mmol, 1.00 equiv.) and sodium periodate (NaIO4, 

2.85 g, 7.78 mmol, 1.05 equiv.) were suspended in 30% aqueous acetic acid solution (14 mL). The 

vigorously stirred mixture was heated and refluxed under air for 4 h. The reaction mixture was allowed 

to cool to room temperature and placed under vacuum. The resulting precipitate was filtered and 

washed with acetone (3 x 100 mL) and dichloromethane (100 mL). The collected solid was dissolved 

in methanol, filtered and concentrated under pressure to afford pure potassium 2-iodosyl-5-

                                                            
22 A. Kommreddy, M. S. Bowsher, M. R. Gunna, K. Botha, T. K. Vinod,Tetrahedron Lett. 2008, 49, 4378. 
23 a) T. Harschneck, S. Hummel, S. Kirsch, P. Klahn, Chem. Eur. J. 2012, 18, 1187; b) A. Bredenkamp, F. Mohr, S. 
Kirsch, Synthesis, 2015, 47, 1937. 
24 A. Kumar Mishra, R. Tessier, D. Prasad Hari, J. Waser, Angew. Chem. Int. Ed. 2021, 60, 17963 –17968. 



 Chapter 9: Experimental Part 

208 
 

sulfobenzoate, 9.32 (2.52 g, 6.59 mmol, 85% yield) as a white solid. 1H NMR (400 MHz, DMSO-d6) δ 

8.18 (d, J = 1.8 Hz, 1H, ArH), 8.12 (dd, J = 8.3, 1.9 Hz, 1H, ArH), 7.80 (d, J = 8.3 Hz, 1H, ArH). 13C NMR 

(101 MHz, DMSO-d6) δ 167.5 (C=O), 151.1 (ArC), 132.1 (ArC), 130.7 (ArC), 128.5 (ArC), 126.3 (ArC), 

119.1 (ArC). HRMS (ESI/QTOF) m/z: [M-K]- Calcd for C7H4IO6S- 342.8779; Found 342.8779. 

Spectroscopic data was consistent with the values reported in literature.24  

Preparation of C14H29-EBX-SO3M (EBX.26) 

 

Following a reported procedure,24 a flame-dried 25 mL round-bottomed flask under nitrogen was 

charged with potassium 9.31 (0.50 g, 1.30 mmol, 1.0 equiv.) and acetonitrile (10.0 mL). A cooled 

solution of boron trifluoride etherate (BF3
.Et2O, 0.43 mL, 3.5 mmol, 2.7 equiv.) was added dropwise at 

room temperature and the reaction was stirred for 2 h. Hexadec-1-yn-1-yltrimethylsilane (0.843 g, 

2.86 mmol, 2.2 equiv.) was then slowly added and the resulting mixture was stirred for an additional 

18 h. Then, pyridine (115 μL, 1.43 mmol, 1.1 equiv.) was added dropwise and the reaction mixture was 

stirred for 2 h. The resulting precipitate was filtered and washed with acetonitrile (3 x 15 mL) and 

pentane (3 x 10 mL). The crude mixture was purified by RP-HPLC using C18 column (gradient: 100 H2O 

to 95% ACN/H20 for 30 mins) to obtain 60% pure EBX.26 (0.45 g, 0.78 mmol,) as a white solid. HPLC-

Gradient: Method 7. Yield for EBX.26 calculated based on K salt. Rf 0.30 (dichloromethane:methanol, 

9:1). 1H NMR (400 MHz, DMSO-d6) δ 8.29 (d, J = 2.1 Hz, 1H, ArH), 8.18 (d, J = 8.5 Hz, 1H, ArH), 8.02 (dd, 

J = 8.4, 2.1 Hz, 1H, ArH), 2.67 (t, J = 7.0 Hz, 2H, CH2), 1.59 (q, J = 7.1 Hz, 2H, CH2), 1.49 – 1.12 (m, 22H, 

11×CH2), 0.85 (t, J = 8.0 Hz , 3H, CH3). 13C NMR (101 MHz, DMSO-d6) δ 166.3 (C=O), 152.0 (ArC), 132.5 

(ArC), 132.0 (ArC), 128.6 (ArC), 127.3 (ArC), 115.7 (CC), 108.6 (CC), 31.7 (CH2), 29.5 (5×CH2), 29.4 (CH2), 

29.2 (CH2), 28.9 (CH2), 28.7 (CH2), 28.1 (CH2), 22.5 (CH2), 20.1 (CH2), 14.4 (CH3). HRMS (ESI/QTOF) m/z: 

[M-K]- Calcd for C23H32IO5S- 547.1021; Found 547.1019. Spectroscopic data was consistent with the 

values reported in literature.24  

Preparation of (E)-1-(Pent-1-en-1-yl)-1λ3 -benzo[d][1,2]iodaoxol-3(1H)-one 11: 

1-Acetoxy-1,2-benziodoxol-3-(1H)-one (9.32) 

 

Following a reported procedure,25 2-iodosylbenzoic acid 4.9 (20.8 g, 79.0 mmol, 1.00 equiv.) was 

suspended in acetic anhydride (75.0 mL, 788 mmol, 10.0 equiv.) and heated to reflux (140 °C) until 

complete dissolution (about 15 min). The resulting clear solution was allowed to cool to room 

temperature and then cooled to 5 °C overnight. The white crystals were filtered, washed with pentane 

(3 x 30 mL) and dried under reduced pressure to afford 1-acetoxy-1,2-benziodoxol-3-(1H)-one 9.32 as 

a white solid (22.3 g, 73.0 mmol, 92%). 1H NMR (CDCl3, 400 MHz) δ 8.24 (dd, J = 7.6, 1.6 Hz, 1H, ArH), 

8.00 (dd, J = 8.3, 1.0 Hz, 1H, ArH), 7.92 (ddd, J = 8.4, 7.2, 1.6 Hz, 1H, ArH), 7.71 (td, J = 7.3, 1.1 Hz, 1H, 

                                                            
25 P. Caramenti, S. Nicolai, J. Waser, Chem. Eur. J. 2017, 23, 14702–14706. 
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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.26 

(E)-1-(Pent-1-en-1-yl)-1λ3 -benzo[d][1,2]iodaoxol-3(1H)-one (5.39) 

 

Following the reported procedure27, a solution of the corresponding trans-1-penten-1-yboronic acid 

9.33 (1.30 mmol, 1.00 equiv.) in dry DCM (13 mL) was added BF3:OEt2 (0.198 mL, 1.56 mmol, 1.20 

equiv.) dropwise at 0 °C. After 15 minutes, 1- acetoxy-1,2-benziodoxol-3-(1H)-one 9.32 (477 mg, 1.56 

mmol, 1.20 equiv.) was added in one portion at 0 °C. The reaction mixture was allowed to warm up to 

room temperature and stirred until the reaction was completed (4 to 24 h, monitored by TLC using 

MeOH/DCM 5:95). The reaction was then quenched with a saturated solution of NaHCO3 (13 mL) and 

stirred vigorously for 1 h. The resulting suspension was filtered and the filtrate was extracted with 

DCM (3 x 20 mL). The combined organic layers were washed with water (3 x 20 mL), dried over MgSO4, 

filtered and the solvent was removed under reduced pressure. The resulting solid was dissolved in 

DCM (minimum amount until dissolution) and precipitated in Et2O (ca. 150 mL). After precipitation at 

4 °C for 2 h, the solid was filtered and washed with Et2O to afford (E)-1-(pent-1-en1-yl)-1λ3 -

benzo[d][1,2]iodaoxol-3(1H)-one (5.39) as a white solid (115 mg, 0.364 mmol, 28%). M.p. (dec.) 154-

160 °C; Rf = 0.15 (MeOH/DCM 5:95); 1H NMR (400 MHz, MeOD) δ 8.34 - 8.22 (m, 1H, ArH), 7.80 - 7.63 

(m, 3H, ArH), 7.16 (dt, J = 14.9, 7.0 Hz, 1H, ICHCHCH2), 6.87 (dt, J = 15.0, 1.4 Hz, 1H, ICHCHCH2), 2.49 

(qd, J = 7.2, 1.5 Hz, 2H, CHCH2CH2), 1.65 (h, J = 7.4 Hz, 2H, CH2CH2CH3), 1.05 (t, J = 7.4 Hz, 3H, CH2CH3); 
13C NMR (101 MHz, MeOD) δ 169.7, 160.4, 134.9, 133.1, 131.6, 128.7, 114.7, 100.1, 38.6, 22.2, 13.7; 

IR (νmax, cm-1 ) 2987 (s), 2973 (s), 2905 (s), 1748 (m), 1737 (m), 1649 (m), 1559 (m), 1540 (m), 1512 

(m), 1395 (m), 1255 (m), 1079 (s), 1054 (s), 863 (m); HRMS (ESI) calcd for C12H14IO2 + [M+H]+ 317.0033; 

found 317.0033. 

Preparation of EBX': 

1,1,1,3,3,3-Hexafluoro-2-(2-iodophenyl)propan-2-ol (6.2)  

 
Following a reported procedure,28 TMEDA (1.27 mL, 8.40 mmol, 0.20 equiv.) was added to a solution 

of n-BuLi (37.0 mL, 92.0 mmol, 2.20 equiv., 2.5 M in hexanes). After 15 min, the cloudy solution was 

cooled to 0 °C and 1,1,1,3,3,3-hexafluoro-2-phenylpropan-2-ol (6.1) (7.07 mL, 42.0 mmol, 1.00 equiv.) 

in THF (6.0 mL) was added dropwise. The reaction was stirred 30 min at 0 °C and then 18 h at room 

temperature. Then, THF (30.0 mL) was added, followed by the portionwise addition of I2 (11.3 g, 44.5 

mmol, 1.05 equiv.) at 0 °C and the mixture was stirred at 0 °C for 30 min and 4 h at room temperature. 

                                                            
26 P. Eisenberger, S. Gischig, A. Togni, Chem. Eur. J. 2006, 12, 2579. 
27 G. Pisella, A. Gagnebin, J. Waser, ChemRxiv. Preprint, 2019, https://doi.org/10.26434/chemrxiv.7892513.v1 
28 Pisella, G.; Gagnebin, A.; Waser, J. Three-Component Reaction for the Synthesis of Highly Functionalized 
Propargyl Ethers. Chem. – Eur. J. 2020, 26 (45), 10199–10204. 
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The reaction was quenched with saturated aqueous NH4Cl (50 mL) and extracted with diethyl ether (3 

x 30 mL). The combined organic phases were washed with water, brine, dried over MgSO4, filtered 

and the solvent was removed under reduced pressure. The crude product was purified by column 

chromatography using EtOAc/pentane 3:97 as eluent to afford 1,1,1,3,3,3-hexafluoro-2-(2-

iodophenyl)propan-2-ol (6.2) as a colorless oil (13.9 g, 37.5 mmol, 89%). 1H NMR (400 MHz, CDCl3) δ 

8.13 (dd, J = 7.9, 1.4 Hz, 1H, ArH), 7.63 (d, J = 8.2 Hz, 1H, ArH), 7.43 (dt, J = 8.4, 1.4 Hz, 1H, ArH), 7.11 

(dt, J = 8.0, 1.5 Hz, 1H, ArH), 4.23 (s, 1H, OH); 13C NMR (101 MHz, CDCl3) δ 144.7, 131.4, 130.0, 129.7, 

128.0, 122.6 (q, J = 291.4 Hz), 90.6, 78.9 (q, J = 32.1 Hz); 19F NMR (376 MHz, CDCl3) δ -73.4. The values 

of the NMR spectra are in accordance with reported literature data.28 

Synthesis of 3,3-bis(trifluoromethyl)-1λ3-benzo[d][1,2]iodaoxol-1(3H)-yl acetate (6.3) 

 
Following a reported procedure,28 a 250 mL flask was charged with glacial acetic acid (51 mL), 

1,1,1,3,3,3-hexafluoro-2-(2-iodophenyl)propan-2-ol 6.2 (3.80 g, 10.3 mmol, 1.00 equiv.) and cobalt(II) 

chloride hexahydrate (24.4 mg, 0.102 mmol, 0.01 equiv.). The reaction vessel was purged with O2 for 

5 min before acetaldehyde (5.75 mL, 103 mmol, 10.0 equiv.) was added in one portion. The reaction 

mixture was stirred under 1 atm of O2, delivered by inflated balloon, at room temperature for 12 h. 

Acetaldehyde (5.75 mL, 103 mmol, 10.0 equiv.) was added and the reaction continued for 6 h. The 

solvent was removed under reduced pressure and the residue was dissolved in CH2Cl2. The organic 

layer was washed with distilled water (20 mL) and extracted with CH2Cl2 (3 x 20 mL). The organic layer 

was dried over MgSO4, filtered and the solvent was removed under reduced pressure. The obtained 

residue was triturated in pentane, filtered and washed with pentane to afford 3,3-bis(trifluoromethyl)-

1λ3 -benzo[d][1,2]iodaoxol-1(3H)-yl acetate 6.3 as a white solid (1.04 g, 2.42 mmol, 24 %). 1H NMR 

(400 MHz, DMSO-d6) δ 7.93 (ddd, J = 8.4, 7.1, 1.6 Hz, 1H, ArH), 7.84 – 7.71 (m, 3H, ArH), 2.19 (s, 3H, 

CH3). The analytical data for this compound were in excellent agreement with the reported data.28 

Synthesis of EBX': 

 

Following a reported procedure,28 to a solution of 3,3-bis(trifluoromethyl)-1λ3-benzo[d][1,2]iodaoxol-

1(3H)-yl acetate 6.3 (1.00 equiv) in dry CH2Cl2 was added trimethylsilyl trifluoromethanesulfonate 

(1.10 equiv) dropwise at room temperature and the reaction mixture was stirred for 1 h. After this 

time, alkynyltrimethylsilane (1.10 equiv) was added and the mixture was stirred for 6 h at room 

temperature. The reaction mixture was then quenched with saturated aqueous NaHCO3 solution and 

extracted with dichloromethane (3 times). The combined organic extracts were dried over MgSO4, 

filtered and concentrated under reduced pressure. The residue was purified by column 

chromatography using EtOAc/pentane (95:5 pentane/EtOAc then 90:10) as eluent to the desired 

compound. 
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1-(pent-1-yn-1-yl)-3,3-bis(trifluoromethyl)-1,3-dihydro-1λ3-benzo[d][1,2]iodaoxole (EBX'.1) 

 Starting from hex-1-yn-1-yltrimethylsilane (56c) (222 μL, 1.10 mmol, 1.10 

equiv), 1-(hex-1-yn-1-yl)-3,3-bis(trifluoromethyl)-1,3-dihydro-1λ3 -

benzo[d][1,2]iodaoxole (EBX'.1) (281 mg, 0.628 mmol, 61%) was obtained as a 

white solid. 1H NMR (400 MHz, CDCl3) δ 8.26 – 8.18 (m, 1H, ArH), 7.86 – 7.79 

(m, 1H, ArH), 7.73 – 7.64 (m, 2H, ArH), 2.53 (t, J = 7.0 Hz, 2H, CH2C≡C), 1.67 – 1.56 (m, 2H, CH2CH2C≡C), 

1.53 – 1.42 (m, 2H, CH2CH3), 0.96 (t, J = 7.3 Hz, 3H, CH2CH3); 13C NMR (101 MHz, CDCl3) δ 132.9, 

131.2, 130.2, 130.0 – 129.8 (m), 128.3, 123.8 (q, J = 290.7 Hz), 111.1, 108.1, 81.7 (p, J = 29.4 Hz), 43.5, 

30.6, 22.2, 20.2, 13.7; 19F NMR (376 MHz, CDCl3) δ -76.2. The values of the NMR spectra are in 

accordance with reported literature data.28 

1-(pent-1-yn-1-yl)-3,3-bis(trifluoromethyl)-1,3-dihydro-1λ3-benzo[d][1,2]iodaoxole (EBX'.2) 

  Starting from pent-1-yn-1-yltrimethylsilane 53 (0.94 mL, 5.14 mmol, 1.10 

equiv), 1-(pent-1-yn-1-yl)-3,3-bis(trifluoromethyl)-1,3-dihydro-1λ3-

benzo[d][1,2]iodaoxole (EBX'.2) (1.54 g, 3.53 mmol, 76 %) was obtained as 

a white solid. Mp: 129.1-140.0 °C. Rf: 0.73 (Pentane/EtOAc 8:2) 1H NMR 

(400 MHz, CDCl3) δ 8.28 – 8.17 (m, 1H, ArH), 7.83 (dd, J = 6.3, 2.4 Hz, 1H, ArH), 7.73 – 7.62 (m, 2H, 

ArH), 2.50 (t, J = 7.0 Hz, 2H, CH2), 1.66 (h, J = 7.2 Hz, 2H, CH2), 1.06 (t, J = 7.4 Hz, 3H, CH3). 13C NMR 

(101 MHz, CDCl3) δ 132.7, 131.1, 130.1, 129.8, 128.2, 125.09, 122.2, 110.9, 107.8, 43.5, 22.3, 21.9, 

13.6. 19F NMR (376 MHz, CDCl3) δ −76.04. IR (ν, cm-1) 683 (m), 725 (m), 760 (m), 949 (s), 1138 (s), 1184 

(s), 1257 (s), 1435 (w), 1466 (w), 2156 (w), 2970 (w). HRMS (ESI) calcd for C14H12F6IO+ [M+H]+ 436.9832; 

found 436.9829. The values of the NMR spectra are in accordance with reported literature data.29  

  

                                                            
29 Ramirez, N. P.; Pisella, G.; Waser, J. J. Org. Chem. 2021, 86, 10928–10938.  
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9.4 Stereoselective synthesis of N- and O-VBX reagents 

9.4.1 Optimization of the synthesis of N-vBX 5a.  

Table 2.1: Solvent screening: 

 
Entry Solvent Yield%a  

1 THF 22 

2 EtOH 30 

3 MeOH 23 

4 DCM 28 

5 TFE 30b 

6 CHCl3 25b 

7 Toluene 18 

8 DMF - b 

9 MeCN 22 
a) Substrate EBX.1 (0.100 mmol), sulfonamide 4.7a (0.100 mmol), TMG (10 mol%), and solvent (0.08 M) at 25 °C. NMR yield 
given, calculated using 38.0 µmol of 1,3,5-trimethoxybenzene as internal standard. b) Decomposition observed.  

Table 2.2: Screening of the base: 

 

Entry Base Yield%a 
1 TMG 30 

2 TEA 43 

3 Pyridine 38 

4 NaOH -b 

5 KOH -b 

6 CsOH 54 

7 NaHCO3 82 

8 CsHCO3 83 

9 KHCO3 79 

10 Na2CO3 84 

11 Cs2CO3 94(68)c 

12 K2CO3 18 
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a) Substrate EBX.1 (0.100 mmol), sulfonamide 4.7a (0.100 mmol), base (10 mol%), and EtOH (0.08 M) at 25 °C. NMR yield 
given, calculated using 38.0 µmol of 1,3,5-trimethoxybenzene as internal standard. b) Decomposition observed. c) Isolated 
yield after column chromatography is given. 

Table 2.3: screening of Base equivalents: 

 
Entry Base (equiv.) Yield%a 

1 1.0 3.0b 

2 0.50 25.1 

3 0.10 94(68)c 

4 0.25 46.4 

5 0.05 39.1d 

6 0.01 6.8d 
a) Substrate EBX.1 (0.100 mmol), sulfonamide 4.7a (0.100 mmol), Cs2CO3 (10 mol%), and EtOH (0.08 M) at 25 °C. NMR yield 
given, calculated using 38.0 µmol of 1,3,5-trimethoxybenzene as internal standard. b) Decomposition observed. c) Isolated 
yield after column chromatography is given. d) incomplete conversion, starting reagent present in the reaction mixture. 

 

9.4.2 Scope of N-vBX and O-vBXs.  

General Procedure GP4 for the Synthesis N-VBX and O-VBX: 

  

Note: prior to the reaction, the glassware requires to be carefully cleaned with aqua regia to remove 

all metal traces; the commercially available starting material were purified through a short plug of 

silica prior to being used. 

GP4:  In a glass vial, the correspondent sulfonamide or phenol (0.100 or 1.00 mmol, 1.00 equiv.) was 

dissolved in 12.5 mL of EtOH (0.08 M). Cs2CO3 (10 mol%, 10.0 µmol or 0.100 mmol) was added and the 

mixture stirred vigorously for 5’. Then the corresponding EBX was added in one portion (0.100 or 1.00 

mmol, 1.00 equiv.) and the reaction was left stirring for 12 hours if not specifically specified otherwise. 

The reaction was stopped, the EtOH removed under reduced pressure and the crude purified via 

column chromatography using DCM:MeOH (20:1) as eluent.  
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(Z)-N-(1-Prop-1-en-2-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-benziodoxol-3-
(1H)-one (N-VBX.1) 

 Starting from EBX.1 (286 mg, 1.00 mmol), (Z)-N-(1-prop-1-en-2-yl)-N-(4-

methoxyphenyl)-4-methylbenzenesulfonamide-1,2-benziodoxol-3-(1H)-one N-

VBX.1 (383 mg, 0.680 mmol, 68% yield) was obtained, as a white solid. Rf: 0.30 

(DCM:MeOH 9:1). Mp: 92.4 °C- 96.3 °C 1H NMR (400 MHz, Chloroform-d) δ 8.39 

(dd, J = 7.4, 1.8 Hz, 1H, ArH), 7.62 – 7.55 (m, 3H, ArH), 7.51 (ddd, J = 9.0, 7.2, 1.9 

Hz, 1H, ArH), 7.35 (dd, J = 8.1, 1.1 Hz, 1H, ArH), 7.31 – 7.27 (m, 2H, ArH), 6.99 – 6.93 

(m, 2H, ArH), 6.80 (d, J = 1.4 Hz, 1H, vinylH), 6.77 – 6.71 (m, 2H, ArH), 3.73 (s, 3H, OMe), 2.43 (s, 3H, 

CH3), 2.21 (s, 3H, CH3). 13C NMR (101 MHz, Chloroform-d) δ 166.9, 160.0, 152.6, 145.2, 135.4, 133.8, 

133.3, 132.78, 130.6, 130.3, 129.9, 129.8, 128.0, 126.1, 114.8, 114.6, 105.4, 55.5, 22.9, 21.6. IR ν 2970 

(m), 1757 (w), 1654 (s), 1575 (s), 1481 (s), 1230 (m), 1195 (w), 1170 (w), 1081 (w). HRMS (ESI) calcd 

for C24H23INO5S+ [M+H]+ 564.0336; found 564.0339. The structure of the obtained regioisomer was 

confirmed by crystal structure. 

(Z)-N-(1-Vin-2-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-benziodoxol-3-(1H)-one 
(N-VBX.2) 

 Starting from EBX.17 (344 mg, 1.00 mmol), (Z)-N-(1-vin-2-yl)-N-(4-

methoxyphenyl)-4-methylbenzenesulfonamide-1,2-benziodoxol-3-(1H)-one N-

VBX.2 (316 mg, 0.575 mmol, 57% yield) was obtained, as a white amorphous solid. 

Rf: 0.40 (DCM:MeOH 9:1). 1H NMR (400 MHz, Methanol-d4) δ 8.34 (d, J = 8.0 Hz, 

1H, vinylH), 8.15 (ddd, J = 6.7, 3.6, 2.0 Hz, 1H, ArH), 7.67 – 7.63 (m, 3H, ArH), 7.63 

– 7.59 (m, 2H, ArH), 7.44 – 7.36 (m, 2H, ArH), 6.59 (s, 4H, ArH), 5.77 (d, J = 8.0 Hz, 

1H, vinylH), 3.68 (s, 3H, OMe), 2.45 (s, 3H, CH3). 13C NMR (101 MHz, Methanol-d4) δ 169.7, 163.7, 147.2, 

143.1, 135.3, 135.1, 133.8, 133.6, 133.2, 131.6, 131.2, 129.3, 128.1, 126.7, 116.9, 116.2, 72.5, 56.2, 

21.6. IR ν 2963 (s), 2930 (s), 1728 (w), 1620 (m), 1426 (s), 1290 (m), 1111 (m), 1056 (s), 1016 (s), 748 

(m). HRMS (ESI) C23H21INO5S [M+H]+ 550.0107; found 550.0219. The structure of the Z-regioisomer 

was assigned by NMR correlation to compound N-VBX.1. 

(Z)-N-(1-Pent-1-en-2-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-benziodoxol-3-
(1H)-one (N-VBX.3) 

 Starting from EBX.2 (27.7 mg, 0.100 mmol), (Z)-N-(1-pent-1-en-2-yl)-N-(4-

methoxyphenyl)-4-methylbenzenesulfonamide-1,2-benziodoxol-3-(1H)-one 

N-VBX.3 (37.4 mg, 63.0 µmol, 63% yield) was obtained, as a pale orangy oil. 

Rf: 0.34 (DCM:MeOH 9:1). 1H NMR (400 MHz, Chloroform-d + AcOH 50.0 µL) δ 

8.46 (dd, J = 7.5, 1.8 Hz, 1H, ArH), 7.67 – 7.59 (m, 1H, ArH), 7.56 (m, 3H, ArH), 

7.37 – 7.31 (m, 1H, ArH), 7.28 (m, 2H), 7.01 (d, J = 9.0 Hz, 2H, ArH), 6.78 – 6.71 

(m, 3H, 2H ArH + 1H vinylH), 3.75 (s, 3H, OMe), 2.42 (s, 3H, CH3), 2.41 – 2.36 (m, 2H, CH2), 1.59 (q, J = 

7.5 Hz, 2H, CH2), 0.96 (t, J = 7.3 Hz, 3H, CH3). 13C NMR (101 MHz, Chloroform-d + AcOH 50.0 µL) δ 166.9, 

159.9, 156.4, 145.1, 135.2, 133.9, 133.3, 132.8, 130.6, 130.3, 129.8, 129.7, 128.1, 125.9, 114.8, 114.7, 

104.2, 55.4, 37.8, 21.6, 20.8, 13.5. IR ν 2941 (w), 1715 (s), 1521 (m), 1500 (m), 1395 (m), 1367 (m), 

1282 (m), 1248 (m), 1174 (s), 1071 (m), 1042 (m), 977 (w), 861 (m). HRMS (ESI) calcd for C26H27INO5S+ 

[M+H]+ 592.0649; found 592.0647. The structure of the Z-regioisomer was assigned by NMR 

correlation to compound N-VBX.1. 
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(Z)-N-(5-Chloro-1-pent-1-en-2-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-
benziodoxol-3-(1H)-one (N-VBX.4) 

 Starting from EBX.5 (581 mg, 1.00 mmol), (Z)-N-(5-chloro-1-pent-1-en-2-yl)-N-(4-

methoxyphenyl)-4-methylbenzenesulfonamide-1,2-benziodoxol-3-(1H)-one N-

VBX.4 (307 mg, 0.491 mmol, 49% yield) was obtained, as a pale orange solid. Rf: 

0.30 (DCM:MeOH 9:1). 1H NMR (400 MHz, Methylene Chloride-d2 + AcOH 50.0 µL) 

δ 8.34 (dd, J = 7.3, 2.0 Hz, 1H, ArH), 7.68 – 7.55 (m, 4H, ArH), 7.41 (dd, J = 8.0, 1.2 

Hz, 1H, ArH), 7.38 – 7.30 (m, 2H, ArH), 7.00 (d, J = 9.0 Hz, 2H, ArH), 6.89 (s, 1H, 

vinylH), 6.77 (d, J = 9.0 Hz, 2H, ArH), 3.75 (s, 3H, OMe), 3.57 (t, J = 6.2 Hz, 2H, CH2), 2.59 – 2.50 (m, 2H, 

CH2), 2.44 (s, 3H, CH3), 1.99 (dq, J = 7.8, 6.2 Hz, 2H, CH2). 13C NMR (101 MHz, Methylene Chloride-d2) δ 

167.3, 160.8, 155.3, 146.1, 135.7, 134.4, 134.0, 133.0, 131.3, 130.9, 130.6, 130.1, 128.6, 126.8, 115.5, 

106.1, 56.1, 44.3, 33.6, 30.8, 21.9 (1 Carbon aromatic signal non resolved). IR ν 2971 (w), 1667 (w), 

1478 (m), 1378 (s), 1275 (s), 1095 (m), 1048 (s), 881 (s). HRMS (ESI)  calcd for C26H26ClINO5S+ [M+H]+ 

626.0259; found 626.0264. The structure of the Z-regioisomer was assigned by NMR correlation to 

compound N-VBX.1. 

(Z)-N-(8-(Trimethylsilyl)oct-1-en-7-yn-2-yl)-N-(4-methoxyphenyl)-4-methylbenzene sulfonamide-
1,2-benziodoxol-3-(1H)-one (N-VBX.5) 

 Starting from EBX.6 (424 mg, 1.00 mmol), (Z)-N-(8-

(trimethylsilyl)oct-1-en-7-yn-2-yl)-N-(4-methoxyphenyl)-4-

methylbenzene sulfonamide-1,2-benziodoxol-3-(1H)-one N-VBX.5 

(380 mg, 0.542 mmol, 54% yield) was obtained, as an orange oil. Rf: 

0.44 (DCM:MeOH 9:1). 1H NMR (400 MHz, Chloroform-d) δ 8.37 

(dd, J = 7.3, 2.0 Hz, 1H, ArH), 7.58 – 7.49 (m, 4H, ArH), 7.34 (dd, J = 

7.9, 1.3 Hz, 1H, ArH), 7.25 (d, J = 8.0 Hz, 2H, ArH), 6.95 (d, J = 9.0 Hz, 2H, ArH), 6.82 (s, 1H, vinylH), 6.71 

(d, J = 9.0 Hz, 2H, ArH), 3.71 (s, 3H, OMe), 2.38 (m, J = 11.5 Hz, 4H, CH3 + CH2), 2.18 (t, J = 6.9 Hz, 2H, 

CH2), 1.64 (dd, J = 10.3, 5.0 Hz, 2H, CH2), 1.50 (q, J = 7.0 Hz, 2H, CH2), 1.19 (t, J = 7.1 Hz, 1H, CH2), 0.09 

(s, 9H, Si(Me3)3). 13C NMR (101 MHz, Chloroform-d) δ 166.8, 159.9, 155.9, 145.1, 135.2, 133.8, 133.3, 

132.7, 130.6, 130.1, 129.8, 129.6, 127.9, 125.9, 114.8, 114.7, 106.2, 104.8, 85.2, 55.4, 35.2, 27.6, 26.3, 

21.5, 19.3, 0.0. IR ν 2951 (w), 2837 (w), 2172 (w), 1731 (w), 1624 (m), 1607 (m), 1506 (m), 1350 (m), 

1245 (s), 1160 (s), 843 (s). HRMS (ESI/QTOF) Calcd for C32H37INO5SSi+ [M + H]+ 702.1201; found 

702.1206. The structure of the Z-regioisomer was assigned by NMR correlation to compound N-VBX.1. 

(Z)-N-(1-Vin-2-yl-2-cyclopropyl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-
benziodoxol-3-(1H)-one (N-VBX.6) 

 Starting from EBX.11 (277 mg, 1.00 mmol), (Z)-N-(1-vin-2-yl-2-cyclopropyl)-N-(4-

methoxyphenyl)-4-methylbenzenesulfonamide-1,2-benziodoxol-3-(1H)-one N-

VBX.6 (435 mg, 0.738 mmol, 74% yield) was obtained, as a white amorphous solid. 

Rf: 0.40 (DCM:MeOH 9:1). 1H NMR (400 MHz, Chloroform-d) δ 8.39 – 8.24 (m, 1H, 

ArH), 7.51 (m, 3H, ArH), 7.46 – 7.41 (m, 1H, ArH), 7.26 – 7.17 (m, 2H, ArH), 7.10 (d, 

J = 8.0 Hz, 1H, ArH), 6.97 (d, J = 8.5 Hz, 2H, ArH), 6.66 (d, J = 8.6 Hz, 2H, ArH), 6.57 

(s, 1H, vinylH), 3.67 (s, 3H, OMe), 2.36 (s, 3H, CH3), 1.42 (td, J = 8.2, 4.2 Hz, 1H, CH), 0.88 – 0.78 (m, 2H, 

CH2), 0.64 (m, 2H, CH2). 13C NMR (101 MHz, Chloroform-d) δ 167.0, 159.8, 158.9, 145.0, 135.5, 133.8, 

133.3, 132.8, 130.6, 130.3, 129.9, 129.3, 128.1, 125.7, 114.6, 114.2, 101.5, 55.4, 21.6, 16.9, 10.1. IR ν  

2974 (w), 1614 (s), 1507 (s), 1348 (s), 1301 (m), 1242 (m), 1159 (s), 1089 (m), 1031 (m), 832 (m), 748 
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(m), 669 (s). HRMS (ESI)  calcd for C26H25INO5S+ [M+H]+ 590.0493; found 590.0505. The structure of the 

Z-regioisomer was assigned by NMR correlation to compound N-VBX.1. 

(Z)-N-(1-Vin-2-yl-2-cyclopentyl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-
benziodoxol-3-(1H)-one (N-VBX.7) 

 Starting from EBX.12 (340  mg, 1.00 mmol), (Z)-N-(1-vin-2-yl-2-cyclopentyl)-N-

(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-benziodoxol-3-(1H)-one 

N-VBX.7 (581 mg, 0.940 mmol, 94% yield) was obtained, as an white resin. Rf: 

0.40 (DCM:MeOH 9:1). 1H NMR (400 MHz, Chloroform-d) δ 8.39 – 8.30 (m, 1H, 

ArH), 7.57 – 7.50 (m, 4H, ArH), 7.32 – 7.27 (m, 1H, ArH), 7.23 (d, J = 8.2 Hz, 2H, 

ArH), 6.94 (d, J = 9.0 Hz, 2H, v), 6.90 (s, 1H, vinylH), 6.71 (d, J = 9.0 Hz, 2H, ArH), 

3.70 (s, 3H, OMe), 2.55 – 2.43 (m, 1H, CH), 2.37 (s, 3H, CH3), 1.73 (qd, J = 12.8, 10.0, 6.2 Hz, 4H, CH2), 

1.57 – 1.42 (m, 4H, CH2). 13C NMR (101 MHz, Chloroform-d) δ 166.9, 161.0, 159.7, 144.9, 135.4, 133.8, 

133.3, 132.6, 130.5, 129.9, 129.8, 129.7, 127.9, 125.7, 114.8, 103.4, 55.3, 46.2, 34.2, 24.8, 21.5 (1 

Carbon aromatic signal non resolved). IR ν 2953 (w), 1621 (s), 1583 (m), 1507 (s), 1439 (w), 1345 (s), 

1257 (m), 1158 (s), 1088 (w), 1030 (w), 828 (m), 745 (s), 672 (s). HRMS (ESI) calcd for C28H29INO5S+ 

[M+H]+ 618.0806; found 618.0806. The structure of the Z-regioisomer was assigned by NMR 

correlation to compound N-VBX.1. 

(Z)-N-(1-Vin-2-yl-2-cyclohexyl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-
benziodoxol-3-(1H)-one (N-VBX.8) 

 Starting from EBX.13 (354  mg, 1.00 mmol), (Z)-N-(1-vin-2-yl-2-cyclohexyl)-N-

(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-benziodoxol-3-(1H)-one 

N-VBX.8 (553 mg, 0.876 mmol, 88% yield) was obtained, as a white resin. Rf: 

0.40 (DCM:MeOH 9:1). 1H NMR (400 MHz, Chloroform-d) δ 8.42 (dd, J = 7.1, 2.2 

Hz, 1H, ArH), 7.59 (qd, J = 7.3, 1.6 Hz, 2H, ArH), 7.53 (d, J = 8.2 Hz, 2H, ArH), 7.35 

(dd, J = 7.7, 1.5 Hz, 1H, ArH), 7.24 (d, J = 8.1 Hz, 2H, ArH), 6.99 (d, J = 8.9 Hz, 2H, 

ArH), 6.78 – 6.70 (m, 3H, 2H ArH + 1H vinylH), 3.74 (s, 3H, OMe), 2.39 (s, 3H, CH3), 2.13 (tt, J = 11.8, 3.0 

Hz, 1H, CH), 1.86 (d, J = 12.5 Hz, 2H, CH2), 1.82 – 1.71 (m, 2H, CH2), 1.66 (d, J = 11.1 Hz, 1H, CH2), 1.29 

(qd, J = 12.5, 3.2 Hz, 2H, CH2), 1.19 – 1.04 (m, 3H, CH2). 13C NMR (101 MHz, Chloroform-d) δ 166.9, 

161.9, 159.9, 145.0, 135.1, 133.9, 133.4, 132.9, 130.6, 130.2, 129.8, 129.7, 128.2, 125.7, 114.9, 103.6, 

55.4, 44.6, 33.4, 26.2, 25.5, 21.6 (1 Carbon aromatic signal non resolved). IR ν 2939 (w), 2855 (w), 1624 

(m), 1506 (m), 1439 (w), 1344 (m), 1260 (m), 1226 (w), 1157 (m), 1088 (w), 1035 (w), 831 (w), 750 (s), 

669 (m). HRMS (ESI) calcd for C29H31INO5S+ [M+H]+ 632.0962; found 632.0981. The structure of the Z-

regioisomer was assigned by NMR correlation to compound N-VBX.1. 

(Z)-N-(3-(Benzyloxy)-3-methylbut-1-en-2-yl)-N-(4-methoxyphenyl)-4-methylbenzene sulfonamide-
1,2-benziodoxol-3-(1H)-one (N-VBX.9) 

 Starting from EBX.14 (42.0  mg, 0.100 mmol), (Z)-N-(3-(benzyloxy)-3-

methylbut-1-en-2-yl)-N-(4-methoxyphenyl)-4-methylbenzene 

sulfonamide-1,2-benziodoxol-3-(1H)-one N-VBX.9 (53.4 mg, 77.0 µmol, 

77% yield) was obtained, as a white amorphous solid. Rf: 0.40 (DCM:MeOH 

9:1). 1H NMR (400 MHz, Chloroform-d + DMF) δ 8.45 (dd, J = 7.5, 1.7 Hz, 

1H, ArH), 7.63 (td, J = 7.4, 0.9 Hz, 1H, ArH), 7.56 – 7.50 (m, 3H, ArH), 7.46 

(ddd, J = 8.8, 7.2, 1.7 Hz, 1H, ArH), 7.37 – 7.27 (m, 4H, 3H ArH + 1H vinylH), 7.25 – 7.22 (m, 2H, ArH), 

7.19 (d, J = 8.2 Hz, 2H, ArH), 7.15 (d, J = 9.0 Hz, 2H, ArH), 6.74 (d, J = 9.0 Hz, 2H, ArH), 4.48 – 4.40 (m, 
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1H, CH2O), 4.35 (d, J = 11.4 Hz, 1H, CH2O), 3.75 (s, 3H, OMe), 2.39 (s, 3H, CH3), 1.59 (s, 3H, CH3), 1.28 

(s, 3H, CH3). 13C NMR (101 MHz, Chloroform-d) δ 166.6, 160.1, 159.4, 145.3, 137.9, 135.6, 133.7, 133.1, 

130.9, 130.6, 129.8, 128.9, 128.4, 128.1, 127.6, 126.9, 125.7, 115.1, 114.7, 109.9, 81.0, 65.1, 55.4, 

29.7, 25.9, 21.6 (1 Carbon aromatic signal non resolved). IR ν 2992 (m), 2956 (w), 1627 (w), 1507 (m), 

1438 (w), 1342 (w), 1266 (m), 1157 (m), 1067 (m), 1036 (m), 826 (m), 745 (s), 670 (s). HRMS (ESI) calcd 

for C33H33INO6S+ [M+H]+ 698.1068; found 698.1086. The structure of the Z-regioisomer was assigned 

by NMR correlation to compound N-VBX.1. 

(Z)-N-(1-Prop-1-en-2-yl)-N-(4-methoxyphenyl)-methylsulfonamide-1,2-benziodoxol-3-(1H)-one (N-

VBX.11) 

 Starting from EBX.1 (286  mg, 1.00 mmol), (Z)-N-(1-prop-1-en-2-yl)-N-(4-

methoxyphenyl)-methylsulfonamide-1,2-benziodoxol-3-(1H)-one N-VBX.11 (296 

mg, 0.606 mmol, 61% yield) was obtained, as a pale pink amorphous solid. Rf: 0.40 

(DCM:MeOH 9:1). 1H NMR (400 MHz, Chloroform-d) δ 8.39 – 8.33 (m, 1H, ArH), 

7.61 – 7.52 (m, 2H, ArH), 7.43 – 7.38 (m, 1H, ArH), 7.28 (d, J = 9.0 Hz, 2H, ArH), 6.88 

(d, J = 1.4 Hz, 1H, vinylH), 6.85 (d, J = 9.0 Hz, 2H, ArH), 3.77 (s, 3H, OMe), 3.11 (s, 

3H, CH3), 2.43 (s, 3H, CH3).  13C NMR (101 MHz, Chloroform-d) δ 166.9, 160.0, 151.8, 133.5, 133.5, 

132.6, 130.7, 129.6, 129.5, 126.3, 115.2, 114.3, 105.0, 55.5, 39.9, 23.2. IR ν 2965 (w), 2925 (w), 1604 

(s), 1558 (w), 1506 (s), 1438 (w), 1337 (s), 1319 (m), 1249 (s), 1149 (s), 1030 (m), 965 (m), 832 (m), 747 

(s). HRMS (ESI) C18H19INO5S+ [M+H]+ 488.0023; found 488.0023. The structure of the Z-regioisomer was 

assigned by NMR correlation to compound N-VBX.1. 

(Z)-N-(5-Chloro-1-pent-1-en-2-yl)-N-(4-methoxyphenyl)-methylsulfonamide-1,2-benziodoxol -3-
(1H)-one (N-VBX.12) 

Starting from EBX.5 (38.7 mg, 0.100 mmol), (Z)-N-(5-chloro-1-pent-1-en-2-

yl)-N-(4-methoxyphenyl)-methylsulfonamide-1,2-benziodoxol -3-(1H)-one N-

VBX.12 was obtained as white sticky solid (48.0 mg, 87.0 µmol, 87 %). Rf: 0.60 

(DCM:MeOH 9:1). 1H NMR (400 MHz, CD2Cl2) δ 8.38 (ddd, J = 6.9, 2.3, 1.5 Hz, 

1H, ArH), 7.74 – 7.61 (m, 2H, ArH), 7.53 – 7.47 (m, 1H, ArH), 7.34 – 7.26 (m, 

2H, ArH), 6.94 – 6.85 (m, 3H, 2H ArH + 1H vinylH), 3.79 (s, 3H, OMe), 3.65 (t, 

J = 6.1 Hz, 2H, CH2), 3.15 (s, 3H, CH3), 2.65 (t, J = 7.4 Hz, 2H, CH2), 2.12 (q, J = 13.0, 6.4 Hz, 2H, CH2). 13C 

NMR (101 MHz, CD2Cl2) δ 166.8, 160.7, 153.9, 134.3, 133.9, 132.9, 131.3, 129.7, 129.61, 126.8, 115.8, 

115.3, 106.2, 56.0, 44.1, 40.3, 33.4, 30.0. found 549.9957. IR ν 3662 (w), 3437 (w), 3049 (w), 2973 (m), 

2901 (m), 2840 (w), 1607 (s), 1583 (m), 1558 (m), 1507 (s), 1440 (m), 1413 (w), 1337 (s), 1300 (m), 

1247 (s), 1147 (s), 1131 (m), 1112 (m), 1069 (m), 1031 (m), 1004 (m), 971 (m), 828 (m), 804 (m), 744 

(s), 685 (m), 650 (w), 605 (w). HRMS (ESI) calcd for C20H22ClINO5S+ [M+H]+ 549.9946; found 549.9957.  

The structure of the Z-regioisomer was assigned by NMR correlation to compound N-VBX.1. 

(Z)-N-(1-Prop-1-en-2-yl)-N-(4-methoxyphenyl)-4-nitrobenzenesulfonamide-1,2-benziodoxol-3-(1H)-

one (N-VBX.13) 

 Starting from EBX.1 (28.6  mg, 0.100 mmol), (Z)-N-(1-prop-1-en-2-yl)-N-(4-

methoxyphenyl)-4-nitrobenzenesulfonamide-1,2-benziodoxol-3-(1H)-one N-

VBX.13 (42.1 mg, 71.0 µmol, 71% yield) was obtained as a yellow amorphous solid. 

Rf: 0.28 (DCM:MeOH 9:1). 1H NMR (400 MHz, Chloroform-d) δ 8.42 (dt, J = 7.5, 1.5 

Hz, 1H, ArH), 8.39 – 8.31 (m, 2H, ArH), 7.95 – 7.86 (m, 2H, ArH), 7.60 (t, J = 7.3 Hz, 

1H, ArH), 7.52 (tt, J = 7.2, 1.5 Hz, 1H, ArH), 7.32 (d, J = 8.1 Hz, 1H, ArH), 7.02 – 6.94 
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(m, 2H, ArH), 6.88 (s, 1H, vinylH), 6.81 – 6.74 (m, 2H, ArH), 3.76 (d, J = 1.2 Hz, 3H, OMe), 2.28 (s, 3H, 

CH3). 13C NMR (101 MHz, Chloroform-d) δ 166.7, 160.4, 151.9, 150.6, 144.0, 133.6, 133.5, 132.9, 130.8, 

130.2, 129.3, 128.9, 125.9, 124.5, 115.2, 114.7, 106.7, 55.6, 23.2. IR ν  3054 (w), 2934 (w), 2838 (w), 

1604 (s), 1507 (s), 1437 (m), 1338 (s), 1249 (s), 1149 (s), 1031 (m), 965 (m), 831 (s), 733 (s). HRMS (ESI) 

calcd for calcd for C23H19IN2NaO7S+ [M+Na]+ 616.9850; found 616.9849. The structure of the Z-

regioisomer was assigned by NMR correlation to compound N-VBX.1. 

(Z)-N-(1-Vin-2-yl)-N-(4-methoxyphenyl)-4-nitrobenzenesulfonamide-1,2-benziodoxol-3-(1H)-one 

(N-VBX.14) 

Starting from EBX.17 (30.8 mg, 0.100 mmol), the crude product was purified by 

preparative TLC (DCM/MeOH = 90:10) to afford (Z)-N-(1-vin-2-yl)-N-(4-

methoxyphenyl)-4-nitrobenzene sulfonamide-1,2-benziodoxol-3-(1H)-one N-

VBX.14 as yellow sticky solid (30 mg, 52 µmol, 52 %). Rf: 0.44 (EtOAc:MeOH 9:1). 1H 

NMR (400 MHz, Methanol-d4) δ 8.43 (d, J = 9.0 Hz, 2H, ArH), 8.36 (d, J = 8.0 Hz, 1H, 

ArH), 8.21 – 8.10 (m, 1H, ArH), 8.00 (d, J = 8.6 Hz, 2H, ArH), 7.72 – 7.59 (m, 3H, ArH), 

6.72 – 6.57 (m, 4H, ArH), 5.92 (d, J = 8.1 Hz, 1H, vinylH), 3.68 (s, 3H, OCH3). 13C NMR (101 MHz, MeOD) 

δ 169.7, 163.4, 152.5, 143.5, 142.6, 135.2, 133.8, 133.6, 133.3, 131.7, 130.8, 128.3, 126.4, 125.8, 116.9, 

116.5, 75.2, 56.3. IR ν 3384 (m), 2488 (m), 2233 (m), 2137 (w), 2071 (m), 1934 (w), 1652 (w), 1607 (m), 

1581 (m), 1532 (m), 1509 (m), 1454 (w), 1405 (w), 1352 (m), 1309 (m), 1292 (w), 1255 (m), 1170 (m), 

1147 (m), 1123 (m), 1088 (s), 1065 (m), 1024 (m), 973 (s), 832 (m), 738 (m), 663 (m), 622 (m). HRMS 

(ESI) calcd for C22H18IN2O7S+ [M+H]+ 580.9874; found 580.9885. The structure of the Z-regioisomer was 

assigned by NMR correlation to compound N-VBX.1. 

(Z)-(1-Prop-1-en-2-yl-2-oxy)-4-methylbenzene-1,2-benziodoxol-3-(1H)-one (O-VBX.1) 
 Starting from EBX.1 (286 mg, 1.00 mmol), (Z)-(1-prop-1-en-2-yl-2-oxy)-4-

methylbenzene-1,2-benziodoxol-3-(1H)-one O-VBX1. (226 mg, 0.572 mmol, 57% 

yield) was obtained, as a white amorphous solid. Rf: 0.48 (DCM:MeOH 9:1). 1H 

NMR (400 MHz, Chloroform-d) δ 8.40 – 8.34 (m, 1H, ArH), 7.64 – 7.52 (m, 3H, 

ArH), 7.11 – 7.04 (m, 2H, ArH), 6.77 (d, J = 8.5 Hz, 2H, ArH), 5.80 (d, J = 1.1 Hz, 1H, 

vinylH), 2.27 (s, 3H, CH3), 2.18 (d, J = 0.9 Hz, 3H, CH3). 13C NMR (101 MHz, 

Chloroform-d) δ 167.1, 166.8, 151.2, 135.4, 133.7, 133.1, 132.7, 130.4, 130.3, 

125.3, 120.0, 113.7, 77.3 (1 Carbon signal overlaps with Chloroform-d), 20.7, 19.2. 

IR ν 1603 (s), 1559 (w), 1505 (s), 1437 (w), 1357 (w), 1275 (w), 1211 (m), 837 (w). HRMS (ESI) calcd for 

C17H16IO3
+ [M+H]+ 395.0139; found 395.0148. The structure of the Z-regioisomer was assigned by NMR 

correlation to compound N-VBX.1. 

 (Z)-(1-Vinyl-2-oxy)-4-methylbenzene-1,2-benziodoxol-3-(1H)-one (O-VBX.2) 
Starting from EBX.17 (344 mg, 1.00 mmol), (Z)-(1-vinyl-2-oxy)-4-methylbenzene-

1,2-benziodoxol-3-(1H)-one O-VBX.2 (87.5 mg, 0.230 mmol, 23% yield) was 

obtained as a white resin. Rf: 0.52 (DCM:MeOH 9:1). 1H NMR (400 MHz, 

Chloroform-d) δ 8.44 – 8.26 (m, 1H, ArH), 7.64 – 7.57 (m, 1H, vinylH), 7.53 – 7.47 

(m, 2H, ArH), 7.45 (d, J = 4.7 Hz, 1H, ArH), 7.05 (d, J = 8.1 Hz, 2H, ArH), 6.83 (d, J = 

8.2 Hz, 2H, ArH), 5.99 (d, J = 4.7 Hz, 1H, vinylH), 2.25 (s, 3H, CH3). 13C NMR (101 

MHz, Chloroform-d) δ 167.3, 156.6, 153.7, 135.1, 133.6, 133.5, 132.9, 130.5 (3 

Carbon signals), 126.0, 117.2, 113.7, 78.9, 20.7. IR ν 2973 (w), 2878 (w), 1596 (m), 1507 (m), 1338 (w), 
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1226 (s), 1089 (m), 1048 (s), 879 (m), 736 (s). HRMS (ESI) calcd for C16H14IO3
+ [M+H]+ 380.9982; found 

380.9984. The structure of the Z-regioisomer was assigned by NMR correlation to compound N-VBX.1. 

 (Z)-(1-Pent-1-en-2-yl-2-oxy)-4-methylbenzene-1,2-benziodoxol-3-(1H)-one (O-VBX.3) 
 Starting from EBX.2 (314 mg, 1.00 mmol), (Z)-(1-pent-1-en-2-yl-2-oxy)-4-

methylbenzene-1,2-benziodoxol-3-(1H)-one O-VBX.3 (172 mg, 0.407 mmol, 

41% yield) was obtained as a white amorphous solid. Rf: 0.50 (DCM:MeOH 9:1). 
1H NMR (400 MHz, Chloroform-d) δ 8.49 – 8.31 (m, 1H, ArH), 7.60 (m, 3H, ArH), 

7.09 (d, J = 7.9 Hz, 2H, ArH), 6.78 (d, J = 7.9 Hz, 2H, ArH), 5.85 (s, 1H, vinylH), 

2.48 (t, J = 7.6 Hz, 2H, CH2), 2.29 (s, 3H, CH3), 1.60 (q, J = 7.5 Hz, 2H, CH2), 0.96 

(t, J = 7.4 Hz, 3H, CH3).  13C NMR (101 MHz, Chloroform-d) δ 170.4, 166.5, 151.5, 

134.9, 133.8, 133.1, 132.9, 130.6, 130.5, 125.1, 119.1, 113.9, 80.1, 34.4, 20.7, 

20.4, 13.5. IR ν 1601 (w), 1505 (w), 1430 (w), 1266 (m), 1205 (m), 1143 (w), 740 (s), 703 (m), 660 (m). 

HRMS (ESI) calcd for C19H20IO3
+ [M+H]+ 423.0452; found 423.0452. The structure of the Z-regioisomer 

was assigned by NMR correlation to compound N-VBX.1. 

(Z)-1-(2-(p-tolyloxy)oct-1-en-1-yl)-1,2-benziodoxol-3-(1H)-one (O-VBX.4) 
Starting from EBX.3 (0.107 g, 0.300 mmol), (Z)-1-(2-(p-tolyloxy)oct-1-en-1-

yl)-1,3-benziodoxol-3(1H)-one O-VBX.4 (80.0 mg, 0.172 mmol, 57% yield) 

was obtained, as a white amorphous solid. Rf: 0.50 (DCM:MeOH 9:1). 1H 

NMR (400 MHz, Chloroform-d) δ 8.48 – 8.42 (m, 1H, ArH), 7.67 – 7.60 (m, 

3H, ArH), 7.14 – 7.07 (m, 2H, ArH), 6.86 – 6.79 (m, 2H, ArH), 5.90 (s, 1H, 

vinylH), 2.51 (t, J = 7.6 Hz, 2H, CCH2CH2CH2CH2CH2CH3), 2.31 (s, 3H, ArCH3), 

1.58 (p, J = 7.5 Hz, 2H, CCH2CH2CH2CH2CH2CH3), 1.39 – 1.19 (m, 6H, 

CCH2CH2CH2CH2CH2CH3), 0.88 (t, J = 6.8 Hz, 3H, CH3). 13C NMR (101 MHz, Chloroform-d) δ 170.8, 167.2, 

151.7, 135.2, 133.5, 133.5, 133.2, 130.8, 130.6, 125.7, 119.5, 114.5, 79.8, 32.6, 31.5, 28.8, 27.1, 22.6, 

20.9, 14.1. IR ν 3056 (m), 2929 (m), 2858 (m), 1605 (s), 1505 (s), 1340 (m), 1272 (s), 1206 (s), 1117 (m), 

1008 (m), 927 (m), 832 (s), 748 (s), 693 (m). HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C22H26IO3
+ 

465.0921; Found 465.0921. The olefin geometry was assigned by analogy to NMR data of compound 

N-VBX.1. 

(Z)-(5-Chloro-1-pent-1-en-2-yl-2-oxy)-4-methylbenzene-1,2-benziodoxol-3-(1H)-one (O-VBX.5) 
 Starting from EBX.5 (34.9 mg, 0.100 mmol), (Z)-(5-chloro-1-pent-1-en-2-yl-2-

oxy)-4-methylbenzene-1,2-benziodoxol-3-(1H)-one O-VBX.5 (30.4 mg, 67.0 

µmol, 67% yield – 92% purity) was obtained, as a white amorphous solid. Rf: 

0.44 (DCM:MeOH 9:1). The proton and carbon spectra contain 8% of 

iodobenzoic acid as impurity. 1H NMR (400 MHz, Chloroform-d) δ 8.44 – 8.34 

(m, 1H, ArH), 7.64 – 7.56 (m, 3H, ArH), 7.14 – 7.03 (m, 2H, ArH), 6.79 (d, J = 8.5 

Hz, 2H, ArH), 6.02 (s, 1H, vinylH), 3.55 (t, J = 6.2 Hz, 2H, CH2), 2.79 – 2.65 (m, 

2H, CH2), 2.29 (s, 3H, CH3), 2.01 (dq, J = 8.3, 6.4 Hz, 2H, CH2).  13C NMR (101 MHz, Chloroform-d) δ 

168.3, 166.7, 151.3, 135.1, 133.7, 133.3, 132.8, 130.6, 125.4, 118.9, 115.4, 114.0, 81.9, 43.4, 29.6, 

29.3, 20.7. IR ν 2970 (w), 1603 (s), 1506 (s), 1351 (w), 1274 (m), 1211 (m), 1048 (w), 837 (w), 750 (m), 

670 (s). HRMS (ESI/QTOF) calcd for C19H19ClIO3
+ [M + H]+  457.0062; found 457.0070. The structure of 

the Z-regioisomer was assigned by NMR correlation to compound N-VBX.1. 
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(Z)-1-(7-hydroxy-2-(p-tolyloxy)hept-1-en-1-yl)-1,3-benziodoxol-3-(1H)-one (O-VBX.6) 
Starting from EBX.8 (0.107 g, 0.300 mmol), (Z)-1-(7-hydroxy-2-(p-

tolyloxy)hept-1-en-1-yl)-1,3-benziodoxol-3-(1H)-one O-VBX.6 (0.110 g, 

0.237 mmol, 79% yield) was obtained, as a white solid. Rf: 0.27 

(DCM:MeOH 9:1). Mp: 151-172 °C.  1H NMR (400 MHz, Methanol-d4) δ 

8.29 (dd, J = 7.5, 1.9 Hz, 1H, ArH), 7.89 (dd, J = 8.0, 1.2 Hz, 1H, ArH), 7.78 

(td, J = 8.1, 7.6, 1.9 Hz, 1H, ArH), 7.75 – 7.69 (m, 1H, ArH), 7.18 (d, J = 8.2 

Hz, 2H, ArH), 6.97 – 6.90 (m, 2H, ArH), 6.28 (s, 1H, vinylH), 3.55 (t, J = 6.2 

Hz, 2H, CH2CH2CH2CH2CH2OH), 2.65 (t, J = 7.6 Hz, 2H, CH2CH2CH2CH2CH2OH), 2.32 (s, 3H, CH3), 1.66 (p, 

J = 7.5 Hz, 2H, CH2CH2CH2CH2CH2OH), 1.49 (m, 4H, CH2CH2CH2CH2CH2OH). 13C NMR (101 MHz, 

Methanol-d4) δ 172.3, 170.2, 153.0, 136.4, 135.2, 134.7, 133.4, 131.8, 131.5, 128.5, 120.8, 114.3, 79.7, 

62.6, 33.1, 33.0, 27.9, 26.3, 20.7. IR ν 3334 (m), 2946 (m), 2833 (w), 2518 (w), 2224 (w), 2042 (w), 1667 

(w), 1454 (w), 1029 (s), 740 (m). HRMS HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C21H24IO4
+ 467.0714; 

Found 467.0718. The olefin geometry was assigned by analogy to NMR data of compound N-VBX.1.  

(Z)-1-(2-(p-tolyloxy)-8-(trimethylsilyl)oct-1-en-7-yn-1-yl)-1,3-benziodoxol-3-(1H)-one (O-VBX.7) 
 Starting from EBX.6 (0.127 g, 0.300 mmol), (Z)-1-(2-(p-tolyloxy)-8-

(trimethylsilyl)oct-1-en-7-yn-1-yl)-1,3-benziodoxol-3-(1H)-one O-

VBX.7 (78.0 mg, 0.146 mmol, 49% yield) was obtained, as a white 

solid. Rf: 0.42 (DCM:MeOH 9:1). Mp: 116-119 °C.  1H NMR (400 MHz, 

Methylene Chloride-d2) δ 8.35 (dq, J = 5.6, 2.3, 1.8 Hz, 1H, ArH), 7.66 

(d, J = 3.1 Hz, 3H, ArH), 7.14 (d, J = 8.1 Hz, 2H, ArH), 6.83 (d, J = 8.1 

Hz, 2H, ArH), 5.89 (s, 1H, vinylH), 2.54 (t, J = 7.5 Hz, 2H, CH2), 2.31 (s, 

3H, ArCH3), 2.23 (t, J = 6.9 Hz, 2H, CH2), 1.70 (d, J = 8.0 Hz, 2H, CH2), 

1.54 (p, J = 7.1 Hz, 2H, CH2), 0.13 (d, J = 1.1 Hz, 9H, Si(CH3)3). 13C NMR (101 MHz, Methylene Chloride-

d2) δ 170.9, 166.6, 152.1, 135.7, 134.5, 133.7, 133.0, 131.1, 131.0, 125.9, 119.8, 114.6, 106.9, 85.5, 

80.9, 32.5, 28.3, 26.6, 21.0, 19.9, 0.4. IR ν 3001 (w), 2817 (w), 2170 (w), 1598 (s), 1503 (m), 1356 (m), 

1248 (m), 1205 (m), 1136 (m), 984 (m), 840 (s), 746 (s), 687 (m). HRMS (ESI/QTOF) m/z: [M + H]+ Calcd 

for C25H30IO3Si+ 533.1003; Found 533.1008. The olefin geometry was assigned by analogy to NMR data 

of compound N-VBX.1. 

(Z)-2-(6-(3-Oxo-1,2-benziodoxol-3-(1H)-yl)-5-(p-tolyloxy)hex-5-en-1-yl)isoindoline-1,3-dione (O-
VBX.8) 

Starting from EBX.9 (300 mg, 634 µmol), (Z)-2-(6-(3-Oxo-1,2-

benziodoxol-3-(1H)-yl)-5-(p-tolyloxy)hex-5-en-1-yl)isoindoline-1,3-

dione O-VBX.8 (180 mg, 310 µmol, 49% yield) was obtained, as an 

white solid. Rf: 0.68 (DCM:MeOH 9:1). Mp: 87-92 °C. 1H NMR (400 

MHz, Chloroform-d) δ 8.45 – 8.37 (m, 1H, ArH), 7.88 – 7.77 (m, 2H, 

ArH), 7.77 – 7.68 (m, 2H, ArH), 7.66 – 7.53 (m, 3H, ArH), 7.04 (d, J = 

8.2 Hz, 2H, ArH), 6.75 (d, J = 8.5 Hz, 2H, ArH), 5.91 (s, 1H, vinylH), 

3.67 (t, J = 6.9 Hz, 2H, CH2), 2.57 (t, J = 7.5 Hz, 2H, CH2), 2.26 (s, 3H, CH3), 1.72 (tt, J = 13.0, 7.1 Hz, 2H, 

CH2), 1.59 (dq, J = 9.7, 7.3 Hz, 2H, CH2). 13C NMR (101 MHz, Chloroform-d) δ 169.8, 168.5, 166.7, 151.5, 

135.3, 134.3, 133.9, 133.4, 133.2, 132.1, 130.8, 130.7, 125.3, 123.5, 119.2, 114.1, 80.8, 37.2, 32.0, 

27.9, 24.3, 20.9. IR ν 3067 (w), 2939 (m), 1768 (m), 1710 (s), 1607 (s), 1506 (m), 1442 (m), 1397 (m), 

1347 (m), 1208 (m), 1178 (m), 1119 (w), 996 (w), 917 (m), 825 (m), 728 (s), 687 (m). HRMS (ESI/QTOF) 
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m/z: [M + H]+ Calcd for C28H25INO5
+ 582.0772; Found 582.0778. The olefin geometry was assigned by 

analogy to NMR data of compound N-VBX.1. 

(Z)-1-(2-Cyclopropyl-2-(p-tolyloxy)vinyl)-1,2-benziodoxol-3-(1H)-one (O-VBX.9) 
Starting from EBX.11 (31.0 mg, 0.100 mmol), (Z)-1-(2-cyclopropyl-2-(p-

tolyloxy)vinyl)-1l3-benziodoxol-3(1H)-one O-VBX.9 (37.0 mg, 88.0 µmol, 88% 

yield) was obtained, as a white amorphous solid. Rf: 0.43 (DCM:MeOH 9:1). 1H 

NMR (400 MHz, Chloroform-d) δ 8.51 – 8.35 (m, 1H, ArH), 7.64 – 7.58 (m, 2H, ArH), 

7.56 – 7.51 (m, 1H, ArH), 7.16 – 7.01 (m, 2H, ArH), 6.92 – 6.77 (m, 2H, ArH), 5.72 

(s, 1H, vinylH), 2.29 (s, 3H, CH3), 1.67 (tt, J = 8.2, 5.3 Hz, 1H, CH), 1.02 – 0.88 (m, 

4H, CH2). 13C NMR (101 MHz, Chloroform-d) δ 172.7, 166.8, 152.5, 135.0, 133.9, 

133.3, 133.0, 130.7, 130.6, 125.2, 119.2, 114.4, 75.5, 20.8, 14.3, 9.7. IR ν 3672 (m), 3059 (m), 2805 

(m), 1603 (s), 1504 (s), 1344 (m), 1203 (s), 1141 (s), 1065 (s), 1012 (s), 932 (s), 824 (s), 737 (s). HRMS 

(ESI/QTOF) m/z: [M + H]+ Calcd for C19H18IO3
+ 421.0295; Found 421.0296. The olefin geometry was 

assigned by analogy to NMR data of compound N-VBX.1. 

(Z)-1-(2-Cyclohexyl-2-(p-tolyloxy)vinyl)-1,2-benziodoxol-3-(1H)-one (O-VBX.10) 
Starting from EBX.13 (35.0 mg, 0.100 mmol), (Z)-1-(2-cyclohexyl-2-(p-

tolyloxy)vinyl)-1,2-benziodoxol-3-(1H)-one O-VBX.10 (30.0 mg, 65.0 µmol, 65% 

yield) was obtained, as a white amorphous solid. Rf: 0.34 (DCM:MeOH 9:1). 1H 

NMR (400 MHz, Chloroform-d) δ 8.48 – 8.32 (m, 1H, ArH), 7.64 – 7.58 (m, 2H, 

ArH), 7.58 – 7.52 (m, 1H, ArH), 7.14 – 7.01 (m, 2H, ArH), 6.88 – 6.69 (m, 2H, ArH), 

6.04 (s, 1H, vinylH), 2.42 (tt, J = 11.7, 3.3 Hz, 1H, CH), 2.29 (s, 3H, CH3), 2.11 – 

2.00 (m, 2H, CH2), 1.85 – 1.75 (m, 2H, CH2), 1.74 – 1.65 (m, 1H, CH2), 1.39 (qd, J 

= 12.0, 3.3 Hz, 2H, CH2), 1.28 – 1.11 (m, 3H, CH2, CH2). 13C NMR (101 MHz, Chloroform-d) δ 174.9, 

167.2, 152.4, 134.5, 133.6, 133.4, 133.1, 130.7, 130.7, 125.6, 118.4, 114.5, 81.7, 41.2, 31.8, 26.0, 25.9, 

20.8. IR ν 3052 (w), 2931 (m), 2857 (w), 1604 (m), 1504 (m), 1444 (w), 1342 (m), 1202 (m), 1173 (w), 

1116 (w), 1010 (w), 906 (s), 826 (m), 728 (s), 687 (w), 644 (m). HRMS (ESI/QTOF) m/z: [M + H]+ Calcd 

for C22H24IO3
+ 463.0765; Found 463.0768. The olefin geometry was assigned by analogy to NMR data 

of compound N-VBX.1. 

(Z)-1-(3,3-dimethyl-2-(p-tolyloxy)but-1-en-1-yl)-1,2-benziodoxol-3-(1H)-one (O-VBX.11) 
Starting from EBX.15 (33.0 mg, 0.100 mmol), (Z)-1-(3,3-dimethyl-2-(p-

tolyloxy)but-1-en-1-yl)-1,2-benziodoxol-3-(1H)-one O-VBX.11 (35.0 mg, 80.0 

µmol, 80% yield) was obtained, as a white amorphous solid. Rf: 0.43 (DCM:MeOH 

9:1). 1H NMR (400 MHz, Chloroform-d) δ 8.40 (dd, J = 5.9, 3.4 Hz, 1H, ArH), 7.67 – 

7.58 (m, 2H, ArH), 7.53 – 7.42 (m, 1H, ArH), 7.12 – 7.01 (m, 2H, ArH), 6.80 (d, J = 

8.6 Hz, 2H, ArH), 6.13 (s, 1H, vinylH), 2.27 (s, 3H, CH3), 1.37 (s, 9H, C(CH3)3). 13C 

NMR (101 MHz, Chloroform-d) δ 177.3, 166.8, 155.2, 134.2, 133.6, 133.4, 133.2, 

131.3, 130.8, 125.4, 116.8, 115.2, 80.9, 40.4, 28.8, 20.8. IR ν 3246 (m), 2994 (m), 1739 (s), 1658 (s), 

1631 (s), 1583 (s), 1552 (s), 1508 (s), 1394 (s), 1363 (s), 1320 (s), 1263 (s), 1214 (s), 1173 (s), 1072 (m), 

1021 (s), 972 (m), 848 (s), 829 (s), 752 (s). HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C20H22IO3
+ 

437.0608; Found 437.0595. The olefin geometry was assigned by analogy to NMR data of compound 

N-VBX.1.   



 Chapter 9: Experimental Part 

222 
 

(Z)-1-(2-phenyl-2-(p-tolyloxy)vinyl)-1,2-benziodoxol-3-(1H)-one (O-VBX.12) 
Starting from EBX.16 (35.0 mg, 0.100 mmol), (Z)-1-(2-phenyl-2-(p-

tolyloxy)vinyl)-1,2-benziodoxol-3-(1H)-one O-VBX.12 (45.3 mg, 99.0 µmol, 99% 

yield) was obtained, as a white amorphous solid. Rf: 0.31 (DCM:MeOH 9:1). 1H 

NMR (400 MHz, Chloroform-d) δ 8.51 – 8.41 (m, 1H, ArH), 7.69 – 7.57 (m, 5H, 

ArH), 7.42 (dq, J = 8.9, 7.1, 6.6 Hz, 3H, ArH), 6.98 (d, J = 8.4 Hz, 2H, ArH), 6.80 – 

6.72 (m, 2H, ArH), 6.66 (s, 1H, vinylH), 2.21 (s, 3H, CH3). 13C NMR (101 MHz, 

Chloroform-d) δ 167.2, 165.6, 153.6, 133.9, 133.7, 133.3, 133.2, 131.7, 131.5, 

130.9, 130.6, 129.3, 128.1, 126.1, 117.2, 115.0, 86.4, 20.7. IR ν 3066 (w), 1604 (s), 1505 (m), 1442 (w), 

1347 (m), 1283 (m), 1201 (m), 1033 (w), 1016 (w), 911 (m), 824 (m), 737 (s), 697 (m), 649 (w). HRMS 

(ESI/QTOF) m/z: [M + H]+ Calcd for C22H18IO3
+ 457.0295; Found 457.0287. The olefin geometry was 

assigned by analogy to NMR data of compound N-VBX.1. 

 (Z)-1-(2-(2-iodophenoxy)prop-1-en-1-yl)-1,2-benziodoxol-3-(1H)-one (O-VBX.13) 
 Starting from EBX.1 (86.0 mg, 0.300 mmol), (Z)-1-(2-(2-iodophenoxy)prop-1-en-1-

yl)-1,2-benziodoxol-3-(1H)-one O-VBX.13 (50.5 mg, 0.100 mmol, 33% yield) was 

obtained, as an off-white sticky solid. Rf: 0.45 (DCM:MeOH 9:1). 1H NMR (400 MHz, 

Chloroform-d) δ 8.45 – 8.38 (m, 1H, ArH), 7.78 (dd, J = 7.9, 1.6 Hz, 1H, ArH), 7.75 – 

7.67 (m, 1H, ArH), 7.64 – 7.55 (m, 2H, ArH), 7.33 (td, J = 7.7, 1.6 Hz, 1H, ArH), 7.04 

– 6.90 (m, 2H, ArH), 5.86 (d, J = 1.1 Hz, 1H, vinylH), 2.16 (d, J = 0.9 Hz, 3H, CH3). 13C 

NMR (101 MHz, Chloroform-d) δ 167.1, 166.3, 153.4, 140.1, 133.8, 133.4, 133.0, 

130.8, 130.1, 128.0, 126.1, 122.1, 114.1, 90.3, 77.7, 19.9. IR ν 3060 (m), 2778 (m), 1604 (s), 1348 (m), 

1261 (m), 1218 (m), 1125 (m), 1069 (m), 1011 (s), 912 (s), 832 (s), 739 (s). HRMS (ESI/QTOF) m/z: [M 

+ H]+ Calcd for C16H13I2O3
+ 506.8949; Found 506.8956. The olefin geometry was assigned by analogy to 

NMR data of compound N-VBX.1.  

(Z)-1-(2-(2-iodophenoxy)pent-1-en-1-yl)-1,2-benziodoxol-3-(1H)-one (O-VBX.14) 
Starting from EBX.2 (500 mg, 1.60 mmol), (Z)-1-(2-(2-iodophenoxy)pent-1-en-

1-yl)-1,2-benziodoxol-3-(1H)-one O-VBX.14 (0.450 mg, 0.842 mmol, 53% yield) 

was obtained, as a white solid. Rf: 0.53 (DCM:MeOH 9:1). Mp: 176-177 °C. 1H 

NMR (400 MHz, Chloroform-d) δ 8.48 – 8.42 (m, 1H, ArH), 7.80 (dd, J = 7.9, 1.5 

Hz, 1H, ArH), 7.70 – 7.59 (m, 3H, ArH), 7.31 (ddd, J = 8.1, 7.5, 1.6 Hz, 1H, ArH), 

6.99 – 6.88 (m, 2H, ArH), 5.90 (d, J = 1.0 Hz, 1H, vinylH), 2.44 – 2.35 (m, 2H, CH2), 

1.71 – 1.58 (m, 2H, CH2), 1.00 (t, J = 7.4 Hz, 3H, CH3). 13C NMR (101 MHz, 

Chloroform-d) δ 169.6, 166.7, 153.3, 140.3, 133.9, 133.4, 133.1, 130.8, 129.9, 127.5, 125.7, 120.5, 

114.1, 89.5, 80.0, 34.7, 20.4, 13.8. IR ν 3062 (w), 2966 (m), 2872 (w), 1722 (w), 1604 (s), 1578 (m), 

1559 (m), 1506 (w), 1465 (s), 1438 (m), 1342 (m), 1300 (m), 1258 (m), 1221 (s), 1124 (m), 1043 (m), 

1019 (m), 908 (m), 829 (m), 741 (s), 687 (m), 644 (w). HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for 

C18H17I2O3
+ 534.9262; Found 534.9266. The olefin geometry was assigned by analogy to NMR data of 

compound N-VBX.1.   
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(Z)-1-(2-(2-Iodophenoxy)oct-1-en-1-yl)-1,2-benziodoxol-3-(1H)-one (O-VBX.15) 
Starting from EBX.3 (0.142 g, 0.400 mmol), (Z)-1-(2-(2-Iodophenoxy)oct-1-

en-1-yl)-1,2-benziodoxol-3-(1H)-one O-VBX.15 (0.190 g, 0.330 mmol, 82% 

yield) was obtained, as a white solid. Rf: 0.51 (DCM:MeOH 9:1). Mp: 130-

133.5 °C. 1H NMR (400 MHz, Chloroform-d) δ 8.48 – 8.41 (m, 1H, ArH), 7.79 

(dd, J = 7.8, 1.6 Hz, 1H, ArH), 7.70 – 7.66 (m, 1H, ArH), 7.62 (hept, J = 5.1 

Hz, 2H, ArH), 7.36 – 7.27 (m, 1H, ArH), 6.94 (td, J = 8.5, 2.9 Hz, 2H, ArH), 

5.94 (s, 1H, vinylH), 2.43 (t, J = 7.6 Hz, 2H, CH2), 1.59 (p, J = 7.6 Hz, 2H, CH2), 1.41 – 1.22 (m, 6H, CH2), 

0.88 (t, J = 6.7 Hz, 3H, CH3). 13C NMR (101 MHz, Chloroform-d) δ 169.9, 167.1, 153.3, 140.3, 133.6, 

133.5, 133.1, 130.8, 129.9, 127.4, 126.0, 120.6, 114.3, 89.5, 80.0, 32.7, 31.5, 28.8, 27.0, 22.6, 14.1. IR 

ν 3061 (w), 2925 (m), 2859 (m), 1601 (s), 1460 (m), 1341 (s), 1219 (s), 1119 (m), 1011 (m), 920 (w), 

825 (m), 745 (s), 681 (m), 641 (m). HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C21H23I2O3
+ 576.9731; 

Found 576.9742. The olefin geometry was assigned by analogy to NMR data of compound N-VBX.1. 

 (Z)-1-(2-(2,6-dichlorophenoxy)oct-1-en-1-yl)-1,3-benziodoxol-3(1H)-one (O-VBX.16) 
Starting from EBX.3 (36.0 mg, 0.100 mmol), (Z)-1-(2-(2,6-

dichlorophenoxy)oct-1-en-1-yl)-1,3-benziodoxol-3(1H)-one O-VBX.16 

(43.0 mg, 83.0 µmol, 83% yield) was obtained, as a white solid. Rf: 0.46 

(DCM:MeOH 9:1). 1H NMR (400 MHz, Chloroform-d) δ 8.45 (dd, J = 7.2, 

2.0 Hz, 1H, ArH), 7.69 (dd, J = 7.7, 1.5 Hz, 1H, ArH), 7.67 – 7.56 (m, 2H, 

ArH), 7.34 (d, J = 8.1 Hz, 2H, ArH), 7.15 (dd, J = 8.6, 7.7 Hz, 1H, ArH), 5.81 

(t, J = 1.1 Hz, 1H, vinylH), 2.38 – 2.25 (m, 2H, CH2CH2CH2CH2CH2CH3), 1.62 (t, J = 7.8 Hz, 2H, 

CH2CH2CH2CH2CH2CH3), 1.45–1.19 (m, 6H, CH2CH2CH2CH2CH2CH3), 0.88 (t, J = 6.9 Hz, 3H, CH3). 13C NMR 

(101 MHz, Chloroform-d) δ 170.1, 167.1, 145.7, 133.6, 133.4, 133.1, 130.8, 129.4, 129.3, 127.6, 126.1, 

114.0, 76.1, 32.1, 31.4, 28.8, 26.7, 22.6, 14.1. IR ν 3067 (m), 2935 (m), 2864 (m), 1738 (m), 1665 (m), 

1597 (s), 1562 (m), 1442 (s), 1336 (m), 1246 (s), 1124 (m), 1006 (m), 916 (m), 830 (m), 734 (s), 725 (s), 

678 (m), 643 (m). HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C21H22Cl2IO3
+ 518.9985; Found 518.9993. 

The olefin geometry was assigned by analogy to NMR data of compound N-VBX.1. 

(Z)-(1-Prop-1-en-2-yl-2-oxy)-3,5-dibromobenzene-1,2-benziodoxol-3-(1H)-one (O-VBX.17) 
 Starting from EBX.1 (57.2 mg, 0.100 mmol), (Z)-(1-prop-1-en-2-yl-2-oxy)-3,5-

dibromobenzene-1,2-benziodoxol-3-(1H)-one O-VBX.17 (27.1 mg, 50.0 µmol, 

50% yield) was obtained, as a white amorphous solid. Rf: 0.38 (DCM:MeOH 9:1). 
1H NMR (400 MHz, Methanol-d4) δ 8.32 (dd, J = 7.5, 1.8 Hz, 1H, ArH), 7.94 (dd, 

J = 8.1, 1.1 Hz, 1H, ArH), 7.83 (td, J = 8.2, 7.7, 1.8 Hz, 1H, ArH), 7.76 (td, J = 7.3, 

1.1 Hz, 1H, ArH), 7.63 (t, J = 1.6 Hz, 1H, ArH), 7.34 (d, J = 1.6 Hz, 2H, ArH), 6.40 

(d, J = 1.0 Hz, 1H, vinylH), 2.37 (s, 3H, CH3).13C NMR (101 MHz, Methanol-d4) δ 

170.4, 167.9, 156.1, 142.3, 136.0, 133.7, 133.1, 132.5, 132.0, 131.6, 129.2, 124.5, 123.8, 114.3, 80.4, 

18.8. IR ν 2975 (w), 2882 (w), 1618 (w), 1576 (w), 1391 (w), 1320 (w), 1271 (w), 1126 (w), 1095 (m), 

1050 (s), 881 (m), 741 (m). HRMS (ESI) calcd for C16H12
79Br2IO3

+ [M+H]+ 536.8192; found 536.8194. The 

structure of the Z-regioisomer was assigned by NMR correlation to compound N-VBX.1. 
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(Z)-1-(2-(perfluorophenoxy)prop-1-en-1-yl)-1,3-benziodoxol-3-(1H)-one (O-VBX.18) 

Starting from EBX.1 (0.286 g, 1.00 mmol), (Z)-1-(2-(perfluorophenoxy)prop-1-en-

1-yl)-1l3-benzo[d][1,2]iodaoxol-3(1H)-one O-VBX.18 (0.386 g, 0.820 mmol, 82% 

yield) was obtained, as a white solid. Rf: (missing) (Pentane:EtOAc 9:1). 1H NMR 

(400 MHz, Chloroform-d) δ 8.48 – 8.40 (m, 1H, ArH), 7.63 (dqt, J = 6.7, 4.2, 2.3 

Hz, 3H, ArH), 6.01 (d, J = 1.2 Hz, 1H, vinylH), 2.29 (s, 3H, CH3). 13C NMR (101 MHz, 

Chloroform-d) δ 167.2, 164.5, 143.0, 140.5, 139.3, 136.8, 133.8, 133.0, 130.8, 

127.9, 125.9, 114.1, 80.0, 18.5. (One ArC missing) IR (missing) HRMS (APCI/QTOF) 

m/z: [M + H]+ Calcd for C16H9F5IO3
+ 470.9511; found 470.9513. The structure of the Z-regioisomer was 

assigned by NMR correlation to compound N-VBX.1. 

(Z)-(1-Pent-1-en-2-yl-2-oxy)-2,3,4,5-pentafluorobenzene-1,2-benziodoxol-3-(1H)-one (O-VBX.19) 
 Starting from EBX.2 (31.4 mg, 0.100 mmol), (Z)-(1-pent-1-en-2-yl-2-oxy)-

2,3,4,5-pentafluorobenzene-1,2-benziodoxol-3-(1H)-one O-VBX.19 (45.3 mg, 

91.0 µmol, 91% yield) was obtained, as a white amorphous solid. Rf: 0.42 

(DCM:MeOH 9:1). 1H NMR (400 MHz, Chloroform-d) δ 8.47 – 8.37 (m, 1H, ArH), 

7.69 – 7.53 (m, 3H, ArH), 6.03 (s, 1H, vinylH), 2.41 (t, J = 7.6 Hz, 2H, CH2), 1.66 

(h, J = 7.4 Hz, 2H, CH2), 1.03 (t, J = 7.3 Hz, 3H, CH3). 13C NMR (101 MHz, 

Chloroform-d) δ 168.2, 166.8, 142.8 (dd, J = 12.5, 4.0 Hz), 140.6 – 139.9 (m), 

139.7 – 139.1 (m), 137.2 – 136.7 (m), 133.6, 133.2, 132.9, 130.8, 127.9 (td, J = 14.3, 13.5, 4.0 Hz), 

125.5, 113.9, 80.6, 33.5, 20.1, 13.4. IR ν 1695 (w), 1616 (w), 1517 (s), 1472 (w), 1341 (w), 1236 (w), 

1159 (w), 997 (m), 670 (m). HRMS (ESI) calcd for C18H13F5IO3
+ [M+H]+ 498.9824; found 498.9822. The 

structure of the Z-regioisomer was assigned by NMR correlation to compound N-VBX.1. 

(Z)-1-(2-(4-Methoxyphenoxy)prop-1-en-1-yl)-1,2-benziodoxol-3-(1H)-one (O-VBX.20) 
 Starting from EBX.1 (86.0 mg, 0.300 mmol), (Z)-1-(2-(4-methoxyphenoxy)prop-

1-en-1-yl)-1,2-benziodoxol-3-(1H)-one O-VBX.20 (63.0 mg, 0.154 mmol, 51% 

yield) was obtained, as an off-white sticky solid. Rf: 0.46 (DCM:MeOH 9:1). 1H 

NMR (400 MHz, Chloroform-d) δ 8.47 – 8.39 (m, 1H, ArH), 7.74 – 7.66 (m, 1H, 

ArH), 7.67 – 7.60 (m, 2H, ArH), 6.96 – 6.89 (m, 2H, ArH), 6.89 – 6.74 (m, 2H, ArH), 

5.86 (d, J = 1.2 Hz, 1H, vinylH), 3.77 (s, 3H, OCH3), 2.21 (s, 3H, CH3). 13C NMR (101 

MHz, Chloroform-d) δ 167.6, 167.4, 157.5, 147.1, 133.6, 133.5, 133.2, 130.7, 

125.7, 121.7, 115.0, 114.3, 76.4, 55.8, 19.5. IR ν 3620 (s), 3041 (s), 2778 (s), 1610 (s), 1507 (s), 1208 

(s), 1127 (s), 1070 (s), 977 (s), 908 (s), 844 (s), 736 (s). HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for 

C17H16IO4
+ 411.0088; Found 411.0092. The olefin geometry was assigned by analogy to NMR data of 

compound N-VBX.1. 

 (Z)-1-(2-(4-Methoxyphenoxy)pent-1-en-1-yl)-1,2-benziodoxol-3-(1H)-one (O-VBX.21) 
Starting from EBX.2 (2.00 g, 6.40 mmol), (Z)-1-(2-(4-methoxyphenoxy)pent-1-

en-1-yl)-1,2-benziodoxol-3-(1H)-one O-VBX.21 (2.10 g, 4.80 mmol, 75% yield) 

was obtained, as a white solid. Rf: 0.53 (DCM:MeOH 9:1). Mp: 175.8-180.9 °C. 
1H NMR (400 MHz, Chloroform-d) δ 8.49 – 8.41 (m, 1H, ArH), 7.66 – 7.57 (m, 

3H, ArH), 6.83 (s, 4H, ArH), 5.79 (d, J = 0.9 Hz, 1H, vinylH), 3.77 (s, 3H, OCH3), 

2.46 (t, J = 7.6 Hz, 2H, CH2), 1.61 (h, J = 7.4 Hz, 2H, CH2), 0.97 (t, J = 7.4 Hz, 3H, 

CH3). 13C NMR (101 MHz, Chloroform-d) δ 170.9, 166.7, 157.2, 147.2, 134.0, 

133.3, 133.1, 130.8, 125.1, 120.8, 115.1, 114.0, 79.0, 55.8, 34.5, 20.6, 13.7. IR ν 3667 (m), 2975 (s), 
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2904 (s), 2355 (w), 2233 (w), 1607 (s), 1503 (s), 1445 (m), 1348 (s), 1294 (m), 1245 (s), 1207 (s), 1055 

(s), 909 (s), 836 (m), 736 (s), 648 (m). HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C19H20IO4
+ 439.0401; 

Found 439.0403. The olefin geometry was assigned by analogy to NMR data of compound N-VBX.1. 

(Z)-N-(5-Chloro-1-pent-1-en-2-yl)-N-Sulfaphenazole-1,2-benziodoxol-3-(1H)-one (N-VBX.15) 
 Starting from EBX.5 (34.9 mg, 0.100 mmol) and commercially available 

Sulfaphenazole (31.4, 0.100 mmol, 1.00 equiv.), (Z)-N-(5-chloro-1-pent-1-

en-2-yl)-N-Sulfaphenazole-1,2-benziodoxol-3-(1H)-one N-VBX.15 (29.1 

mg, 43.9 µmol, 43% yield) was obtained, as a pale orange amorphous 

solid. Rf: 0.25 (DCM:MeOH 9:1). 1H NMR (400 MHz, Methanol-d4) δ 8.31 

(dd, J = 7.5, 1.9 Hz, 1H, ArH), 7.75 (dd, J = 7.3, 1.0 Hz, 1H, ArH), 7.72 (s, 1H, 

ArH), 7.71 – 7.66 (m, 1H, ArH), 7.56 – 7.51 (m, 2H, ArH), 7.30 (dd, J = 8.1, 

1.1 Hz, 1H, ArH), 7.26 – 7.22 (m, 3H, ArH), 6.92 – 6.86 (m, 2H, ArH), 6.84 – 6.77 (m, 3H, ArH), 6.35 (d, 

J = 2.1 Hz, 1H, vinylH), 3.55 (t, J = 6.2 Hz, 2H, CH2), 2.49 – 2.41 (m, 2H, CH2), 1.88 (p, J = 6.6 Hz, 2H, CH2). 

13C NMR (101 MHz, Methanol-d4 + Chloroform-d) δ 170.1, 156.8, 153.7, 140.7, 138.9, 137.1, 135.1, 

134.2, 133.3, 132.3, 131.7, 130.4, 129.9, 128.7, 128.1, 120.9, 116.5, 114.3, 107.2, 105.8, 44.4, 33.7, 

31.6. IR ν 2976 (w), 2898 (w), 2863 (w), 1654 (w), 1616 (w), 1456 (w), 1379 (w), 1279 (w), 1086 (m), 

1048 (s), 880 (m), 650 (s). HRMS (ESI) calcd for C27H25ClIN4O4S + [M+H]+ 662.0372; found 663.0342. The 

structure of the Z-regioisomer was assigned by NMR correlation to compound N-VBX.1. 

(Z)-N-(5-Chloro-1-pent-1-en-2-yl)-N-Valsartan-1,2-benziodoxol-3-(1H)-one (N-VBX.16) 
 Starting from EBX.5 (39.0 mg, 0.100 mmol) and commercially 

available Valsartan (44.0 mg, 0.100 mmol), (Z)-N-(5-chloro-1-pent-

1-en-2-yl)-N-Valsartan-1,2-benziodoxol-3-(1H)-one N-VBX.16 was 

obtained as a white sticky solid (56.0 mg, 71.0 µmol, 71%). Mixture 

of rotamers observed 1H NMR (400 MHz, Methanol-d4) δ 8.26 (td, J 

= 7.0, 6.6, 1.9 Hz, 1H, ArH), 7.97 – 7.84 (m, 2H, ArH), 7.81 – 7.69 (m, 

2H, ArH), 7.65 (m, 1H, ArH), 7.61 – 7.46 (m, 2H, ArH), 7.34 (d, J = 5.7 

Hz, 1H, ArH), 7.26 (d, J = 8.2 Hz, 1H, ArH), 7.23 – 7.14 (m, 2H, 1H ArH 

+ 1H vinylH), 7.07 (d, J = 8.1 Hz, 1H, ArH), 4.64 – 4.49 (m, 1H, 

ArCH2N), 4.49 – 4.36 (m, 1H, ArCH2N), 4.06 (d, J = 10.6 Hz, 1H, NCHCOOH), 3.71 (td, J = 6.2, 2.4 Hz, 2H, 

CH2CH2CH2Cl), 3.36 (dd, J = 9.5, 6.8 Hz, 2H, CH2CH2CH2Cl), 2.62 – 2.37 (m, 1H, NCHCH(CH3)2), 2.35 – 

2.06 (m, 4H, CH2CH2CH2Cl, NCOCH2CH2CH2CH3), 1.62 – 1.51 (m, 1H, NCOCH2CH2CH2CH3), 1.48 – 1.38 

(m, 1H, NCOCH2CH2CH2CH3), 1.38 – 1.27 (m, 1H, NCOCH2CH2CH2CH3), 1.17 (h, J = 7.5 Hz, 1H, 

NCOCH2CH2CH2CH3), 1.00 – 0.75 (m, 9H, CH3). 13C NMR (101 MHz, Methanol-d4) δ 177.0, 173.6, 166.0, 

146.6, 143.3, 141.0, 138.2, 135.6, 134.5, 133.4, 132.3, 132.1, 131.9, 131.7, 131.4, 130.5, 129.9, 129.1, 

128.4, 125.8, 116.7, 94.8, 65.0, 44.6, 34.6, 33.1, 31.3, 29.1, 28.5, 23.4, 20.6, 20.1, 19.3, 14.2. IR ν 2962 

(m), 2876 (m), 2825 (w), 1727 (m), 1725 (m), 1645 (s), 1624 (s), 1616 (s), 1604 (s), 1557 (m), 1542 (m), 

1530 (w), 1512 (w), 1473 (m), 1460 (m), 1436 (m), 1415 (m), 1376 (m), 1358 (m), 1329 (m), 1298 (m), 

1269 (m), 1232 (m), 1206 (m), 1171 (m), 1132 (w), 1103 (m), 1007 (m), 999 (m), 980 (m), 943 (m), 914 

(m), 896 (m), 828 (m), 812 (m), 787 (m), 760 (s), 746 (s), 715 (m), 703 (m), 687 (m), 674 (m), 650 (m). 

HRMS (ESI) calcd for C36H39ClIN5NaO5
+ [M+Na]+ 806.1577; found 806.1579. The structure of the Z-

regioisomer was assigned by NMR correlation to compound N-VBX.1. 
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(Z)-(1-Prop-1-en-2-yl)-2-Tyrosine-1,2-benziodoxol-3-(1H)-one (O-VBX.22) 
 Starting from EBX.1 (57.2 mg, 0.100 mmol) and commercially available (D)-

Tyrosine monohydrate (26.9 mg, 0.100 mmol, 1.00 equiv.), (Z)-(1-prop-1-en-

2-yl)-2-Tyrosine-1,2-benziodoxol-3-(1H)-one O-VBX.22 (25.2 mg, 52.3 µmol, 

52% yield) was obtained, as a pale yellow amorphous solid. Rf: 0.38 

(DCM:MeOH 9:1). 1H NMR (400 MHz, Chloroform-d) Rotamers ratio 6:1 δ 8.37 

(ddd, J = 5.9, 2.8, 1.4 Hz, 1H, ArH major), 8.32 – 8.27 (m, 1H, ArH minor), 7.67 

(d, J = 8.1 Hz, 1H, ArH minor), 7.62 – 7.56 (m, 3H, ArH, major), 7.53 – 7.49 (m, 

1H major), 7.24 (m, 1H, ArH minor overlapping with Chloroform-d), 7.14 – 

7.03 (m, 2H + 2H, ArH major + ArH minor), 6.83 (d, J = 8.5 Hz, 2H, ArH major), 

6.48 (d, J = 7.8 Hz, 1H, NHAc minor), 6.40 (d, J = 7.7 Hz, 1H, NHAc major), 5.81 

(s, 1H, vinylH major), 5.80 (s, 1H, vinylH minor), 4.87 – 4.82 (m, 1H, CH minor), 4.78 (dt, J = 7.7, 6.0 Hz, 

1H, CH major), 4.43 (q, J = 7.9 Hz, 2H, CH2 minor), 4.13 (dtd, J = 14.3, 7.4, 1.8 Hz, 2H, CH2 major), 3.20 

– 3.01 (m, 2H + 2H, CH2 major + CH2 minor), 2.41 (s, 3H, CH3 minor), 2.20 (s, 3H, CH3 major), 1.96 (s, 

3H, CH3 minor), 1.94 (s, 3H, CH3 major), 1.21 (m, 3H + 3H, CH3 major + CH3 minor). 13C NMR (101 MHz, 

Chloroform-d) only major rotamer expressed δ 172.2, 171.4, 169.8, 169.2, 166.9, 166.6, 152.5, 152.0, 

134.8, 133.9, 133.7, 133.6, 133.4, 133.2, 132.9, 132.8, 131.4, 130.9, 130.7, 130.6, 125.3, 125.0, 124.5, 

121.2, 120.1, 114.2, 114.1, 113.8, 78.4, 74.3, 72.3, 61.5, 53.2, 37.3, 37.1, 23.1, 21.3, 21.1, 19.4, 14.1 (2 

Carbon signals not expressed). IR ν 2362 (w), 1734 (w), 1599 (m), 1506 (w), 1438 (w), 1377 (w), 1266 

(m), 1215 (w), 1127 (w), 1022 (w), 733 (s). HRMS (ESI) calcd for C23H25INO6
+ [M+H]+ 538.0721; found 

538.0726. The structure of the Z-regioisomer was assigned by NMR correlation to compound N-VBX.1. 

(Z)-(5-Chloro-1-pent-1-en-2-yl)-2-α-Tocopherol-1,2-benziodoxol-3-(1H)-one (O-VBX.23) 
 Starting from EBX.5 (349 mg, 1.00 mmol) and commercially 

available α-Tocopherol (305 mg, 1.00 mmol), (Z)-(5-chloro-1-

pent-1-en-2-yl)-2-α-Tocopherol-1,2-benziodoxol-3-(1H)-one O-

VBX.23 (517 mg, 0.791 mmol, 79% yield) was obtained, as a 

yellow oil. Rf: 0.55 (DCM:MeOH 9:1). 1H NMR (400 MHz, 

Chloroform-d) δ 8.39 – 8.27 (m, 1H, ArH), 7.62 (td, J = 5.6, 4.5, 3.2 

Hz, 1H, ArH), 7.57 – 7.49 (m, 2H, ArH), 5.68 (d, J = 11.8 Hz, 1H, 

vinylH), 3.58 – 3.47 (m, 2H, CH2), 2.43 (ddt, J = 22.6, 15.2, 7.0 Hz, 

4H, CH2 + CH), 2.02 (m, 5H, CH2 + CH3), 1.91 (s, 3H, CH3), 1.87 (s, 3H, 

CH3), 1.77 – 1.69 (m, 2H, CH2), 1.55 – 1.41 (m, 3H, CH2 + CH3), 1.39 

– 0.96 (m, 23H, CH + CH2 + CH3), 0.80 (ddd, J = 12.1, 6.7, 2.5 Hz, 

12H, CH3). 13C NMR (101 MHz, Chloroform-d) major + minor diasteromers δ 170.4, 169.9, 166.6, 149.7, 

149.6, 142.2, 142.1, 133.9, 133.9, 132.8, 132.6, 132.6, 130.3, 130.2, 129.75, 129.6, 126.9, 126.9, 125.4, 

125.3, 125.2, 123.9, 123.7, 118.3, 118.1, 114.8, 113.8, 113.7, 75.3, 72.1, 71.3, 43.5, 43.5, 40.6, 39.2, 

39.2, 39.1, 37.3, 37.3, 37.3, 37.3, 37.2, 37.1, 37.1, 32.6, 32.6, 32., 30.9, 30.8, 30.0, 29.5, 29.4, 29.3, 

27.8, 27.8, 24.6, 24.6, 24.3, 24.3, 23.9, 22.9, 22.6, 22.5, 20.9, 20.8, 20.4, 20.4, 19.6, 19.5, 19.5, 13.0, 

13.0, 12.2, 12.2, 11.7, 11.7 (2 minor aromatic and 2 minor aliphatic carbon signals not expressed). IR 

ν 2888 (s), 1569 (m), 1505 (w), 1495 (m), 1395 (m), 1369 (m), 1280 (m), 1204 (w), 1123 (w), 986 (w). 

HRMS (ESI) calcd for C41H61ClIO4
+ [M+H]+ 779.3298; found 779.3302. The structure of the Z-regioisomer 

was assigned by NMR correlation to compound N-VBX.1. 
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(Z)-(1-Pent-1-en-2-yl)-2-Estradiol-1,2-benziodoxol-3-(1H)-one (O-VBX.24) 
 Starting from EBX.2 (314 mg, 1.00 mmol) and commercially available 

Estradiol (272 mg, 1.00 mmol), (Z)-(1-pent-1-en-2-yl)-2-Estradiol-1,2-

benziodoxol-3-(1H)-one O-VBX.24 (615 mg, 0.789 mmol, 79% yield) was 

obtained, as a white amorphous solid. Rf: 0.40 (DCM:MeOH 9:1). 1H NMR 

(400 MHz, Chloroform-d) δ 8.42 – 8.34 (m, 1H, ArH), 7.58 (m, 3H, ArH), 7.16 

(d, J = 8.5 Hz, 1H, ArH), 6.63 (dd, J = 8.5, 2.7 Hz, 1H, ArH), 6.56 (d, J = 2.6 Hz, 

1H, ArH), 5.90 (s, 1H, vinylH), 3.70 (t, J = 8.5 Hz, 1H, CH), 2.81 – 2.66 (m, 2H, 

CH2), 2.49 (t, J = 7.5 Hz, 2H, CH2), 2.21 (dd, J = 13.4, 3.5 Hz, 1H, CH), 2.16 – 

2.03 (m, 2H, CH2), 1.92 (dt, J = 12.6, 3.3 Hz, 1H, CH), 1.82 (ddt, J = 11.8, 5.7, 

2.6 Hz, 1H, CH), 1.62 (m, 3H, CH2), 1.50 – 1.20 (m, 7H, CH2 + OH), 1.12 (m, 1H, 

CH2), 0.96 (t, J = 7.4 Hz, 3H, CH3), 0.74 (s, 3H, CH3). 13C NMR (101 MHz, Chloroform-d) δ 170.6, 166.6, 

151.5, 138.9, 137.5, 133.7, 133.1, 132.9, 130.6, 126.9, 125.2, 119.0, 116.1, 113.8, 81.7, 80.0, 49.9, 

43.9, 43.1, 38.4, 36.6, 34.47, 30.5, 29.5, 26.9, 26.1, 23.1, 20.5, 13.5, 11.0. IR ν 2931 (w), 2870 (w), 1600 

(s), 1559 (w), 1492 (m), 1437 (w), 1345 (m), 1228 (m), 1153 (w), 1058 (w), 1006 (w), 831 (w), 738 (s). 

HRMS (ESI) calcd for C30H36IO4
+ [M+H]+ 587.1653; found 587.1655. The structure of the Z-regioisomer 

was assigned by NMR correlation to compound N-VBX.1. 

 (Z)-(1-Prop-1-en-2-yl)-2-Capsaicin-1,2-benziodoxol-3-(1H)-one (O-VBX.25) 
 Starting from EBX.1 (286 mg, 1.00 mmol) and commercially 

available Capsaicin (305 mg, 1.00 mmol), (Z)-(1-prop-1-en-2-

yl)-2-Capsaicin-1,2-benziodoxol-3-(1H)-one O-VBX.25 (455 

mg, 0.769 mmol, 77% yield) was obtained, as a yellow oil. Rf: 

0.60 (DCM:MeOH 9:1). 1H NMR (400 MHz, Chloroform-d) 

major + minor rotamers ratio 12:1 δ 8.23 – 8.16 (m, 1H, ArH 

major), 8.13 (t, J = 4.5 Hz, 1H, ArH minor), 7.61 (q, J = 5.3, 4.3 

Hz, 1H, ArH major), 7.57 – 7.52 (m, 1H, ArH major), 7.48 – 7.37 

(m, 3H, ArH major), 7.35 – 7.29 (m, 2H, ArH minor), 7.01 (s, 

1H, ArH minor), 6.93 (t, J = 7.4 Hz, 2H, ArH minor), 6.86 – 6.78 (m, 1H, ArH major), 6.72 – 6.64 (m, 2H, 

vinylH major + NH major), 6.63 – 6.56 (m, 2H, ArH minor + NH minor), 5.79 (s, 1H, vinylH minor), 5.53 

(s, 1H, vinylH major), 5.33 – 5.19 (m, 2H, 1H vinylH major + 2H vinylH minor ), 4.34 (d, J = 6.1 Hz, 2H, 

CH2NH minor), 4.28 (d, J = 5.9 Hz, 2H, CH2NH major), 3.87 – 3.81 (m, 3H, OMe minor), 3.64 – 3.51 (m, 

3H, OMe major), 2.22 (td, J = 7.7, 2.9 Hz, 2H, CH2 major), 2.17 – 2.11 (m, 4H, CH2 minor), 2.08 (s, 3H, 

CH3 minor), 1.98 (s, 3H, CH3 major), 1.94 – 1.85 (m, 1H, CH major), 1.64 – 1.53 (m, 2H, CH major), 1.43 

(m, 2H, CH2 minor), 1.30 (dd, J = 9.2, 6.3 Hz, 1H, CH2 major), 1.25 – 1.13 (m, 3H, CH2 major), 0.88 (d, J 

= 6.7 Hz, 4H, CH3 major + CH3 minor + CH3 minor), 0.78 (d, J = 6.6 Hz, 3H, CH3 major). 13C NMR (101 

MHz, Chloroform-d) major + minor rotamers δ 175.4, 173.7, 173.6, 171.2, 168.8, 168.5, 167.3, 167.2, 

150.9, 150.4, 140.5, 139.9, 139.1, 138.8, 137.7, 133.5, 133.4, 132.8, 132.4, 130.4, 130.1, 128.9, 128.6, 

127.3, 126.5, 126.1, 124.9, 124.6, 122.3, 121.9, 120.5, 119.9, 114.4, 113.5, 112.4, 111.8, 72.9, 42.6, 

55.5, 38.8, 38.7, 36.4, 36.2, 32.2, 30.8, 29.6, 29.3, 29.2, 27.8, 27.1, 27.0, 25.8, 25.3, 22.5, 22.5, 18.9. IR 

ν  2954 (w), 2926 (w), 1611 (s), 1508 (m), 1466 (w), 1360 (w), 1288 (s), 1211 (w), 1158 (w), 748 (w). 

HRMS (ESI) calcd for C28H35INO5
+ [M+H]+ 592.1554; found 592.1553. The structure of the Z-regioisomer 

was assigned by NMR correlation to compound N-VBX.1. 
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(Z)-1-(2-(p-tolyloxy)hex-1-en-1-yl)-3,3-bis(trifluoromethyl)-1,3-dihydro-1λ3-benzo[d][1,2]iodaoxole 

(O-VBX'.1) 

Starting from EBX'.1 (43.6 mg, 0.100 mmol), (Z)-1-(2-(p-tolyloxy)hex-1-en-1-

yl)-3,3-bis(trifluoromethyl)-1,3-dihydro-1λ3-benzo[d][1,2]iodaoxole O-

VBX'.1 was obtained as a white solid (10.6 mg, 190 μmol, 19%). 1H NMR (400 

MHz, CDCl3) δ 7.84 (d, J = 6.7 Hz, 1H, ArH), 7.66 (dd, J = 7.7, 1.6 Hz, 1H, ArH), 

7.63 – 7.52 (m, 2H, ArH), 7.09 (d, J = 8.3 Hz, 2H, ArH), 6.79 (d, J = 8.5 Hz, 2H, 

ArH), 5.80 (s, 1H, vinylH), 2.49 – 2.42 (m, 2H, CH2), 2.30 (s, 3H, CH3), 1.55 (tt, 

J = 7.6, 6.3 Hz, 2H, CH2), 1.37 (dt, J = 14.8, 7.3 Hz, 2H, CH2), 0.90 (t, J = 7.3 Hz, 

3H, CH3). 13C NMR (101 MHz, CDCl3) δ 169.1, 152.3, 134.5, 131.9, 131.6, 130.5, 130.3, 127.5, 125.5, 

122.6, 119.0, 111.2, 84.5, 81.7, 32.574, 29.3, 22.3, 20.8, 13.9. 19F NMR (376 MHz, CDCl3) δ -73.40. 

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C22H22F6IO2
+ 559.0563; Found 559.0564. 

(Z)-1-(2-(p-tolyloxy)pent-1-en-1-yl)-3,3-bis(trifluoromethyl)-1,3-dihydro-1λ3-enzo[d][1,2]iodaoxole 

(O-VBX'.2) 

 Starting from EBX'.2 (43.6 mg, 0.100 mmol), (Z)-1-(2-(p-tolyloxy)pent-1-en-

1-yl)-3,3-bis(trifluoromethyl)-1,3-dihydro-1λ3-benzo[d][1,2]iodaoxole O-

VBX'.2 was obtained as a white solid (35.8 mg, 660 μmol, 66%). Mp: 68.6-

80.9 °C. Rf: 0.54 (CH2Cl2/MeOH 9:1). 1H NMR (400 MHz, CDCl3) δ 7.84 (d, J = 

7.0 Hz, 1H, ArH), 7.67 (dd, J = 7.8, 1.5 Hz, 1H, ArH), 7.58 (m, J = 7.2, 1.6 Hz, 2H, 

ArH), 7.09 (d, J = 8.6 Hz, 2H, ArH), 6.83 – 6.72 (m, 2H, ArH), 5.80 (s, 1H, vinylH), 

2.43 (t, J = 7.5 Hz, 2H, CH2), 2.31 (s, 3H, CH3), 1.60 (h, J = 7.4 Hz, 2H, CH2),  0.97 

(t, J = 7.4 Hz, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 168.9, 152.0, 134.5, 133.9, 131.9, 130.4, 130.1, 

128.1, 125.0, 122.8, 122.2, 119.0, 111.7, 83.88, 34.5, 20.7, 20.4, 13.6. 19F NMR (376 MHz, CDCl3) δ 

−76.24. IR (ν, cm-1) 876 (w), 1068 (s), 1230 (w), 1404 (m), 2117 (w), 2900 (m), 2981 (s), 3664 (w). HRMS 

(ESI) calcd for C21H20F6IO2
+ [M+H]+ 545.0407; found 545.0421. 
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9.4.3 Crytal Structures 

Crystal structure of N-VBX.1: 

 

A single crystal was grown by slow diffusion of the solution of N-VBX.1 in MeOH mixture. 

Supplementary crystallographic data for this compound have been deposited at Cambridge 

Crystallographic Data Centre (1876011) and can be obtained free of charge via 

www.ccdc.cam.ac.uk/data_request/cif.  

http://www.ccdc.cam.ac.uk/data_request/cif
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Crystal structure of O-VBX.12: 

 
A single crystal was grown by slow diffusion of the solution of O-VBX.12 in EtOAc mixture.  

Crystal structure of O-VBX'.2: 

 

A single crystal was grown by slow diffusion of the solution of O-VBX'.2 in EtOAc mixture.   
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9.5 Reactivity as vinyl cation 

9.5.1 C-C bond formation.  

Synthesis of (Z)-N-(1-methyl-4-(trimethylsilyl)but-1-en-3-yn-1-yl)-N-(4-methoxyphenyl) -4-
methylbenzenesulfonamide (N-VBX.1) 

 

Following a reported procedure,30 N-VBX.1 (62.0 mg, 0.100 mmol, 1 equiv.), Pd(PPh3)2Cl2 (3.51 mg, 

5.00 µmol, 5 mol%), CuI (3.81 mg, 20.0 µmol, 20 mol%), TEA (14.0 µL, 0.100 mmol, 1.00 equiv.) and 

ethynyltrimethylsilane (5.1, 43.0 µL, 0.300 mmol, 3.00 equiv.) were added to a flame-dried vial. Upon 

sealing and oxygen removing under vacuum, the vial was backfilled with nitrogen (process repeated 

for three cycles). Dry DMF (1.00 mL, 0.1 M) was added under nitrogen atmosphere and the reaction 

was left stirring at room temperature for 10 hours. Then the reaction was stopped, EtOAc (10 mL) was 

added and the organic layer was washed with NaCl (3x30 mL). The solvent was removed under 

reduced pressure and the crude product purified via column chromatography (gradient 

Pentane:EtOAc 20:1-10:1). (Z)-N-(1-cyclopentyl-4-(trimethylsilyl)but-1-en-3-yn-1-yl)-N-(4-

methoxyphenyl) -4-methylbenzenesulfonamide 5.2 (18.0 mg, 44.0 µmol, 44%) was obtained as a 

yellow oil. 6:1 Z:E ratio. Rf: 0.25 (Pentane:EtOAc 20:1). 1H NMR major Z: (400 MHz, Methanol-d4) δ 

7.64 (d, J = 8.4 Hz, 2H, ArH), 7.33 (d, J = 8.1 Hz, 2H, ArH), 7.31 – 7.25 (m, 2H, ArH), 6.83 (d, J = 9.0 Hz, 

2H, ArH), 5.61 (d, J = 1.4 Hz, 1H, vinylH), 3.79 (s, 3H, OMe), 2.43 (s, 3H, CH3), 2.16 (d, J = 1.3 Hz, 3H, 

CH3), 0.16 (s, 9H, Si(CH3)3). Minor E: (400 MHz, Methanol-d4) δ 7.63 (m, 2H, ArH), 7.41 (d, J = 8.2 Hz, 

2H, ArH), 7.14 – 7.10 (m, 2H, ArH), 6.96 – 6.92 (m, 2H, ArH), 5.53 (d, J = 1.0 Hz, 1H, CH), 3.83 (s, 3H, 

OMe), 2.46 (s, 3H, CH3), 1.93 (d, J = 0.9 Hz, 3H, CH3), 0.17 (s, 9H, Si(CH3)3). 13C NMR major: (101 MHz, 

Chloroform-d) δ 159.1, 148.4, 143.3, 137.7, 132.4, 130.8, 129.3, 128.1, 127.7, 113.9, 110.5, 100.9, 

55.4, 22.9, 21.6, -0.3. IR ν 3367 (w), 2978 (w), 2934 (w), 1713 (m), 1507 (m), 1448 (w), 1367 (m), 1248 

(m), 1166 (s), 1094 (w), 1033 (w), 976 (w), 847 (m), 794 (w), 674 (w). HRMS (ESI) calcd for C22H27NO3SSi 

414.1481; 414.1560. 

General Procedure GP5 for the C-C bond formation. 

 

GP5: Following a reported procedure,30 N-VBX (0.100 mmol, 1.00 equiv.), Pd(PhCN)2Cl2 (1.90 mg, 5.00 
µmol, 5 mol%) and commercially available alkyl stannane (0.200 mmol, 2.00 equiv.) were added to a 
flame-dried vial. Upon sealing and oxygen removing under vacuum, the vial was backfilled with 
nitrogen (process repeated for three cycles). Dry DMF (1.00 mL, 0.1 M) was added under nitrogen 
atmosphere and the reaction was left stirring at room temperature for 10 hours. Then the reaction 

                                                            
30 J. Wu, X. Deng, H. Hirao, N. Yoshikai, J. Am. Chem. Soc. 2016, 138, 9105–9108. 
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was stopped, EtOAc (10 mL) was added and the organic layer was washed with NaCl (3x30 mL). The 
solvent was removed under reduced pressure and the crude purified via column chromatography 
(gradient Pentane:EtOAc 20:1-10:1). 

(Z)-N-(Buta-1,3-dien-1-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide (5.3a)  
Starting from N-VBX.2 (55.0 mg, 0.100 mmol) and commercially available 
tributyl(vinyl)stannane (60.5 µL, 0.200 mmol, 2.0 equiv.), (Z)-N-(buta-1,3-dien-1-yl)-N-(4-
methoxyphenyl)-4-methylbenzenesulfonamide 5.3a (21.4 mg, 65.0 µmol, 65%) was 
obtained as a yellow oil. Rf: 0.13 (Pentane:EtOAc 20:1). 1H NMR (400 MHz, Chloroform-
d) δ 7.53 – 7.45 (m, 2H, ArH), 7.29 – 7.21 (m, 2H, ArH), 7.03 – 6.95 (m, 2H, ArH), 6.82 (dd, 

J = 8.8, 1.9 Hz, 2H, ArH), 6.45 (d, J = 9.1 Hz, 1H, vinylH), 5.73 (dt, J = 16.6, 10.7 Hz, 1H, vinylH), 5.42 (dd, 
J = 11.3, 9.0 Hz, 1H, vinylH), 4.98 (d, J = 16.8 Hz, 1H, vinylH), 4.77 (d, J = 10.2 Hz, 1H, vinylH), 3.81 (d, J 
= 1.9 Hz, 3H, OMe), 2.42 (s, 3H, CH3). 13C NMR (101 MHz, Chloroform-d) δ 159.2, 143.9, 134.8, 132.5, 
130.1, 130.0, 129.5, 127.8, 126.3, 117.7, 116.8, 114.4, 55.4, 21.6.  IR ν 2997 (w), 2953 (w), 2903 (w), 
1636 (w), 1507 (w), 1441 (w), 1358 (w), 1252 (w), 1171 (m), 1123 (w), 1068 (w), 977 (w), 913 (s). HRMS 
(ESI) calcd for C18H19NNaO3S+ [M+Na]+ 352.0978; found 352.0977. The compound was isolated in 92% 
purity, traces of PMPNHTs amide resulting of decomposition can be found in the 1H NMR spectrum. 

(Z)-N-(Cyclopentylbuta-1,3-dien-1-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide (5.3b) 
 Starting from N-VBX.7 (62.0 mg, 0.100 mmol) and commercially available 

tributyl(vinyl)stannane (61.0 µL, 0.200 mmol, 2.0 equiv.), (Z)-N-(Cyclopentylbuta-1,3-

dien-1-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide 5.3b (32.0 mg, 80.0 

µmol, 80% ) was obtained as a yellow oil. 3:1 rotamers ratio. Rf: 0.53 (Pentane:EtOAc 

9:1). 1H NMR (400 MHz, Methylene Chloride-d2) 3:1 rotamers ratio δ 7.67 – 7.60 (m, 2H, ArH minor), 

7.58 – 7.51 (m, 2H, ArH major), 7.45 – 7.36 (m, 2H, ArH minor), 7.24 (m, 4H, 2H ArH major + 2H ArH 

minor), 7.19 – 7.11 (m, 2H, ArH major), 6.84 – 6.76 (m, 4H, 2H ArH major + 2H ArH minor), 6.68 – 6.56 

(m, 2H, 2H vinylH major + 2H vinylH minor), 6.18 (dd, J = 10.6, 1.0 Hz, 2H, 1H vinylH major + 1H vinylH 

minor), 5.32 – 5.25 (m, 2H, 1H vinylH major + 1H vinylH minor), 5.10 (dd, J = 10.2, 2.0 Hz, 2H, 1H vinylH 

major + 1H vinylH minor), 3.78 (d, J = 2.2 Hz, 6H, 3H CH3 major + 3H CH3 minor), 2.65 (h, J = 7.2 Hz, 1H, 

CH minor), 2.46 (td, J = 9.6, 3.7 Hz, 1H, CH major), 2.41 (s, 3H, CH3 major), 2.39 (s, 3H, CH3 minor), 1.93 

(m, 2H, CH2 minor), 1.79 (m, 4H, 1H CH2 major + 3H CH2 minor), 1.73 – 1.62 (m, 5H, 2H CH2 major + 3H 

CH2 minor), 1.59 – 1.36 (m, 5H, CH2 major). 13C NMR major (101 MHz, Chloroform-d) δ 158.8, 144.8, 

143.4, 137.8, 133.2, 130.4, 129.6, 129.3, 128.0, 126.4, 118.8, 114.3, 55.5, 46.1, 32.9, 31.2, 25.3, 24.9, 

21.7. 13C NMR minor (101 MHz, Chloroform-d) δ 159.2, 144.7, 143.6, 137.3, 132.7, 130.8, 129.7, 129.1, 

128.4, 126.2, 119.5, 114.1, 47.8, 43.00, 33.4, 32.5, 26.6, 24.9, 18.3. IR ν 2953 (m), 2873 (w), 2844 (w), 

1603 (m), 1505 (s), 1458 (m), 1347 (m), 1298 (m), 1249 (m), 1163 (s), 1094 (m), 1035 (m), 912 (m), 814 

(m), 732 (m), 710 (m), 671 (s). HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C23H28NO3S+ 398.1784; Found 

398.1780. The compound is highly unstable in acidic solvents. 

(Z)-N-(4-Methoxyphenyl)-4-nitro-N-(1-phenylprop-1-en-2-yl)benzenesulfonamide (5.3c)  
Starting from N-VBX.1 (59.4 mg, 0.100 mmol), and commercially available 

tributyl(phenyl)stannane (65.5 µL, 0.200 mmol, 2.00 equiv.), (Z)-N-(4-

methoxyphenyl)-4-nitro-N-(1-phenylprop-1-en-2-yl)benzenesulfonamide 5.3c (37.3 

mg, 0.088 mmol, 88% yield) was obtained, as yellow sticky solid. Rf: 0.88 (DCM:MeOH 

9:1). 1H NMR (400 MHz, Chloroform-d) δ 8.21 – 8.12 (m, 2H, ArH), 7.73 – 7.64 (m, 2H, ArH), 7.42 – 7.34 

(m, 2H, ArH), 7.26 (d, J = 3.4 Hz, 3H, ArH), 6.99 – 6.89 (m, 2H, ArH), 6.73 – 6.61 (m, 2H, ArH), 6.40 (s, 

1H, CHCN), 3.75 (s, 3H, OCH3), 2.17 (d, J = 1.3 Hz, 3H, CH3). 13C NMR (101 MHz, Chloroform-d) δ 159.1, 

150.0, 145.7, 136.0, 135.0, 132.0, 130.4, 129.1, 128.9, 128.4 (3 Carbon signals under this peak), 127.9, 
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123.9, 114.3, 55.5, 23.3 IR ν 3652 (w), 3603 (w), 3556 (w), 3372 (w), 3278 (w), 3098 (w), 2987 (w), 

2899 (w), 2611 (w), 2264 (s), 2118 (w), 1828 (w), 1777 (w), 1642 (m), 1546 (m), 1472 (m), 1407 (m), 

1380 (m), 1317 (m), 1278 (m), 1198 (m), 1100 (s), 990 (m), 955 (m), 912 (m), 879 (m), 849 (m), 834 (s), 

797 (m), 775 (m), 748 (m), 738 (m), 714 (m), 693 (m), 656 (m), 644 (w), 626 (w). HRMS (ESI) calcd for 

C22H20N2NaO5S+ [M+Na]+ 447.0985; found 447.0991. 

(Z)-N-(1-cyclopropylhex-1-en-1-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide (5.3d) 
 Starting from N-VBX.6 (58.9 mg, 0.100 mmol) and commercially available 
tributyl(perfluoroethyl)stannane (65.3 µL, 0.200 mmol, 2.0 equiv.), (Z)-N-(1-
cyclopropylhex-1-en-1-yl)-N-(4-methoxyphenyl)-4-methylbenzene sulfonamide 5.3d 
(20.7 mg, 52.0 µmol, 52% ) was obtained as a white oil. Rf: 0.14 (Pentane:EtOAc 
20:1). 1H NMR (400 MHz, Methanol-d4) δ 7.61 (d, J = 8.4 Hz, 2H, ArH), 7.33 (d, J = 8.2 
Hz, 2H, ArH), 7.20 (d, J = 9.0 Hz, 2H, ArH), 6.86 (d, J = 9.0 Hz, 2H, ArH), 5.37 (td, J = 

7.3, 1.1 Hz, 1H, vinylH), 3.80 (s, 3H, OMe), 2.43 (s, 3H, CH3), 2.27 – 2.12 (m, 2H, CH2), 1.47 – 1.38 (m, 
1H, CH), 1.29 (dt, J = 7.4, 3.1 Hz, 4H, CH2), 0.94 – 0.85 (m, 3H, CH3), 0.68 – 0.60 (m, 2H, CH2), 0.50 – 
0.39 (m, 2H, CH2). 13C NMR (101 MHz, Chloroform-d) δ 158.6, 142.9, 140.1, 138.3, 133.1, 129.9, 129.2, 
128.8, 127.8, 113.9, 55.4, 31.2, 27.9, 22.6, 21.5, 15.8, 13.9, 7.1. IR ν 2944 (s), 2888 (m), 1624 (w), 1484 
(w), 1315 (m), 1275 (m), 1201 (w), 1145 (w), 1127 (w), 1113 (m), 1050 (m), 1008 (w). HRMS (ESI) calcd 
for C23H30NO3S+ [M+H]+ 400.1868; found 399.1943. The compound was isolated in 92% purity, traces 
of PMPNHTs amide resulting of decomposition can be found in the 1H NMR spectrum. 

(8R,9S,13S,14S,17S)-3-((Z)-hepta-1,3-dien-4-yloxy)-13-methyl-7,8,9,11,12,13,14,15,16,17-
decahydro-6H-cyclopenta[a]phenanthren-17-ol (5.3e) 

 Starting from O-VBX.24 (58.7 mg, 0.100 mmol) and commercially available 
tributyl(vinyl)stannane (60.5 µL, 0.200 mmol, 2.0 equiv.), (8R,9S,13S,14S,17S)-3-
((Z)-hepta-1,3-dien-4-yloxy)-13-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-6H-
cyclopenta[a]phenanthren-17-ol 5.3e (28.9 mg, 79.0 µmol, 79%) was obtained as 
a white transparent oil. Rf: 0.20 (Pentane:EtOAc 10:1). 1H NMR (400 MHz, 
Chloroform-d) δ 7.20 (d, J = 8.5 Hz, 1H, ArH), 6.72 (dd, J = 8.5, 2.7 Hz, 1H, ArH), 6.65 
(d, J = 2.7 Hz, 1H, ArH), 6.58 (dt, J = 17.2, 10.5 Hz, 1H, vinylH), 5.71 (d, J = 10.7 Hz, 
1H, vinylH), 5.14 (dd, J = 17.3, 2.1 Hz, 1H, vinylH), 4.93 (dd, J = 10.4, 2.1 Hz, 1H, 
vinylH), 3.73 (t, J = 8.5 Hz, 1H, vinylH), 2.88 – 2.78 (m, 2H, CH2), 2.31 (dq, J = 13.2, 
3.8 Hz, 1H, CH), 2.24 – 2.08 (m, 4H, CH2), 1.95 (dt, J = 12.6, 3.4 Hz, 1H, CH), 1.91 – 

1.85 (m, 1H, CH), 1.71 (dddd, J = 12.3, 9.8, 6.9, 3.0 Hz, 1H, CH), 1.56 – 1.44 (m, 6H, CH2 + OH + H2O), 
1.41 – 1.24 (m, 4H, CH2), 1.23 – 1.15 (m, 1H, CH), 0.91 (t, J = 7.4 Hz, 3H, CH3), 0.79 (s, 3H, CH3). 13C NMR 
(101 MHz, Chloroform-d) δ  154.4, 153.0, 138.2, 133.9, 130.8, 126.4, 116.5, 116.4, 114.9, 113.8, 81.9, 
50.1, 44.0, 43.2, 38.7, 36.7, 34.2, 30.6, 29.7, 27.2, 26.2, 23., 20., 13.6, 11.0. IR ν 3670 (w), 3416 (w), 
2960 (s), 2916 (s), 1661 (m), 1610 (w), 1492 (s), 1416 (m), 1381 (w), 1313 (w), 1232 (s), 1132 (w), 1058 
(s), 1006 (m), 902 (s), 734 (s). HRMS (ESI) calcd for C25H35O2

+ [M+H]+ 367.2632; found 367.2626. 
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9.5.2 C-Heteroatom bond formation.   

(Z)-N-(1-Cyclohexyl-2-(phenylthio)vinyl)-N-(4-methoxyphenyl)-4-methylbenzene- 
sulfonamide (5.7) 

 

Commercially available thiophenol (10.0 µL, 0.100 mmol) and potassium 2-methylpropan-2-olate 

(13.0 mg, 0.120 mmol, 1.20 equiv.) were added to an oven-dried 5 mL microwave vial. The vial was 

capped with a rubber septum. Anhydrous DME (1.00 mL, 0.1 M) was introduced to the vial by syringe 

at 0 °C and the solution was stirred at room temperature for 10 min. N-vBX 4h (63.0 mg, 0.100 mmol) 

was then added to the reaction mixture at room temperature under open air. The reaction mixture 

was stirred at room temperature for 16 h. The solvent was removed under reduced pressure and the 

crude material was purified by preparative TLC (Pentane:EtOAc 4:1) to afford (Z)-N-(1-cyclohexyl-2-

(phenylthio)vinyl)-N-(4-methoxyphenyl)-4-methylbenzene-sulfonamide 19 in an un-separable Z:E 

mixture, as yellow sticky solid (26.0 mg, 52.0 µmol, 52%). 7:1 Z:E ratio. Rf: 0.43 (Pentane:EtOAc 4:1).  
1H NMR (400 MHz, Chloroform-d) 7:1 Z:E ratio δ 7.68 – 7.63 (m, 2H, ArH major), 7.42 (dd, J = 8.7, 3.0 

Hz, 2H, ArH minor), 7.39 – 7.27 (m, 14H, 7H ArH major + 7H ArH minor), 7.18 – 7.13 (m, 2H, ArH major), 

7.12 – 7.08 (m, 2H, ArH minor), 6.98 – 6.93 (m, 1H, ArH minor), 6.84 (d, J = 2.3 Hz, 1H, ArH minor), 6.84 

– 6.76 (m, 2H, ArH major), 6.24 (d, J = 0.7 Hz, 1H, vinylH major), 6.00 (s, 1H, vinylH minor), 3.83 (s, 3H, 

OCH3 minor), 3.80 (s, 3H, OCH3 major), 2.36 (s, 6H, 3H CH3 major + 3H CH3 minor), 2.14 – 1.96 (m, 6H, 

CH2 + CH major), 1.76 (dd, J = 7.1, 3.4 Hz, 2H, CH2 major), 1.71 – 1.61 (m, 11H, CH2 + CH minor), 1.29 – 

1.10 (m, 6H, CH2 major). 13C NMR major (101 MHz, Chloroform-d) δ 159.1, 146.0, 143.4, 137.2, 136.3, 

132.3, 130.4, 129.7, 129.2, 129.0, 128.5, 126.9, 124.2, 114.4, 55.5, 43.9, 32.9, 26.7, 26.2, 21.7. IR ν 

3691 (w), 3674 (w), 2987 (s), 2975 (s), 2934 (s), 2899 (s), 1605 (w), 1583 (w), 1507 (s), 1478 (w), 1446 

(m), 1442 (m), 1403 (m), 1397 (m), 1382 (m), 1343 (m), 1300 (m), 1253 (s), 1231 (m), 1163 (s), 1088 

(s), 1078 (s), 1067 (s), 1037 (s), 963 (w), 910 (w), 894 (w), 867 (w), 832 (m), 816 (m), 802 (w), 744 (m), 

708 (m), 683 (m), 667 (m), 650 (m). HRMS (ESI) calcd for C28H31NNaO3S2
+ [M+Na]+ 516.1638; found 

516.1648.  

(Z)-N-(1-Cyclopentyl-2-iodovinyl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide 
(5.4c) 

 

N-VBX.7 (61.7, 0.100 mmol, 1.00 equiv) and [Ir{dF(CF3)ppy}2(dtbpy)]PF6 (11.2 mg, 10.0 µmol, 10 

mol%) were added to an oven-dried 5 mL microwave vial. The vial was capped with a rubber septum. 

Anhydrous DCE (1.00 ml, 0.1 M) was introduced to the vial by syringe at 0 °C and the solution degassed 

then stirred at room temperature for 12 h. The solvent was removed under reduced pressure and the 
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crude material was purified by preparative TLC (Pentane/Ethyl acetate = 80:20) to afford (Z)-N-(1-

cyclopentyl-2-iodovinyl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide 5.4c as  pale yellow oil 

(25.6 mg, 51.0 µmol, 51%). Rf: 0.60 (Pentane:EtOAc 10:1) 1H NMR (400 MHz, Chloroform-d) δ 7.65 (d, 

J = 8.1 Hz, 2H, ArH), 7.48 – 7.39 (m, 2H, ArH), 7.18 (d, J = 8.1 Hz, 2H, ArH), 6.80 (d, J = 9.0 Hz, 2H, ArH), 

6.54 (d, J = 1.0 Hz, 1H, vinylH), 3.79 (s, 3H, OMe), 2.66 (dt, J = 10.5, 7.3 Hz, 1H, CH), 2.38 (s, 3H, CH3), 

1.95 (s, 2H, CH2), 1.80 – 1.65 (m, 2H, CH2), 1.63 – 1.46 (m, 4H, CH2). 4% of PMPNHTs amide as by 

product. 13C NMR (101 MHz, Chloroform-d) δ 159.1, 154.9, 143.4, 137.1, 131.7, 130.2, 128.9, 128.4, 

114.1, 80.3, 55.4, 47.6, 33.2, 24.7, 21.5. IR ν 2982 (w), 2887 (w), 1737 (m), 1717 (m), 1527 (m), 1393 

(w), 1369 (w), 1268 (w), 1178 (m), 1079 (m), 861 (m), 758 (s), 634 (s). HRMS (ESI/QTOF) calcd for 

C21H25INO3S+ [M+H]+ 498.0594; Found 498.0601. 

9.5.3 Control experiment  

Control experiment for the synthesis of (Z)-N-(Cyclopentylbuta-1,3-dien-1-yl)-N-(4-methoxyphenyl)-
4-methylbenzenesulfonamide (14) 

 

Following a reported procedure,30 (Z)-N-(1-cyclopentyl-2-iodovinyl)-N-(4-methoxyphenyl)-4-
methylbenzenesulfonamide 5.4c (49.7 mg, 0.100 mmol, 1.00 equiv.), Pd(PhCN)2Cl2 (1.90 mg, 5.00 
µmol, 5 mol%) and commercially available tributyl(vinyl)stannane (60.5 µL, 0.200 mmol, 2.00 equiv.) 
were added to a flame-dried vial. Upon sealing and oxygen removing under vacuum, the vial was 
backfilled with nitrogen (process repeated for three cycles). Dry DMF (1.00 mL, 0.1 M) was added 
under nitrogen atmosphere and the reaction was left stirring at room temperature for 10 hours. 
Because no conversion was observed, the temperature was increased to 50 °C and stirred for 12 hours. 
To push the reaction the temperature was again increased to 75 °C for 12 hours and finally to 80 °C 
for 12 more hours. According to NMR, only 7 % of (Z)-N-(Cyclopentylbuta-1,3-dien-1-yl)-N-(4-
methoxyphenyl)-4-methylbenzenesulfonamide 5.3b was formed (internal yield calculated using 50.0 
µmol 1,3,5-trimethoxybenzene as an internal standard). 
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1H-NMR (400 MHz, CDCl3) spectra of the control experiment with integration.  

 
Stacked NMR spectra of 5.3b and the control experiment with internal standard. 
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9.5.4 Reactivity of O-VBX' 

Synthesis of (Z)-trimethyl(4-(p-tolyloxy)hept-3-en-1-yn-1-yl)silane (6.10) 

 
Following a reported procedure,31 under N2 gas, a microwave tube equipped with a stir bar was 

charged with O-VBX'.2 (54.4 mg, 0.100 mmol), PdCl2(PPh3)2 (7.02 mg, 10.0 µmol, 10 mol%), CuI (1.10 

mg, 6.00 µmol, 6 mol%), and THF (1.0 mL). To the mixture was added trimethylsilylacetylene (27.7 μL, 

0.200 mmol, 2.00 equiv.) and Et3N (27.9 μL, 0.200 mmol, 2.00 equiv.), and the resulting mixture was 

stirred at room temperature for 7 h. The mixture was diluted with Et2O (10 mL) and washed with H2O 

(5 mL) and brine (5 mL). The organic layer was dried over MgSO4 and concentrated under reduced 

pressure. The residue was purified by preparative TLC (pentane/EtOAc 98:2) to afford 6.10 as a light-

yellow oil (9.30 mg, 34.0 μmol, 34%, Z/E 5:1). 1H NMR (400 MHz, CDCl3) δ 7.08 (d, J = 7.9 Hz, 2H, ArH), 

6.91 (d, J = 8.5 Hz, 2H, ArH), 5.01 (s, 1H, vinylH), 2.31 (s, 3H, CH3), 2.17 (t, J = 7.5 Hz, 2H, CH2), 1.57 – 

1.48 (m, 2H, CH2), 0.92 (t, J = 7.4 Hz, 3H, CH3), 0.02 (s, 9H, CH3). 13C NMR (101 MHz, CDCl3) δ 165.3, 

154.0, 152.1, 132.5, 129.9, 118.5, 99.9, 98.9, 91.7, 35.9, 20.9, 20.3, 13.8, 0.0. HRMS (APPI/LTQ-

Orbitrap) calcd for C17H24OSi+ [M]+ 272.1591; found 272.1603. 

Synthesis of (Z)-1-methoxy-4-(2-(p-tolyloxy)pent-1-en-1-yl)benzene (6.12) 

 
Following a reported procedure,32 a microwave tube was charged with O-VBX'.2 (54.5 mg, 0.100 

mmol), 4-methoxyphenylboronic acid (30.4 mg, 0.200 mmol, 2.00 equiv.), Pd(OAc)2 (2.25 mg, 10.0 

µmol, 10 mol%), tri-tert-butylphosphine tetrafluoroborate (11.6 mg, 40.0 µmol, 40 mol%), and 

LiOH·H2O (21.0 mg, 0.500 mmol, 5.00 equiv.) under nitrogen atmosphere, followed by the addition of 

DME (1.0 mL) and water (0.25 mL) via syringe. The resulting mixture was stirred at room temperature 

for 20 h, and then diluted with Et2O (30 mL). The organic layer was separated, dried over MgSO4, and 

concentrated under reduced pressure. The crude product was purified by preparative TLC 

(pentane/EtOAc 99:1) to afford 6.12 as a colorless oil (7.20 mg, 25.0 μmol, 25% yield, Z/E 1.8:1). 1H 

NMR (400 MHz, CDCl3) δ 7.47 (d, J = 8.8 Hz, 2H, ArH), 7.09 (d, J = 8.0 Hz, 2H, ArH), 6.90 (d, J = 8.5 Hz, 

2H, ArH), 6.78 (d, J = 8.8 Hz, 2H, ArH), 5.85 (s, 1H, vinylH), 3.76 (s, 3H, OCH3), 2.30 (s, 3H, CH3), 2.22 (t, 

J = 7.4 Hz, 2H, CH2), 1.62 – 1.48 (m, 2H, CH2), 0.92 (t, J = 7.4 Hz, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 

158.7, 153.4, 151.3, 131.7, 130.5, 130.2, 128.2, 117.1, 114.3, 113.8, 55.3, 35.1, 20.6, 17.4, 13.7. 

 HRMS (APPI/LTQ-Orbitrap) calcd for C19H22O2
+ 282.1614; found 282.1628.  

                                                            
31 Ding, W.; Chai, J.; Wang, C.; Wu, J.; Yoshikai, N. J. Am. Chem. Soc. 2020, 142 (19), 8619–8624. 
32 Wu, J.; Xu, K.; Hirao, H.; Yoshikai, N. Chem. – Eur. J. 2017, 23 (7), 1521–1525. 
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9.6 Reactivity as oxy-allyl cation 

9.6.1 Allylic ethers formation 

Optimization procedure and table for the synthesis of 5.14a: 

In a round-bottom flask were added p-cresol (10.8 mg, 0.100 mmol, 1.00 equiv.) and cesium carbonate 

(39.0 mg, 0.120 mmol, 1.20 equiv.). Anhydrous DME (1.00 mL, 0.1 M) was introduced at 0 °C and the 

solution was stirred at room temperature for 10 min. O-VBX.1 (39.0 mg, 0.100 mmol, 1.00 equiv.) was 

added to the reaction mixture under open air and the reaction mixture was stirred at room 

temperature for 16 h. 

Table S1: Optimisation studies of the addition of p-cresol (5.8a) to O-VBX.1. 

 
Entry Base Equivalent Solvent[a] Yield (%)[b] 

1 KOtBu 1.20 DME 80 

2 KOtBu 1.20 THF 48 

3 KOtBu 1.20 1,4-dioxane 33 

4 KOtBu 1.20 Et2O 40 

5 KOtBu 1.20 DCM 40 

6 KOtBu 1.20 CH3CN 34 

7 KOtBu 1.20 MeOH 22 

8 KOtBu 1.20 EtOH 29 

9 KOtBu 1.20 TFE 8 

10 KOtBu 1.20 HFIP NR 

11 Cs2CO3 1.20 DME 79[c] 

12 Pyridine 1.20 DME NR 

13 Et3N 1.20 DME NR 

14 none - DME NR 

15 Cs2CO3 0.20 DME 35 

16 Cs2CO3 1.00 DME 60 

17 Cs2CO3 2.00 DME 62 

Reactions were performed on 0.1 mmol scale: Substrate O-VBX.1 (0.100 mmol), para-cresol (5.8a) (0.100 mmol), base 
(0.120 mmol) and solvent (0.1 M) at 25 °C. NR = No reaction. [a]Concentration based on O-VBX.1: 0.1 M; [b]NMR yield 
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determined by addition of 0.1 mmol of CH2Br2 as an internal standard after the reaction. [c]5.14a was obtained with 10% 
(NMR yield) of 5.15a.  

Cesium carbonate effect:  The reaction is heterogeneous. The size of the particles is not influencing 

the reaction. When the reaction was performed with finely grinded salt, same isolated yield was 

obtained for 5.14m. Also, two batches of Cs2CO3 were tested for the synthesis of 5.14m and the same 

yield was obtained.  

One-pot two-step procedure for the synthesis of 3a: 

 

To increase the efficiency of the new aryl allyl ether synthesis, a one-pot two-step procedure was 

examined, starting from EBX.1. Using the optimized conditions previously developed for the synthesis 

of O-VBXs, but replacing EtOH with DME, Me-EBX (EBX.1) was efficiently converted into O-VBX.1. Then 

another equivalent of cresol 5.8a and an excess of base were added. After 16 hours, allyl ether 5.14a 

was obtained in 63% yield, together with 36% allyl ester 5.15a. Therefore, the one-pot procedure is 

efficient, but leads to the formation of a larger amount of allyl ester 5.15a.  

General procedure for nucleophilic additions onto O-VBX: 

 

Nucleophile (0.300 mmol, 1 equiv.) and cesium carbonate (0.117 g, 0.360 mmol, 1.20 equiv.) were 

added to a round-bottom flask. Anhydrous DME (3.00 mL, 0.1 M) was introduced at 0 °C and the 

solution was stirred at room temperature for 10 min. O-VBX reagent  (0.300 mmol, 1equiv.) was added 

to the reaction mixture under open air and the reaction mixture was stirred at room temperature for 

16 h. The reaction mixture was filtrated, solvent was removed under reduced pressure and the crude 

material was purified by column chromatography (pentane:ethyl acetate 9:1) to provide 5.14-5.17 as 

a sticky solid.  

4,4'-(Prop-2-ene-1,2-diylbis(oxy))bis(methylbenzene) (5.14a) 

 Starting from O-VBX.1 (0.118 g, 0.300 mmol) and p-cresol 5.8a (32.4 mg, 

0.300 mmol), 4,4'-(prop-2-ene-1,2-diylbis(oxy))bis(methylbenzene) 

5.14a (63.0 mg, 0.248 mmol, 83% yield) and 4a (15.3 mg, 38.8 µmol, 13%) 

were obtained, as a colorless amorphous solids. Rf: 0.70 (Pentane:EtOAc 

9:1). 1H NMR (400 MHz, Chloroform-d) δ 7.14 (d, J = 8.2 Hz, 2H, ArH), 



 Chapter 9: Experimental Part 

240 
 

7.12 – 7.07 (m, 2H, ArH), 7.00 – 6.95 (m, 2H, ArH), 6.92 – 6.87 (m, 2H, ArH), 4.61 (s, 2H, CCH2O), 4.57 

– 4.50 (m, 1H, CH2CO), 4.19 (d, J = 2.2 Hz, 1H, CH2CO), 2.33 (s, 3H, CH3), 2.30 (s, 3H, CH3). 13C NMR (101 

MHz, Chloroform-d) δ 158.8, 156.5, 152.8, 134.1, 130.6, 130.3, 130.0, 120.8, 115.0, 90.4, 67.9, 20.9, 

20.7. IR ν 3027 (w), 2925 (m), 2849 (w), 1650 (w), 1612 (w), 1586 (w), 1510 (s), 1459 (w), 1370 (w), 

1294 (m), 1224 (s), 1180 (w), 1072 (w), 1040 (w), 958 (w), 907 (w), 818 (m), 729 (m), 660 (w). HRMS 

(ESI) calcd for C17H18NaO2
+ [M+Na]+ 277.1199; found 277.1189. 

1-Iodo-4-((2-(p-tolyloxy)allyl)oxy)benzene (5.14b) 

Starting from O-VBX.1 (0.118 g, 0.300 mmol) and 4-iodophenol 5.8b (66.0 

mg, 0.300 mmol), 1-iodo-4-((2-(p-tolyloxy)allyl)oxy)benzene 5.14b (80.0 

mg, 0.218 mmol, 73% yield) and 5.15a (16.5 mg, 41.9 µmol, 14%) were 

obtained, as a colorless amorphous solids. Rf: 0.42 (Pentane:EtOAc 9:1). 
1H NMR (400 MHz, Chloroform-d) δ 7.60 – 7.55 (m, 2H, ArH), 7.18 – 7.13 

(m, 2H, ArH), 6.98 – 6.93 (m, 2H, ArH), 6.81 – 6.75 (m, 2H, ArH), 4.60 (d, J = 0.8 Hz, 2H, CCH2O), 4.51 

(dd, J = 2.2, 1.1 Hz, 1H, CH2CO), 4.20 (d, J = 2.4 Hz, 1H, CH2CO), 2.34 (s, 3H, ArCH3). 13C NMR (101 MHz, 

Chloroform-d) δ 158.5, 158.2, 152.6, 138.4, 134.3, 130.3, 120.8, 117.6, 90.7, 83.5, 67.9, 20.9. IR ν 3051 

(w), 2958 (w), 2928 (w), 1739 (w), 1494 (w), 1265 (m), 1231 (w), 827 (w), 735 (s), 702 (s) HRMS 

(APPI/LTQ-Orbitrap) m/z: [M]+ Calcd for C16H15IO2
+ 366.0111; Found 366.0108. 

 1-Bromo-4-((2-(p-tolyloxy)allyl)oxy)benzene (5.14c) 

Starting from O-VBX.1 (0.118 g, 0.300 mmol) and 4-bromophenol 5.8c 

(51.9 mg, 0.300 mmol), 1-bromo-4-((2-(p-tolyloxy)allyl)oxy)benzene 

5.14c (71.3 mg, 0.223 mmol, 75% yield) and 5.15a (20.1 mg, 51.0 µmol, 

17%) were obtained, as a colorless amorphous solids. Rf: 0.67 

(Pentane:EtOAc 9:1). 1H NMR (400 MHz, Chloroform-d) δ 7.46 – 7.33 (m, 

2H, ArH), 7.18 – 7.09 (m, 2H, ArH), 7.00 – 6.92 (m, 2H, ArH), 6.92 – 6.83 (m, 2H, ArH), 4.61 (s, 2H, 

CCH2O), 4.51 (dd, J = 2.3, 1.1 Hz, 1H, CH2CO), 4.20 (d, J = 2.3 Hz, 1H, CH2CO), 2.34 (s, 3H, ArCH3). 13C 

NMR (101 MHz, Chloroform-d) δ 158.3, 157.7, 152.6, 134.3, 132.4, 130.3, 120.8, 117.0, 113.6, 90.7, 

68.0, 20.9. IR ν 3033 (w), 2929 (w), 1650 (w), 1587 (w), 1507 (m), 1488 (s), 1455 (w), 1388 (w), 1288 

(m), 1227 (s), 1167 (w), 1064 (w), 1011 (w), 963 (w), 908 (m), 828 (m), 734 (m). HRMS (APPI/LTQ-

Orbitrap) m/z: [M]+ Calcd for C16H15
79BrO2

+ 318.0250; Found 318.0240. 

1-Methoxy-4-((2-(p-tolyloxy)allyl)oxy)benzene (5.14d) 

 Starting from O-VBX.1 (0.118 g, 0.300 mmol) and 4-methoxyphenol 

5.8d (37.2 mg, 0.300 mmol), 1-methoxy-4-((2-(p-

tolyloxy)allyl)oxy)benzene 5.14d (36.2 mg, 0.134 mmol, 45% yield) and 

5.15a (56.8 mg, 0.144 mmol, 48%) were obtained, as a colorless 

amorphous solids. Rf: 0.61 (Pentane:EtOAc 9:1). 1H NMR (400 MHz, 

Chloroform-d) δ 7.17 – 7.11 (m, 2H, ArH), 7.00 – 6.91 (m, 4H, ArH), 6.88 – 6.82 (m, 2H, ArH), 4.59 (d, J 

= 0.9 Hz, 2H, CCH2O), 4.52 (dd, J = 2.1, 1.0 Hz, 1H, CH2CO), 4.18 (d, J = 2.2 Hz, 1H, CH2CO), 3.78 (s, 3H, 

OCH3), 2.33 (s, 3H, CH3). 13C NMR (101 MHz, Chloroform-d) δ 158.9, 154.3, 152.7 (2 Carbon signals are 

overlapping), 134.1, 130.3, 120.8, 116.3, 114.7, 90.5, 68.6, 55.9, 20.9. IR ν 3056 (w), 2927 (w), 2842 

(w), 1589 (w), 1507 (s), 1461 (w), 1276 (m), 1226 (s), 1159 (w), 1111 (w), 1026 (w), 964 (w), 929 (w), 

831 (m), 747 (m), 714 (m). HRMS (APPI/LTQ-Orbitrap) m/z: [M]+ Calcd for C17H18O3
+ 270.1250; Found 

270.1252. 
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4,4,5,5-Tetramethyl-2-(4-((2-(p-tolyloxy)allyl)oxy)phenyl)-1,3,2-dioxaborolane (5.14f) 

Starting from O-VBX.1 (0.118 g, 0.300 mmol) and 4-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)phenol 5.8f (66.0 mg, 0.300 

mmol), 4,4,5,5-tetramethyl-2-(4-((2-(p-tolyloxy)allyl)oxy)phenyl)-

1,3,2-dioxaborolane 5.14f (78.3 mg, 0.214 mmol, 71% yield) and 

5.15a (30.7 mg, 77.9 µmol, 26%) were obtained, as a colorless 

amorphous solids. Rf: 0.51 (Pentane:EtOAc 9:1). 1H NMR (400 

MHz, Methylene Chloride-d2) δ 7.74 – 7.69 (m, 2H, ArH), 7.21 – 

7.14 (m, 2H, ArH), 7.02 – 6.94 (m, 4H, ArH), 4.66 (s, 2H, CCH2O), 4.53 (dt, J = 2.0, 0.9 Hz, 1H, CH2CO), 

4.18 (d, J = 2.3 Hz, 1H, CH2CO), 2.33 (s, 3H, ArCH3), 1.32 (s, 12H, CH3). 13C NMR (101 MHz, Chloroform-

d) δ 161.1, 158.5, 152.7, 136.6, 134.1, 130.3 (2 Carbon signals are overlapping), 120.8, 114.4, 90.6, 

83.7, 67.4, 25.0, 20.9. IR ν 3034 (w), 2987 (w), 2253 (w), 1722 (w), 1604 (m), 1505 (m), 1360 (s), 1323 

(w), 1217 (m), 1159 (m), 1143 (m), 1087 (m), 905 (s), 829 (w), 734 (s), 652 (m). HRMS (APPI/LTQ-

Orbitrap) m/z: [M]+ Calcd for C22H27BO4
+ 366.1997; Found 366.2000. 

1-Methoxy-3-((2-(p-tolyloxy)allyl)oxy)benzene (5.14g) 

 Starting from O-VBX.1 (0.118 mg, 0.300 mmol) and 3-methoxyphenol 

5.8g (37.2 mg, 0.300 mmol), 1-methoxy-3-((2-(p-

tolyloxy)allyl)oxy)benzene 5.14g (49.0 mg, 0.181 mmol, 60% yield) and 

5.15a (42.5 mg, 0.108 mmol, 36%) were obtained, as a colorless 

amorphous solids. Rf: 0.58 (Pentane:EtOAc 9:1). 1H NMR (400 MHz, 

Acetonitrile-d3) δ 7.24 - 7.15 (m, 3H, ArH), 6.99 - 6.93 (m, 2H, ArH), 6.62 - 6.53 (m, 3H, ArH), 4.63 (d, J 

= 0.8 Hz, 2H, CH2CO), 4.55 (dd, J = 2.1, 1.0 Hz, 1H, CCH2O), 4.14 (d, J = 2.1 Hz, 1H, CCH2O), 3.77 (s, 3H, 

OCH3), 2.32 (s, 3H, CH3). 13C NMR (101 MHz, Acetonitrile-d3) δ 161.9, 160.6, 159.8, 153.6, 135.2, 131.2, 

131.0, 121.4, 107.9, 107.7, 102.1, 91.6, 68.4, 55.9, 20.7. IR ν 3665 (m), 3091 (m), 2989 (m), 2906 (m), 

2601 (m), 2262 (s), 1886 (w), 1799 (w), 1639 (w), 1581 (w), 1489 (s), 1404 (w), 1334 (w), 1192 (m), 

1149 (m), 1040 (s), 841 (s), 777 (s), 689 (s). HRMS (APCI/QTOF) m/z: [M + H]+ Calcd for C17H19O3
+ 

271.1329; found 271.1329. 

 

3-((2-(p-Tolyloxy)allyl)oxy)aniline (5.14h) 

Starting from O-VBX.1 (0.118 g, 0.300 mmol) and 3-aminophenol 5.8h 

(33.0 mg, 0.300 mmol), 3-((2-(p-tolyloxy)allyl)oxy)aniline 5.14h (27.0 mg, 

0.106 mmol, 35% yield) was obtained, as a orange amorphous solid and 

5.15a (24.7 mg, 62.6 µmol, 21%) was obtained as a colorless amorphous 

solid. Rf: 0.62 (Pentane:EtOAc 7:3). 1H NMR (400 MHz, Chloroform-d) δ 

7.14 (d, J = 8.2 Hz, 2H, ArH), 7.13 – 7.07 (m, 1H, ArH), 7.00 – 6.94 (m, 2H, ArH), 6.48 (ddd, J = 8.2, 2.3, 

0.9 Hz, 1H, ArH), 6.44 – 6.39 (m, 2H, ArH), 4.61 – 4.58 (m, 2H, CCH2O), 4.54 (dt, J = 2.0, 1.0 Hz, 1H, 

CH2CO), 4.19 (d, J = 2.3 Hz, 1H, CH2CO), 2.33 (s, 3H, ArCH3). 13C NMR (101 MHz, Chloroform-d) δ 159.8, 

158.7, 152.8, 145.9, 134.1, 130.3, 130.3, 120.8, 109.4, 106.3, 103.2, 90.5, 67.6, 20.9. IR ν 3464 (w), 

3378 (m), 3221 (w), 2929 (m), 1823 (m), 1607 (s), 1501 (s), 1459 (m), 1294 (m), 1219 (m), 1188 (s), 

1166 (s), 1158 (s), 1071 (w), 1029 (w), 966 (w), 910 (m), 840 (m), 735 (m). HRMS (ESI/QTOF) m/z: [M 

+ H]+ Calcd for C16H18NO2
+ 256.1332; Found 256.1325. 
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Methyl 2-((2-(p-tolyloxy)allyl)oxy)benzoate (5.14i) 

Starting from O-VBX.1 (0.118 g, 0.300 mmol) and methyl 2-

hydroxybenzoate 5.8i (46.1 mg, 0.300 mmol), methyl 2-((2-(p-

tolyloxy)allyl)oxy)benzoate 5.14i (80.1 mg, 0.268 mmol, 89% yield) and 

5.15a (8.00 mg, 20.3 µmol, 7%) were obtained, as a colorless amorphous 

solids. Rf: 0.41 (Pentane:EtOAc 9:1). 1H NMR (400 MHz, Chloroform-d) δ 

7.84 (dd, J = 7.7, 1.9 Hz, 1H, ArH), 7.47 (ddd, J = 8.4, 7.3, 1.8 Hz, 1H, ArH), 7.18 – 7.12 (m, 2H, ArH), 

7.06 – 7.00 (m, 2H, ArH), 7.00 – 6.96 (m, 2H, ArH), 4.72 (dt, J = 2.3, 1.1 Hz, 1H, CH2CO), 4.70 (s, 2H, 

CCH2O), 4.23 (d, J = 2.2 Hz, 1H, CH2CO), 3.90 (s, 3H, OCH3), 2.34 (s, 3H, ArCH3). 13C NMR (101 MHz, 

Chloroform-d) δ 166.9, 158.1, 158.0, 152.7, 134.1, 133.6, 132.0, 130.3, 121.0, 120.9, 120.7, 114.0, 

90.2, 68.2, 52.2, 20.9. IR ν 2952 (m), 1726 (s), 1654 (m), 1602 (m), 1499 (m), 1456 (m), 1389 (m), 1301 

(s), 1244 (s), 1134 (m), 1085 (s), 1054 (m), 964 (m), 909 (m), 840 (m), 750 (s). HRMS (ESI/QTOF) m/z: 

[M + Na]+ Calcd for C18H18NaO4
+ 321.1097; Found 321.1100. 

 

1-(3,5-Di-tert-butyl-4-((2-(p-tolyloxy)allyl)oxy)phenyl)ethan-1-one (5.14j) 

 Starting from O-VBX.1 (39.4 mg, 0.100 mmol) and 1-(3,5-di-tert-butyl-

4-hydroxyphenyl)ethanone 5.8j (24.8 mg, 0.100 mmol), 1-(3,5-di-tert-

butyl-4-((2-(p-tolyloxy)allyl)oxy)phenyl)ethan-1-one 5.14j (17.0 mg, 

43.0 µmol, 43% yield) and 5.15a (35.4 mg, 89.8 µmol, 30%) were 

obtained, as a colorless amorphous solids. Rf: 0.54 (Pentane:EtOAc 9:1). 
1H NMR (400 MHz, Chloroform-d) δ 7.27 (s, 2H, ArH), 7.15 – 7.09 (m, 2H, 

ArH), 6.92 – 6.87 (m, 2H, ArH), 4.16 (d, J = 1.6 Hz, 1H, CH2CO), 4.01 (d, J = 1.8 Hz, 1H, CH2CO), 3.56 – 

3.51 (m, 2H, CCH2O), 2.34 (s, 3H, COCH3), 2.32 (s, 3H, ArCH3), 1.35 (s, 18H, C(CH3)3). 13C NMR (101 MHz, 

Chloroform-d) δ 171.3, 162.8, 153.2, 146.6, 142.2, 134.8, 133.7, 130.1, 127.0, 120.9, 89.9, 40.7, 35.5, 

31.6, 22.9, 20.9. IR ν 2962 (s), 2921 (m), 2877 (m), 1761 (s), 1640 (m), 1604 (m), 1506 (s), 1476 (m), 

1428 (m), 1365 (s), 1268 (s), 1222 (s), 1195 (s), 1185 (s), 1109 (s), 1011 (m), 961 (m), 905 (m), 822 (s), 

742 (m), 700 (m), 635 (m). HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C26H34NaO3
+ 417.2400; Found 

417.2405. 

 

2-((2-(p-Tolyloxy)allyl)oxy)naphthalene (5.14k) 

Starting from O-VBX.1 (0.118 g, 0.300 mmol) and naphthalene-2-ol 5.8k 

(43.3 mg, 0.300 mmol), 2-((2-(p-tolyloxy)allyl)oxy)naphthalene 5.14k 

(62.4 mg, 0.215 mmol, 72% yield) and 5.15a (30.6 mg, 77.6 µmol, 26%) 

were obtained, as a colorless amorphous solids. Rf: 0.66 (Pentane:EtOAc 

9:1). 1H NMR (400 MHz, Chloroform-d) δ 7.78 (td, J = 8.7, 6.0 Hz, 3H, ArH), 

7.47 (ddd, J = 8.2, 6.8, 1.3 Hz, 1H, ArH), 7.37 (ddd, J = 8.2, 6.8, 1.3 Hz, 1H, ArH), 7.31 – 7.26 (m, 2H, 

ArH), 7.21 – 7.15 (m, 2H, ArH), 7.05 – 7.00 (m, 2H, ArH), 4.78 (s, 2H, CCH2O), 4.64 (dd, J = 2.2, 1.1 Hz, 

1H, CH2CO), 4.27 (d, J = 2.3 Hz, 1H, CH2CO), 2.36 (s, 3H, CH3). 13C NMR (101 MHz, Chloroform-d) δ 

158.5, 156.5, 152.7, 134.6, 134.2, 130.3, 129.6, 129.3, 127.8, 127.0, 126.5, 124.0, 120.8, 119.1, 107.6, 

90.8, 67.8, 20.9. IR ν 3051 (w), 2923 (w), 1830 (w), 1637 (m), 1602 (m), 1506 (s), 1463 (w), 1393 (w), 

1259 (s), 1216 (s), 1182 (m), 1127 (w), 1024 (w), 963 (w), 839 (m), 741 (s), 714 (m). HRMS (APPI/LTQ-

Orbitrap) m/z: [M]+ Calcd for C20H18O2
+ 290.1301; Found 290.1295. 
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Ethyl (S)-2-acetamido-3-(4-((2-(p-tolyloxy)allyl)oxy)phenyl)propanoate (5.14l) 

 Starting from O-VBX.1 (0.118 mg, 0.300 mmol) and (S)-ethyl 2-

acetamido-3-(4-hydroxyphenyl)propanoate hydrate 5.8l (81.0 

mg, 0.300 mmol), ethyl (S)-2-acetamido-3-(4-((2-(p-

tolyloxy)allyl)oxy)phenyl)propanoate 5.14l (0.115 g, 0.289 mmol, 

96% yield) was obtained, as a colorless amorphous solid. Rf: 0.45 

(DCM:MeOH 9:1). Mixture of rotamers not identified yet. 1H NMR 

(400 MHz, Acetonitrile-d3) δ 7.23 – 7.17 (m, 2H, ArH), 7.17 – 7.11 (m, 2H, ArH), 6.99 – 6.89 (m, 4H, 

ArH), 6.66 (d, J = 7.8 Hz, 1H, NH), 4.63 (s, 2H, OCH2CO), 4.58 – 4.50 (m, 2H, vinylH, ArCH2CHNH), 4.13 

(d, J = 2.1 Hz, 1H, vinylH), 4.09 (q, J = 7.1 Hz, 2H, OCH2CH3), 3.02 (dd, J = 13.9, 6.0 Hz, 1H, ArCH2CHNH), 

2.95 – 2.85 (m, 1H, ArCH2CHNH), 2.31 (s, 3H, ArCH3), 1.85 (s, 3H, COCH3), 1.17 (t, J = 7.1 Hz, 3H, 

OCH2CH3). 13C NMR (101 MHz, Acetonitrile-d3) δ 172.6, 170.6, 159.8, 158.3, 153.6, 135.1, 131.3, 131.2, 

130.5, 121.4, 115.7, 91.6, 68.3, 61.8, 54.9, 37.4, 22.7, 20.7, 14.4. IR ν 3332 (w), 2991 (w), 2931 (w), 

2866 (w), 2254 (w), 1737 (m), 1664 (m), 1614 (w), 1505 (s), 1442 (w), 1377 (w), 1221 (s), 1127 (m), 

1024 (w), 910 (m), 822 (m), 736 (s), 656 (w), 612 (w). HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for 

C23H27NNaO5
+ 420.1781; found 420.1781. [α]D

20 = + 46.8 (c = 1.00, CHCl3). 

 

 (E)-4,4'-(Pent-1-ene-2,3-diylbis(oxy))bis(methylbenzene) (5.14m) 

 Starting from O-VBX.2 (0.127 g, 0.300 mmol) and p-cresol 5.8a (32.4 mg, 

0.300 mmol), (E)-4,4'-(pent-1-ene-2,3-diylbis(oxy))bis(methylbenzene) 

5.14m (55.0 mg, 0.195 mmol, 65% yield) and 5.15b (40.5 mg, 95.6 µmol, 

32%) were obtained, as a colorless amorphous solids. Rf: 0.65 

(Pentane:EtOAc 9:1). 1H NMR (400 MHz, Acetonitrile-d3) δ 7.13 (dd, J = 

7.4, 1.4 Hz, 2H, ArH), 7.11 – 7.06 (m, 2H, ArH), 6.90 – 6.86 (m, 2H, ArH), 6.86 – 6.81 (m, 2H, ArH), 5.05 

(t, J = 7.9 Hz, 1H, CCHO), 4.61 (s, 2H, CH2CO), 2.28 (s, 3H, ArCH3), 2.25 (s, 3H, ArCH3), 2.13 (p, J = 7.5 

Hz, 2H, CHCH2CH3), 0.95 (t, J = 7.5 Hz, 3H, CHCH2CH3). 13C NMR (101 MHz, Chloroform-d) δ 156.6, 

154.0, 149.6, 132.5, 130.3, 130.0, 129.8, 119.1, 116.8, 115.0, 64.4, 20.7, 20.5, 20.0, 14.8. IR ν 3665 

(m), 3408 (m), 2968 (s), 2929 (s), 1722 (m), 1611 (m), 1512 (s), 1441 (m), 1385 (m), 1239 (s), 1170 (m), 

1061 (s), 890 (m), 820 (s), 738 (m). HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C19H22NaO2
+ 305.1512; 

Found 305.1514. 

 

(E)-4,4'-(Oct-2-ene-1,2-diylbis(oxy))bis(methylbenzene) (5.14n) 

Starting from O-VBX.4 (0.139 g, 0.300 mmol) and p-cresol 5.8a (32.4 mg, 

0.300 mmol), (E)-4,4'-(oct-2-ene-1,2-diylbis(oxy))bis(methylbenzene) 

5.14n (55.0 mg, 0.170 mmol, 57% yield) and 5.15c (44.6 mg, 95.3 µmol, 

32%) were obtained, as a colorless amorphous solids. Rf: 0.8 

(Pentane:EtOAc 9:1). 1H NMR (400 MHz, Acetonitrile-d3) δ 7.16 – 7.11 (m, 

2H, ArH), 7.11 – 7.06 (m, 2H, ArH), 6.90 – 6.85 (m, 2H, ArH), 6.85 – 6.81 (m, 2H, ArH), 5.05 (t, J = 8.0 

Hz, 1H, OCCHCH2), 4.61 (s, 2H, OCH2CO), 2.28 (s, 3H, ArCH3), 2.25 (s, 3H, ArCH3), 2.10 (q, J = 7.5 Hz, 2H, 

CH2), 1.40 – 1.30 (m, 2H, CH2), 1.30 – 1.23 (m, 4H, CH2CH2), 0.87 (t, J = 6.8 Hz, 3H, CH3). 13C NMR (101 

MHz, Acetonitrile-d3) δ 157.5, 155.1, 150.7, 133.4, 131.3, 131.0, 130.8, 119.6, 116.9, 115.8, 64.7, 32.0, 

30.3, 26.9, 23.1, 20.6, 20.4, 14.3. IR ν 3669 (m), 2976 (s), 2912 (s), 1506 (s), 1388 (s), 1220 (s), 1057 (s), 

890 (m), 815 (m), 723 (m). HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C22H28NaO2
+ 347.1982; Found 

347.1972. 
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(E)-6,7-bis(p-Tolyloxy)hept-5-en-1-ol (5.14o) 

Starting from O-VBX.6 (0.140 g, 0.300 mmol) and p-cresol 5.8a (32.4 mg, 

0.300 mmol), and following the general procedure with 24 h reaction 

time, (E)-6,7-bis(p-tolyloxy)hept-5-en-1-ol 5.14o (63.0 mg, 0.193 mmol, 

64% yield) was obtained, as a colorless amorphous solid. Rf: 0.8 

(DCM:MeOH 9:1). 1H NMR (400 MHz, Acetonitrile-d3) δ 7.16 – 7.09 (m, 

2H, ArH), 7.11 – 7.06 (m, 2H, ArH), 6.90 – 6.86 (m, 2H, ArH), 6.86 – 6.81 (m, 2H, ArH), 5.05 (t, J = 8.0 

Hz, 1H, OCCHCH2), 4.61 (s, 2H, OCH2CO), 3.46 (t, J = 6.4 Hz, 2H, CH2OH), 2.28 (s, 3H, ArCH3), 2.26 (s, 

3H, ArCH3), 2.13 (q, J = 7.5 Hz, 2H, CH2), 1.51 – 1.42 (m, 2H, CH2), 1.41 – 1.34 (m, 2H, CH2). 13C NMR 

(101 MHz, Acetonitrile-d3) δ 157.5, 155.1, 150.9, 133.5, 131.3, 131.0, 130. 8, 119.6, 116.6, 115.8, 64.7, 

62.3, 32.9, 27.0, 26.8, 20.6, 20.4. IR ν 3001 (m), 2944 (m), 1608 (m), 1507 (s), 1224 (s), 1063 (m), 1013 

(s), 916 (m), 821 (s), 741 (m). HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C21H26NaO3
+ 349.1774; Found 

349.1771.  

 

(E)-(7,8-bis(p-Tolyloxy)oct-6-en-1-yn-1-yl)trimethylsilane (5.14p) 

Starting from O-VBX.7 (0.160 g, 0.300 mmol) and p-cresol 5.8a 

(32.4 mg, 0.300 mmol), (E)-(7,8-bis(p-tolyloxy)oct-6-en-1-yn-1-

yl)trimethylsilane 5.14p (75.0 mg, 0.191 mmol, 64% yield) and 

5.15e (41.5 mg, 77.9 µmol, 26%) were obtained, as a colorless 

amorphous solids. Rf: 0.8 (Pentane:EtOAc 9:1). 1H NMR (400 MHz, 

Acetonitrile-d3) δ 7.16 – 7.11 (m, 2H, ArH), 7.11 – 7.07 (m, 2H, ArH), 

6.91 – 6.86 (m, 2H, ArH), 6.86 – 6.82 (m, 2H, ArH), 5.00 (t, J = 8.0 Hz, 1H, OCCHCH2), 4.63 (s, 2H, 

OCH2CO), 2.28 (s, 3H, ArCH3), 2.25 (s, 3H, ArCH3), 2.20 (td, J = 7.3, 3.3 Hz, 4H, CH2CH2), 1.50 (p, J = 7.1 

Hz, 2H, CH2), 0.08 (s, 9H, Si(CH3)3). 13C NMR (101 MHz, Acetonitrile-d3) δ 157. 5, 154.9, 151.7, 133.6, 

131.3, 131.1, 130.8, 119.8, 115.9, 115.1, 108.1, 85. 5, 64.8, 29.5, 25.9, 20.6, 20.5, 19.5, 0.1. IR ν 3621 

(w), 3096 (w), 2964 (w), 2602 (w), 2262 (s), 1633 (m), 1514 (m), 1227 (m), 1187 (m), 1038 (s), 841 (s), 

681 (w). HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C25H32NaO2Si+ 415.2064; Found 415.2070. 

 

(E)-2-(5,6-bis(p-Tolyloxy)hex-4-en-1-yl)isoindoline-1,3-dione (5.14q)  

Starting from O-VBX.8 (174 mg, 0.300 mmol) and p-cresol 5.8a 

(32.4 mg, 0.300 mmol), (E)-2-(5,6-bis(p-tolyloxy)hex-4-en-1-

yl)isoindoline-1,3-dione 5.14q (86.3 mg, 0.195 mmol, 65% yield 

with 10% impurities) and 5.15f (50.6 mg, 86.7 µmol, 29%) were 

obtained, as a colorless amorphous solids. Rf: 0.40 (Pentane:EtOAc 

9:1). 1H NMR (400 MHz, Acetonitrile-d3) δ 7.81 – 7.74 (m, 4H, ArH), 

7.11 (dd, J = 7.4, 1.4 Hz, 2H, ArH), 7.07 – 7.03 (m, 2H, ArH), 6.90 – 6.84 (m, 2H, ArH), 6.82 – 6.76 (m, 

2H, ArH), 5.03 (t, J = 8.0 Hz, 1H, OCCH), 4.59 (s, 2H, OCH2CO), 3.60 (t, J = 7.0 Hz, 2H, CH2), 2.28 (s, 3H, 

CH3), 2.24 (s, 3H, CH3), 2.16 (q, J = 7.7 Hz, 2H, CH2), 1.69 (p, J = 7.2 Hz, 2H, CH2). 13C NMR (101 MHz, 

Acetonitrile-d3) δ 169.3, 157.4, 154.8, 151.5, 135.0, 133.6, 133.2, 131.3, 131.0, 130.8, 123.7, 119.7, 

115.8, 115.1, 64.9, 38.1, 29.4, 24.5, 20.6, 20.4. IR ν 2934 (m), 1770 (m), 1712 (s), 1609 (m), 1508 (s), 

1459 (m), 1397 (m), 1364 (m), 1221 (s), 1173 (m), 1114 (m), 1020 (m), 899 (m), 815 (m), 720 (m). HRMS 

(ESI/QTOF) m/z: [M + Na]+ Calcd for C28H27NNaO4
+ 464.1832; Found 464.1840. 
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1-Iodo-2-((3-(p-tolyloxy)prop-1-en-2-yl)oxy)benzene (5.14r) 

Starting from O-VBX.13 (152 mg, 0.300 mmol) and p-cresol 5.8a (32.4 mg, 

0.300 mmol), 1-iodo-2-((3-(p-tolyloxy)prop-1-en-2-yl)oxy)benzene 5.14r 

(66.5 mg, 0.182 mmol, 61% yield) was obtained, as a yellow amorphous solid 

and 5.15i (11.8 mg, 29.9 µmol, 10%) was obtained, as a colorless amorphous 

solid. Rf: 0.7 (Pentane:EtOAc 9:1). 1H NMR (400 MHz, Acetonitrile-d3) δ 7.89 

(dd, J = 7.9, 1.6 Hz, 1H, ArH), 7.42 (ddd, J = 8.0, 7.4, 1.6 Hz, 1H, ArH), 7.18 – 7.08 (m, 3H, ArH), 6.99 (td, 

J = 7.6, 1.5 Hz, 1H, ArH), 6.95 – 6.89 (m, 2H, ArH), 4.68 (d, J = 0.9 Hz, 2H, OCH2CO), 4.57 (dt, J = 2.5, 1.0 

Hz, 1H, OCCH2), 4.00 (d, J = 2.5 Hz, 1H, OCCH2), 2.27 (s, 3H, CH3). 13C NMR (101 MHz, Acetonitrile-d3) δ 

158.7, 157.2, 155.3, 140.8, 131.5, 131.0, 130.8, 127.7, 123.0, 115.8, 91.3, 90.5, 68.1, 20.4. IR ν 3667 

(m), 2991 (s), 2908 (s), 1512 (m), 1401 (m), 1231 (s), 1068 (s), 1028 (s), 905 (m), 825 (m), 742 (m). 

HRMS (APPI/QTOF) m/z: [M]+ Calcd for C16H15IO2
+ 366.0111; Found 366.0111. 

 

(E)-1-Iodo-2-((1-(p-tolyloxy)pent-2-en-2-yl)oxy)benzene (5.14s)  

Starting from O-VBX.14 (160 mg, 0.300 mmol) and p-cresol 5.8a (32.4 mg, 

0.300 mmol), (E)-1-iodo-2-((1-(p-tolyloxy)pent-2-en-2-yl)oxy)benzene 5.14s 

(70.0 mg, 0.178 mmol, 59% yield) and 5.15j (51.9 mg, 0.121 mmol, 41%) 

were obtained, as a colorless amorphous solids. Rf: 0.61 (Pentane:EtOAc 

9:1). 1H NMR (400 MHz, Acetonitrile-d3) δ 7.82 (dd, J = 7.9, 1.5 Hz, 1H, ArH), 

7.34 (ddd, J = 8.2, 7.3, 1.6 Hz, 1H, ArH), 7.13 – 7.06 (m, 2H, ArH), 7.04 (dd, J = 8.2, 1.4 Hz, 1H, ArH), 

6.93 – 6.79 (m, 3H, ArH), 5.04 (t, J = 7.9 Hz, 1H, OCCH), 4.66 (s, 2H, OCH2CO), 2.25 (s, 3H, ArCH3), 2.14 

(q, J = 7.8 Hz, 2H, CH2), 0.97 (t, J = 7.5 Hz, 3H, CH3). 13C NMR (101 MHz, Acetonitrile-d3) δ 157.4, 156.6, 

149.6, 140.6, 131.4, 130.8, 130.7, 126.0, 119.9, 119.1, 115.9, 88.9, 64.7, 20.5, 20. 5, 14.9. IR ν 3671 

(w), 2969 (m), 2872 (w), 2604 (w), 2360 (w), 1758 (w), 1680 (w), 1612 (m), 1580 (m), 1510 (s), 1465 

(s), 1439 (m), 1393 (w), 1259 (m), 1227 (s), 1174 (m), 1119 (m), 1108 (m), 1041 (m), 1020 (s), 939 (m), 

887 (m), 817 (m), 752 (m), 718 (w), 687 (w), 645 (w). HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for 

C18H19INaO2
+ 417.0322; Found 417.0323. 

 

(E)-1-Iodo-2-((1-(p-tolyloxy)oct-2-en-2-yl)oxy)benzene (5.14t)  

 Starting from O-VBX.15 (173 mg, 0.300 mmol) and p-cresol 5.8a (32.4 

mg, 0.300 mmol), (E)-1-iodo-2-((1-(p-tolyloxy)oct-2-en-2-yl)oxy)benzene 

5.14t (57.0 mg, 0.131 mmol, 44% yield) and 5.15k (48.7 mg, 0.105 µmol, 

35%) were obtained, as a colorless amorphous solids. Rf: 0.86 

(Pentane:EtOAc 9:1). 1H NMR (400 MHz, Acetonitrile-d3) δ 7.83 (dd, J = 

7.9, 1.5 Hz, 1H, ArH), 7.35 (ddd, J = 8.1, 7.4, 1.6 Hz, 1H, ArH), 7.12 – 7.07 (m, 2H, ArH), 7.03 (dd, J = 8.2, 

1.5 Hz, 1H, ArH), 6.90 – 6.82 (m, 3H, ArH), 5.01 (t, J = 8.0 Hz, 1H, OCCH), 4.66 (s, 2H, OCH2CO), 2.26 (s, 

3H, ArCH3), 2.18 – 2.08 (m, 2H, CH2), 1.39 – 1.22 (m, 6H, CH2), 0.91 – 0.83 (m, 3H, CH3). 13C NMR (101 

MHz, Acetonitrile-d3) δ 157.4, 156.7, 150.0, 140.6, 131.4, 130.8, 130.7, 126.1, 120.0, 117.4, 116.0, 

89.0, 64.8, 31.9, 30.2, 26.9, 23.1, 20.4, 14.3. IR ν 3666 (m), 2979 (s), 2902 (s), 2322 (w), 2261 (m), 2069 

(w), 1643 (w), 1443 (w), 1401 (m), 1238 (m), 1056 (s), 888 (m), 840 (m), 687 (w). HRMS (ESI/QTOF) 

m/z: [M + Na]+ Calcd for C21H25INaO2
+ 459.0791; Found 459.0794. 
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1-Methoxy-4-((3-(p-tolyloxy)prop-1-en-2-yl)oxy)benzene (5.14u)  

Starting from O-VBX.20 (123 mg, 0.300 mmol) and p-cresol 5.8a (32.4 

mg, 0.300 mmol), 1-methoxy-4-((3-(p-tolyloxy)prop-1-en-2-

yl)oxy)benzene 5.14u (45.1 mg, 0.167 mmol, 56% yield) and 5.15o 

(48.3 mg, 0.122 mmol, 41%) were obtained, as a colorless amorphous 

solids. Rf: 0.60 (Pentane:EtOAc 9:1). 1H NMR (400 MHz, Acetonitrile-

d3) δ 7.14 – 7.09 (m, 2H, ArH), 7.02 – 6.96 (m, 2H, ArH), 6.95 – 6.87 (m, 4H, ArH), 4.61 (d, J = 0.8 Hz, 

2H, OCH2CO), 4.47 (dd, J = 2.0, 1.0 Hz, 1H, OCCH2), 4.04 (d, J = 2.1 Hz, 1H, OCCH2), 3.77 (s, 3H, OCH3), 

2.27 (s, 3H, CH3). 13C NMR (101 MHz, Acetonitrile-d3) δ 160.6, 157.5, 157.2, 149.1, 131.4, 130.8, 122.9, 

115.8, 115.7, 90.4, 68.5, 56.2, 20.4. IR ν 2962 (s), 2921 (s), 1647 (m), 1615 (m), 1508 (s), 1456 (m), 

1394 (m), 1289 (m), 1217 (s), 1039 (s), 963 (m), 916 (m), 832 (s). HRMS (APPI/QTOF) m/z: [M]+ Calcd 

for C17H18O3
+ 270.1250; Found 270.1239. 

 

 (E)-1-Methoxy-4-((1-(p-tolyloxy)pent-2-en-2-yl)oxy)benzene (5.14v)  

Starting from O-VBX.21 (1 g, 2.28 mmol) and p-cresol 5.8a (0.247 g, 

2.28 mmol), (E)-1-methoxy-4-((1-(p-tolyloxy)pent-2-en-2-

yl)oxy)benzene 5.14v (0.427 g, 1.43 mmol, 63% yield) and 5.15p (0.164 

g, 0.340 mmol, 15%) were obtained, as a colorless amorphous solids. 

Rf: 0.57 (Pentane:EtOAc 9:1). 1H NMR (400 MHz, Acetonitrile-d3) δ 7.13 

– 7.07 (m, 2H, ArH), 6.95 – 6.81 (m, 6H, ArH), 4.94 (t, J = 7.9 Hz, 1H, OCCH), 4.62 (s, 2H, OCH2CO), 3.75 

(s, 3H, OCH3), 2.26 (s, 3H, CH3), 2.11 (p, J = 7.6 Hz, 2H, CH2), 0.93 (t, J = 7.5 Hz, 3H, CH3). 13C NMR (101 

MHz, Acetonitrile-d3) δ 157.5, 156.7, 151.4, 150.4, 131.3, 130.8, 121.4, 116.4, 115.8, 115.6, 64.8, 56.1, 

20.4 (2C), 15.1. IR ν 3666 (m), 2979 (s), 2902 (s), 2333 (m), 2260 (m), 1938 (w), 1617 (m), 1506 (m), 

1445 (m), 1400 (m), 1240 (m), 1056 (s), 874 (m), 839 (m), 742 (w), 687 (m). HRMS (APPI/QTOF) m/z: 

[M]+ Calcd for C19H22O3
+ 298.1563; Found 298.1551. 

 

(E)-N-(4-((3-(((8R,9S,13S,14S,17S)-17-Hydroxy-13-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-

6H-cyclopenta[a]phenanthren-3-yl)oxy)prop-1-en-2-yl)oxy)-3-methoxybenzyl)-8-methylnon-6-

enamide (5.14z)  

One pot procedure: In a glass vial, Capsaicin 

5.8m (31.0 mg, 0.100 mmol, 1.00 equiv.) was 

dissolved in DME (0.1 M). Cesium carbonate 

(3.26 mg, 10.0 µmol, 0.10 equiv.) was added 

and the mixture stirred vigorously for 5 min. 

Then EBX.1 was added in one portion (29.0 mg, 

0.100 mmol, 1.00 equiv.) and the reaction was 

left stirring for 16 hours at room temperature. 

Then cesium carbonate (39.0 mg, 0.120 mmol, 1.20 equiv.) and Estradiol 5.8n (27.0 mg, 0.100 mmol, 

1.00 equiv.) were added and the solution was stirred at room temperature for 16 hours. The reaction 

mixture was filtrated, solvent was removed under reduced pressure and the crude material was 

purified by column chromatography (pentane:ethyl acetate 9:1) to provide compound 5.14z (25.0 mg, 

41.0 µmol, 41% yield), as a white amorphous solid. Rf: 0.57 (DCM:MeOH 9:1). 1H NMR (400 MHz, 

Acetonitrile-d3) δ 7.21 (d, J = 8.6 Hz, 1H, ArH), 6.97 (d, J = 8.2 Hz, 2H, ArH), 6.83 (dd, J = 8.1, 1.9 Hz, 1H, 

ArH), 6.76 (dd, J = 8.4, 2.9 Hz, 1H, ArH), 6.71 (d, J = 2.9 Hz, 1H, ArH), 5.46 – 5.31 (m, 2H, vinylH), 4.62 
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(s, 2H, OCH2CO), 4.39 (d, J = 2.2 Hz, 1H, OCCH2), 4.30 (d, J = 6.1 Hz, 2H, ArCH2NH), 3.92 (d, J = 2.2 Hz, 

1H, OCCH2), 3.81 (d, J = 4.8 Hz, 1H, OH), 3.77 (s, 3H, OCH3), 3.61 (td, J = 8.5, 4.2 Hz, 1H, CH), 2.91 – 2.74 

(m, 2H, CH2), 2.64 (d, J = 6.4 Hz, 1H, NH), 2.31 (dq, J = 12.3, 3.7 Hz, 1H, CH2), 2.26 – 2.16 (m, 2H, CH + 

CH), 2.15 (s, 2H, CH2), 2.03 – 1.95 (m, 1H, CH2), 1.87 (ddt, J = 13.3, 8.3, 3.0 Hz, 2H, CH2), 1.67 (ddt, J = 

12.2, 5.1, 2.6 Hz, 1H, CH2), 1.61 – 1.55 (m, 2H, CH2), 1.55 – 1.46 (m, 1H, CH2), 1.45 – 1.40 (m, 1H, CH2), 

1.40 – 1.22 (m, 6H, CH2 + CH2 + CH2 + CH2 + CH2 ), 1.17 (ddd, J = 14.5, 11.3, 5.5 Hz, 2H, CH2 + CH2), 0.94 

(d, J = 6.8 Hz, 4H, CH + CHCH3), 0.86 (d, J = 6.6 Hz, 3H, CHCH3), 0.73 (s, 3H, CCH3). 13C NMR (101 MHz, 

Acetonitrile-d3) δ 173.7, 159.7, 157.2, 152.5, 142.9, 139.1, 138.8, 138.7, 134.3, 127.8, 127.4, 123.3, 

120.5, 115.8, 113.3, 113.2, 89.2, 82.0, 68.1, 56.5, 50.9, 44.9, 44.1, 43.1, 39.9, 37.7, 36.7, 32.9, 31.8, 

30.9, 30.5, 30.0, 28.0, 27.3 26.1, 23.8, 23.0, 22.9, 11.7. IR ν 3062 (m), 2924 (s), 2851 (m), 1648 (s), 1542 

(s), 1507 (s), 1460 (m), 1355 (m), 1274 (s), 1221 (s), 1156 (s), 1068 (w), 1025 (s), 966 (m), 826 (m), 735 

(m). HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C39H53NNaO5
+ 638.3816; Found 638.3830. [α]D

20 = + 

41.7 (c = 0.66, CHCl3). 

 

N-(4-Methoxyphenyl)-4-nitro-N-(2-(p-tolyloxy)allyl)benzenesulfonamide (5.17a) 

 Starting from O-VBX.1 (39.4 mg, 0.100 mmol) and N-(4-

methoxyphenyl)-4-nitrobenzenesulfonamide 5.25 (31.0 mg, 0.100 

mmol), N-(4-methoxyphenyl)-4-nitro-N-(2-(p-tolyloxy)allyl) benzene 

sulfonamide 5.17a (15.0 mg, 33.0 µmol, 33% yield) was obtained, as 

a colorless amorphous solid. The allyl ester 5.15a was formed in 15% 

NMR yield, but not isolated. Rf: 0.33 (Pentane:EtOAc 9:1). 1H NMR 

(400 MHz, Methylene Chloride-d2) δ 8.30 – 8.21 (m, 2H, ArH), 7.89 – 7.79 (m, 2H, ArH), 7.14 – 7.07 (m, 

2H, ArH), 7.06 – 6.98 (m, 2H, ArH), 6.92 – 6.79 (m, 2H, ArH), 6.76 – 6.66 (m, 2H, ArH), 4.37 (s, 2H, 

CCH2N), 4.16 (d, J = 2.3 Hz, 1H, CH2CO), 3.91 (d, J = 2.3 Hz, 1H, CH2CO), 3.81 (s, 3H, OCH3), 2.30 (s, 3H, 

ArCH3). 13C NMR (101 MHz, Methylene Chloride-d2) δ 160.2, 157.9, 152.6, 150.6, 145.4, 135.0, 131.1, 

131.0, 130.7, 129.6, 124.5, 121.1, 114.9, 92.1, 56.0, 54.7, 21.0. IR ν 3340 (m), 2970 (m), 2880 (m), 1435 

(s), 1307 (m), 1091 (s), 1046 (s), 880 (s), 777 (s). HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for 

C23H22N2NaO6S+ 477.1091; Found 477.1091. 

 

2-Methyl-2-(2-(p-tolyloxy)allyl)cyclopentane-1,3-dione (5.17b) 

 Starting from O-VBX.1 (39.4 mg, 0.100 mmol) and 2-methylcyclopentane-1,3-

dione 5.33 (11.2 mg, 0.100 mmol), 2-methyl-2-(2-(p-

tolyloxy)allyl)cyclopentane-1,3-dione 5.17b (8.00 mg, 31.0 µmol, 31% yield) 

was obtained, as a colorless amorphous solid. The allyl ester 5.15a was formed 

in 15% NMR yield, but not isolated. Rf: 0.20 (Pentane:EtOAc 9:1). 1H NMR (400 

MHz, Chloroform-d) δ 7.10 (d, J = 8.1 Hz, 2H, ArH), 6.81 – 6.75 (d, J = 8.1 Hz, 2H, ArH), 4.11 (dd, J = 2.3, 

1.1 Hz, 1H, CH2CO), 3.81 (d, J = 2.4 Hz, 1H, CH2CO), 2.83 (s, 2H, CCH2C), 2.81 – 2.69 (m, 4H, 

OCCH2CH2CO), 2.31 (s, 3H, ArCH3), 1.16 (s, 3H, CCH3). 13C NMR (101 MHz, Chloroform-d) δ 216.0, 158.1, 

151.8, 134.6, 130.4, 120.8, 89.0, 54.1, 39.9, 34.9, 20.9, 20.9. IR ν 3465 (m), 3038 (m), 2925 (m), 2867 

(m), 1724 (s), 1644 (m), 1506 (s), 1451 (m), 1422 (m), 1378 (m), 1277 (m), 1215 (s), 1159 (m), 1067 

(m), 958 (m), 894 (m), 838 (m), 739 (m), 617 (m). HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for 

C16H18NaO3
+ 281.1148; Found 281.1148.  
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Ethyl 2-acetyl-2-methyl-4-(p-tolyloxy)pent-4-enoate (5.17c) 

 Starting from O-VBX.1 (39.4 mg, 0.100 mmol) and ethyl 2-methyl-3-

oxobutanoate 5.34 (15.2 mg, 0.100 mmol), ethyl 2-acetyl-2-methyl-4-(p-

tolyloxy)pent-4-enoate 5.17c (19.0 mg, 65.0 µmol, 65% yield) was obtained, 

as a colorless amorphous solid. The allyl ester 5.15a was formed in 15% NMR 

yield, but not isolated. Rf: 0.42 (Pentane:EtOAc 9:1). 1H NMR (400 MHz, 

Chloroform-d) δ 7.15 – 7.08 (m, 2H, ArH), 6.89 – 6.84 (m, 2H, ArH), 4.18 (q, J = 7.1 Hz, 2H, OCH2CH3), 

4.07 (d, J = 1.9 Hz, 1H, CH2CO), 3.87 (d, J = 2.0 Hz, 1H, CH2CO), 2.95 – 2.78 (m, 2H, CCH2C), 2.31 (s, 3H, 

ArCH3), 2.20 (s, 3H, COCH3), 1.46 (s, 3H, CCH3), 1.23 (t, J = 7.1 Hz, 3H, OCH2CH3). 13C NMR (101 MHz, 

Chloroform-d) δ 204.5, 172.5, 159.5, 152.2, 134.1, 130.1, 121.1, 90.2, 61.5, 58.5, 39.4, 26.1, 20.8, 18.7, 

14.0. IR ν 3039 (m), 2990 (m), 2935 (w), 1714 (s), 1640 (m), 1507 (m), 1452 (m), 1359 (m), 1293 (m), 

1252 (s), 1220 (s), 1182 (s), 1107 (m), 1020 (m), 971 (m), 932 (m), 836 (m), 740 (m), 655 (m). HRMS 

(ESI/QTOF) m/z: [M + Na]+ Calcd for C17H22NaO4
+ 313.1410; Found 313.1414.  

 

(E)-4,4'-(hex-1-ene-2,3-diylbis(oxy))bis(methylbenzene) (6.6a) 

 Starting from O-VBX'.1 (45.0 mg, 0.100 mmol) and p-cresol 6.5a (10.8 mg, 

0.100 mmol), (E)-4,4'-(hex-1-ene-2,3-diylbis(oxy))bis(methylbenzene) 

6.6a (8.90 mg, 30.0 µmol, 30% yield) was obtained, as a colorless 

amorphous solids. 1H NMR (400 MHz, CDCl3) δ 7.14 – 7.04 (m, 4H, ArH), 

6.94 – 6.90 (m, 2H, ArH), 6.88 – 6.84 (m, 2H, ArH), 5.07 (t, J = 7.9 Hz, 1H, 

vinylH), 4.61 (s, 2H, CH2), 2.31 (s, 3H, ArCH3), 2.29 (s, 3H, ArCH3), 2.10 (q, 

J = 7.5 Hz, 2H, CH2), 1.39 (dt, J = 14.6, 7.4 Hz, 2H, CH2), 0.90 (t, J = 7.4 Hz, 3H, CH3). 13C NMR (101 MHz, 

CDCl3) δ 156.8, 154.2, 150.2, 132.5, 130.4, 130.1, 129.9, 119.1, 115.4, 115.1, 64.4, 28.6, 23.3, 20.8, 

20.6, 13.8. HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + Na]+ Calcd for C20H24NaO2
+ 319.1669; Found 

319.1666. 

(E)-1-((1-methoxypent-2-en-2-yl)oxy)-4-methylbenzene (6.14a) 

 

In a microwave tube, Cs2CO3 (117 mg, 0.360 mmol, 1.20 equiv.) and O-VBX'.2 (165 mg, 0.300 mmol, 

1.00 equiv.) were mixed in 1,2-dimethoxyethane (3.3 mL) and methanol 6.13a (3.3 mL) under air, and 

the slightly yellow solution was stirred at 30 °C for 5 h. The solution was then concentrated under 

reduced pressure and the crude material was purified by preparative TLC (pentane/EtOAc 80:20) to 

provide (E)-1-((1-methoxypent-2-en-2-yl)oxy)-4-methylbenzene 6.14a (8.70 mg, 12.8 mmol, 14% 

yield). 1H NMR (400 MHz, CDCl3) δ 7.10 (d, J = 8.2 Hz, 2H, ArH), 6.90 (d, J = 8.2 Hz, 2H, ArH), 4.98 (t, J = 

7.8 Hz, 1H, vinylH), 4.08 (s, 2H, CH2), 3.40 (s, 3H, CH3), 2.31 (s, 3H, CH3), 2.10 (h, J = 7.5 Hz, 2H, CH2), 

0.97 (td, J = 7.4, 1.0 Hz, 3H, CH3). Decomposition in CDCl3 prevented further analysis.  
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9.6.2  Allylic esters formation from EBX 

Optimization procedure and table for the synthesis of 5.15a: 

In a glass vial, phenol (0.100 mmol, 1.00 equiv.) was dissolved in 1.00 mL of DME (0.1 M). Cesium 

carbonate (10.0 µmol, 0.10 equiv.) was added and the mixture stirred vigorously for 5 min. Then the 

corresponding EBX was added in one portion (0.100 mmol, 1.00 equiv.) and the reaction was left 

stirring for 16 hours at room temperature. Then cesium carbonate (0.120 mmol, 1.20 equiv.) and 

anisole (20.0 µmol, 0.20 equiv.) were added and the solution was stirred at room temperature for 16 

hours. The reaction mixture was filtrated, solvent was removed under reduced pressure and the crude 

material was purified by column chromatography (pentane : ethyl acetate 9:1) to provide product 5.15 

as a sticky solid. 

Table S2: Optimisation studies for the transformation of O-VBX.1 into 5.15a. 

 
Entry Additive Equiv. Temperature (°C) Remaining O-VBX.1 (%)[a] Yield (%)[a] 

1 - - 25 °C 36 0-30 

2 Anisole 1.0 25 °C <5 45 

3 Anisole 1.0 0-25 °C 9-60 34-87 

4 Anisole 0.20 25 °C <5 65 

5 Anisole 0.20 0-25 °C 34 61 

6[b] Anisole 1.00 25 °C >95 NR 

7[b] DMAP 2.00 25 °C >95 NR 

Reaction conditions: Substrate O-VBX.1 (0.100 mmol), Cs2CO3 (0.120 mmol), additive (xx equiv.) and DME (0.1 M). NR: no 

reaction. [a]NMR yield given, calculated using 7.0 µL of dibromomethane as internal standard. [b]The reaction was 

performed without Cs2CO3. 

In absence of external nucleophiles, formation of 5.15a was sometimes observed, together with 

decomposition of O-VBX.1 (entry 1). However, the yield was never higher than 30% and this result 

was not reproducible. During screening of nucleophiles, electron-rich phenols have led to increased 

amount of ester 5.15a. Anisole was then tested as additive to promote the reaction as an electron-

rich arene lacking the free OH group. Indeed, compounds 5.15a was now obtained, but with low 

reproducibility in yield and conversion (entry 2), in moderate yield. At 0 °C, the yield was improved in 

some instance, but the transformation still suffered of low reproducibility, with yields between 34 and 

87% (entry 3). A better reproducibility was obtained using 0.20 equivalents of anisole at room 

temperature, giving 5.15a in 65% yield (entry 4). Starting at 0 °C, a similar yield was obtained but no 

full conversion was observed (entry 5). Furthermore, to confirm the role of Cs2CO3, the reaction was 

performed in absence of base and with 1.00 equivalent of anisole (entry 6). No product was formed 

and O-VBX.1 was recovered. Thereby, for the reaction to proceed efficiently, a base and an additive 

seem to be required. We then wonder if DMAP could play both roles (entry 7), but no conversion was 

observed.  
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One-pot two-step procedure for the synthesis of 5.15a: 

 

With the optimized conditions in hand, a one-pot two-step procedure was applied to the synthesis of 

5.15a. After conversion of Me-EBX (EBX.1) to O-VBX.1, anisole and an excess of base were added to 

the reaction mixture. The product 5.15a could be isolated in the same yield as when starting from 

isolated O-VBX.1. 

General procedure for allylic esters formation from EBX: 

 

In a glass vial, phenol (0.100 mmol, 1.00 equiv.) was dissolved in 1.00 mL of DME (0.1 M). Cesium 

carbonate (10.0 µmol, 0.10 equiv.) was added and the mixture stirred vigorously for 5 min. Then the 

corresponding EBX was added in one portion (0.100 mmol, 1.00 equiv.) and the reaction was left 

stirring for 16 hours at room temperature. Then cesium carbonate (0.120 mmol, 1.20 equiv.) and 

anisole (20.0 µmol, 0.20 equiv.) were added and the solution was stirred at room temperature for 16 

hours. The reaction mixture was filtrated, solvent was removed under reduced pressure and the crude 

material was purified by column chromatography (pentane : ethyl acetate 9:1) to provide product 5.15 

as a sticky solid. 

 

2-(p-Tolyloxy)allyl 2-iodobenzoate (5.15a) 

 Starting from EBX.1 (0.118 mg, 0.300 mmol), 2-(p-tolyloxy)allyl 2-

iodobenzoate 5.15a (77.0 mg, 0.195 mmol, 65% yield) was obtained, as a 

colorless amorphous solid. Rf: 0.58 (Pentane:EtOAc 9:1). 1H NMR (400 

MHz, Chloroform-d) δ 8.01 (dd, J = 7.9, 1.2 Hz, 1H, ArH), 7.87 (dd, J = 7.8, 

1.7 Hz, 1H, ArH), 7.41 (td, J = 7.6, 1.2 Hz, 1H, ArH), 7.20 – 7.12 (m, 3H, ArH), 

7.02 – 6.96 (m, 2H, ArH), 4.94 (d, J = 0.6 Hz, 2H, CCH2O), 4.55 (d, J = 2.3 Hz, 1H, CH2CO), 4.23 (d, J = 2.3 

Hz, 1H, CH2CO), 2.33 (s, 3H, CH3). 13C NMR (101 MHz, Chloroform-d) δ 166.1, 157.5, 152.6, 141.6, 

134.8, 134.2, 133.0, 131.4, 130.3, 128.1, 120.8, 94.5, 92.1, 65.0, 20.9. IR ν 3463 (w), 3030 (w), 2929 

(w), 1736 (s), 1729 (s), 1651 (w), 1588 (w), 1505 (m), 1457 (w), 1430 (m), 1373 (w), 1289 (s), 1243 (s), 

1134 (s), 1101 (s), 1045 (w), 1017 (m), 964 (w), 839 (m), 741 (s), 697 (w). HRMS (ESI/QTOF) m/z: [M + 

Na]+ Calcd for C17H15INaO3
+ 416.9958; Found 416.9964. 

 

 

 

 

2-(p-Tolyloxy)pent-1-en-3-yl 2-iodobenzoate (5.15b) 
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 Starting from EBX.2 (42.2 mg, 0.100 mmol), 2-(p-tolyloxy)pent-1-en-3-

yl 2-iodobenzoate 5.15b (25.0 mg, 59.0 µmol, 59% yield) was obtained, 

as a colorless amorphous solid. Rf: 0.60 (Pentane:EtOAc 9:1). 1H NMR 

(400 MHz, Chloroform-d) δ 7.99 (dd, J = 7.9, 1.2 Hz, 1H, ArH), 7.73 (dd, 

J = 7.8, 1.7 Hz, 1H, ArH), 7.37 (td, J = 7.6, 1.2 Hz, 1H, ArH), 7.14 (td, J = 

7.7, 1.7 Hz, 1H, ArH), 7.12 – 7.08 (m, 2H, ArH), 6.95 – 6.90 (m, 2H, ArH), 5.12 (t, J = 7.9 Hz, 1H, CCHO), 

4.99 (s, 2H, CH2CO), 2.31 (s, 3H, ArCH3), 2.21 (p, J = 7.6 Hz, 2H, CH2CH3), 1.01 (t, J = 7.5 Hz, 3H, CH2CH3). 
13C NMR (101 MHz, Chloroform-d) δ 166.4, 154.1, 148.3, 141.5, 134.9, 132.8, 132.7, 131.3, 130.2, 

128.0, 119.1, 118.1, 94.4, 60.9, 20.8, 20.2, 15.0. IR ν 3464 (w), 3030 (w), 2957 (w), 2256 (w), 1728 (m), 

1607 (w), 1590 (w), 1517 (w), 1462 (w), 1427 (w), 1372 (w), 1286 (m), 1254 (m), 1123 (m), 1017 (m), 

904 (m), 821 (w), 741 (s), 649 (w). HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C19H20IO3
+ 423.0452; Found 

423.0449. 

 

(E)-2-(p-Tolyloxy)oct-2-en-1-yl 2-iodobenzoate (5.15c) 

 Starting from EBX.3 (46.4 mg, 0.100 mmol), (E)-2-(p-tolyloxy)oct-2-en-1-

yl 2-iodobenzoate 5.15c (27.8 mg, 60.0 µmol, 60% yield) was obtained, as 

a colorless amorphous solid. Rf: 0.69 (Pentane:EtOAc 9:1). 1H NMR (400 

MHz, Chloroform-d) δ 7.99 (dd, J = 7.9, 1.2 Hz, 1H, ArH), 7.73 (dd, J = 7.8, 

1.7 Hz, 1H, ArH), 7.36 (td, J = 7.6, 1.2 Hz, 1H, ArH), 7.17 – 7.07 (m, 3H, ArH), 

7.00 – 6.87 (m, 2H, ArH), 5.14 (t, J = 8.0 Hz, 1H, CCHCH2), 4.99 (s, 2H, CCH2O), 2.31 (s, 3H, ArCH3), 2.18 

(q, J = 7.5 Hz, 2H, CHCH2CH2CH2CH2CH3), 1.38 (t, J = 7.1 Hz, 2H, CHCH2CH2CH2CH2CH3), 1.34 – 1.21 (m, 

4H, CHCH2CH2CH2CH2CH3), 0.95 – 0.80 (m, 3H, CH3). 13C NMR (101 MHz, Chloroform-d) δ 166.3, 154.2, 

148.5, 141.5, 134.9, 132.8, 132.7, 131.3, 130.2, 128.0, 119.0, 117.0, 94.4, 60.9, 31.5, 29.8, 26.7, 22.6, 

20.8, 14.2. IR ν 3458 (w), 3038 (w), 2929 (m), 2861 (w), 2254 (w), 1731 (m), 1610 (w), 1505 (s), 1456 

(w), 1369 (w), 1282 (m), 1246 (m), 1216 (s), 1170 (m), 1128 (m), 1105 (m), 1016 (m), 958 (w), 904 (m), 

820 (w), 741 (s), 648 (w). HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C22H26IO3
+ 465.0921; Found 

465.0923. 

 

(E)-2-(p-Tolyloxy)hexadec-2-en-1-yl 2-iodobenzoate (5.15d) 

Starting from EBX.4 (47.0 mg, 0.100 mmol), (E)-2-(p-tolyloxy)hexadec-2-

en-1-yl 2-iodobenzoate 5.15d (39.5 mg, 69.0 µmol, 69% yield) was 

obtained, as a colorless amorphous solid. 1H NMR (400 MHz, Methylene 

Chloride-d2) δ 8.00 (dd, J = 8.0, 1.2 Hz, 1H, ArH), 7.71 (dd, J = 7.8, 1.7 Hz, 

1H, ArH), 7.40 (td, J = 7.6, 1.2 Hz, 1H, ArH), 7.17 (td, J = 7.7, 1.7 Hz, 1H, 

ArH), 7.13 – 7.08 (m, 2H, ArH), 6.96 – 6.85 (m, 2H, ArH), 5.14 (t, J = 8.0 Hz, 1H, CCHCH2), 4.96 (s, 2H, 

CCH2O), 2.30 (s, 3H, ArCH3), 2.18 (q, J = 7.5 Hz, 2H, CH2), 1.43 – 1.33 (m, 2H, CH2), 1.33 – 1.22 (m, 20H, 

CH2), 0.92 – 0.83 (m, 3H, CH3). 13C NMR (101 MHz, Methylene Chloride-d2) δ 166.6, 154.6, 148.9, 141.8, 

135.6, 133.2, 133.2, 131.5, 130.6, 128.5, 119.2, 117.7, 94.4, 61.3, 32.5, 30.6, 30.3, 30.3, 30.2, 30.2, 

30.2, 30.0, 29.9, 29.7, 27.1, 23.3, 20.9, 14.5. IR ν 2959 (m), 2923 (m), 1732 (s), 1503 (s), 1400 (s), 1256 

(s), 1075 (s), 1069 (s), 741 (s). HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C30H41INaO3
+ 599.1993; Found 

599.2001. 
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(E)-2-(p-Tolyloxy)-8-(trimethylsilyl)oct-2-en-7-yn-1-yl 2-iodobenzoate (5.15e) 

Starting from EBX.6 (42.0 mg, 0.100 mmol), (E)-2-(p-tolyloxy)-8-

(trimethylsilyl)oct-2-en-7-yn-1-yl 2-iodobenzoate 5.15e (37.3 mg, 70.0 

µmol, 70% yield) was obtained, as a colorless amorphous solid. Rf: 

0.64 (Pentane:EtOAc 9:1). 1H NMR (400 MHz, Chloroform-d) δ 7.99 

(dd, J = 7.9, 1.2 Hz, 1H, ArH), 7.74 (dd, J = 7.8, 1.7 Hz, 1H, ArH), 7.37 

(td, J = 7.6, 1.2 Hz, 1H, ArH), 7.14 (td, J = 7.8, 1.9 Hz, 1H, ArH), 7.10 (d, 

J = 8.3 Hz, 2H, ArH), 6.95 – 6.89 (m, 2H, ArH), 5.04 (t, J = 8.0 Hz, 1H, 

CCHCH2), 5.01 (s, 2H, CCH2O), 2.30 (d, J = 7.2 Hz, 5H, CHCH2CH2CH2C, ArCH3), 2.25 (t, J = 7.1 Hz, 2H, 

CHCH2CH2CH2C), 1.60 (p, J = 7.2 Hz, 2H, CHCH2CH2CH2C), 0.14 (s, 9H, Si(CH3)3). 13C NMR (101 MHz, 

Chloroform-d) δ 166.3, 153.9, 149.8, 141.4, 135.0, 133.0, 132.8, 131.3, 130.3, 128.0, 119.3, 114.7, 

106.8, 94.3, 85.3, 60.9, 28.9, 25.7, 20.8, 19.3, 0.3. IR ν 3669 (w), 2978 (s), 2902 (s), 2172 (w), 1734 (m), 

1676 (w), 1589 (w), 1506 (m), 1399 (m), 1249 (s), 1232 (s), 1221 (s), 1054 (s), 1028 (s), 901 (m), 842 

(s), 741 (s), 642 (w). HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C25H29INaO3Si+ 555.0823; Found 

555.0834.  

(E)-6-(1,3-Dioxoisoindolin-2-yl)-2-(p-tolyloxy)hex-2-en-1-yl 2-iodobenzoate (5.15f) 

Starting from EBX.9 (47.0 mg, 0.100 mmol), (E)-6-(1,3-

dioxoisoindolin-2-yl)-2-(p-tolyloxy)hex-2-en-1-yl 2- 5.15f (35.0 mg, 

60.0 µmol, 60% yield) was obtained, as a colorless amorphous solid. 

Rf: 0.28 (Pentane:EtOAc 9:1). 1H NMR (400 MHz, Acetonitrile-d3) δ 

7.99 (dd, J = 7.9, 1.1 Hz, 1H, ArH), 7.77 (tdd, J = 8.8, 5.4, 3.9 Hz, 4H, 

ArH), 7.64 (dd, J = 7.8, 1.7 Hz, 1H, ArH), 7.44 (td, J = 7.6, 1.1 Hz, 1H, 

ArH), 7.21 (td, J = 7.7, 1.7 Hz, 1H, ArH), 7.14 – 7.09 (m, 2H, ArH), 6.91 

– 6.86 (m, 2H, ArH), 5.11 (t, J = 7.9 Hz, 1H, OCCH), 4.94 (s, 2H, OCH2CO), 3.63 (t, J = 7.0 Hz, 2H, CH2), 

2.26 (d, J = 11.3 Hz, 5H, CH2, CH3), 1.74 (p, J = 7.2 Hz, 2H, CH2). 13C NMR (101 MHz, Acetonitrile-d3) δ 

169.3, 167.2, 154.9, 150.0, 142.0, 136.5, 135.0, 133.8, 133.7, 133.2, 131.5, 131.1, 129.2, 123.7, 119.6, 

116.5, 94.0, 61.5, 38.1, 29.4, 24.7, 20.6. IR ν 2942 (w), 1769 (w), 1705 (s), 1611 (w), 1583 (w), 1503 

(m), 1465 (w), 1434 (w), 1394 (m), 1369 (m), 1283 (m), 1244 (m), 1219 (m), 1169 (m), 1129 (m), 1099 

(m), 1041 (m), 1015 (m), 954 (w), 919 (w), 888 (w), 823 (w), 747 (w), 718 (s). HRMS (ESI/QTOF) m/z: 

[M + Na]+ Calcd for C28H24INNaO5
+ 604.0591; Found 604.0589. 

(E)-2-(p-Tolyloxy)octa-2,7-dien-1-yl 2-iodobenzoate (5.15g) 

Starting from EBX.7 (35.0 mg, 0.100 mmol), (E)-2-(p-tolyloxy)octa-2,7-

dien-1-yl 2-iodobenzoate 5.15g (38.0 mg, 82.0 µmol, 82% yield) was 

obtained, as a colorless amorphous solid. Rf: 0.66 (Pentane:EtOAc 9:1). 1H 

NMR (400 MHz, Chloroform-d) δ 7.99 (dd, J = 7.9, 1.2 Hz, 1H, ArH), 7.73 

(dd, J = 7.8, 1.7 Hz, 1H, ArH), 7.37 (td, J = 7.6, 1.2 Hz, 1H, ArH), 7.18 – 7.07 

(m, 3H, ArH), 6.95 – 6.89 (m, 2H, ArH), 5.78 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H, 

CH2CHCH2), 5.10 (t, J = 7.9 Hz, 1H, OCCHCH2), 5.04 – 4.93 (m, 4H, CCH2O, 

CH2CHCH2), 2.31 (s, 3H, ArCH3), 2.20 (q, J = 7.6 Hz, 2H, CHCH2CH2CH2CH), 2.14 – 2.03 (m, 2H, 

CHCH2CH2CH2CH), 1.49 (p, J = 7.4 Hz, 2H, CHCH2CH2CH2CH). 13C NMR (101 MHz, Chloroform-d) δ 166.4, 

154.0, 148.9, 141.5, 138.5, 134.9, 132.8, 132.8, 131.3, 130.2, 128.0, 119.1, 116.1, 115.0, 94.4, 61.0, 

33.3, 29.3, 26.1, 20.8. IR ν 2927 (m), 1728 (s), 1585 (w), 1505 (s), 1458 (w), 1436 (w), 1287 (s), 1249 
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(s), 1219 (s), 1168 (w), 1127 (m), 1096 (s), 1044 (m), 1015 (s), 949 (w), 914 (m), 821 (m), 741 (s). HRMS 

(ESI/QTOF) m/z: [M + H]+ Calcd for C22H24IO3
+ 463.0765; Found 463.0768. 

(E)-5-Chloro-2-(p-tolyloxy)pent-2-en-1-yl 2-iodobenzoate (5.15h) 

Starting from EBX.5 (35.0 mg, 0.100 mmol), (E)-5-chloro-2-(p-

tolyloxy)pent-2-en-1-yl 2-iodobenzoate 5.15h (32.0 mg, 70.0 µmol, 70% 

yield) was obtained, as a colorless amorphous solid. Rf: 0.45 Pentane : 

EtOAc 9:1). 1H NMR (400 MHz, Chloroform-d) δ 8.00 (dd, J = 7.9, 1.2 Hz, 

1H, ArH), 7.77 (dd, J = 7.8, 1.7 Hz, 1H, ArH), 7.39 (td, J = 7.6, 1.2 Hz, 1H, 

ArH), 7.20 – 7.05 (m, 3H, ArH), 7.00 – 6.88 (m, 2H, ArH), 5.02 (d, J = 2.5 Hz, 3H, CCH2O, OCCHCH2), 3.53 

(t, J = 6.7 Hz, 2H, CH2CH2Cl), 2.66 (dt, J = 8.1, 6.7 Hz, 2H, CH2CH2Cl), 2.32 (s, 3H, ArCH3). 13C NMR (101 

MHz, Chloroform-d) δ 166.2, 153.2, 151.7, 141.4, 134.7, 133.3, 132.8, 131.2, 130.2, 127.9, 119.6, 

109.9, 94.3, 60.8, 44.3, 30.0, 20.7. IR ν 3666 (w), 2979 (s), 2902 (s), 1401 (m), 1253 (w), 1064 (s), 886 

(w), 767 (w), 717 (w). HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C19H19ClIO3
+ 457.0062; Found 

457.0062. 

2-(2-Iodophenoxy)allyl 2-iodobenzoate (5.15i) 

Starting from EBX.1 (29.0 mg, 0.100 mmol) and 2-iodophenol (22.0 mg, 0.100 

mmol), 2-(2-iodophenoxy)allyl 2-iodobenzoate 5.15i (35.6 mg, 70.0 µmol, 70% 

yield) was obtained, as a yellow amorphous solid. Rf: 0.62 (Pentane:EtOAc 

9:1). 1H NMR (400 MHz, Acetonitrile-d3) δ 8.05 (dd, J = 8.0, 1.2 Hz, 1H, ArH), 

7.89 (ddd, J = 7.8, 2.8, 1.6 Hz, 2H, ArH), 7.50 (td, J = 7.6, 1.2 Hz, 1H, ArH), 7.43 

(ddd, J = 8.1, 7.3, 1.5 Hz, 1H, ArH), 7.30 – 7.22 (m, 1H, ArH), 7.19 (dd, J = 8.1, 1.5 Hz, 1H, ArH), 6.99 

(ddd, J = 8.0, 7.3, 1.5 Hz, 1H, ArH), 4.99 (d, J = 0.6 Hz, 2H, OCH2CO), 4.66 (dt, J = 2.7, 0.7 Hz, 1H, OCCH2), 

4.07 (d, J = 2.7 Hz, 1H, OCCH2). 13C NMR (101 MHz, Acetonitrile-d3) δ 167.0, 157.3, 155.2, 142.2, 140.9, 

136.0, 134.0, 131.9, 131.1, 129.3, 127.8, 122.9, 94.2, 93.4, 90.3, 65.2. IR ν 3666 (s), 3091 (m), 2995 (s), 

2905 (s), 2261 (s), 1625 (m), 1401 (m), 1230 (m), 1068 (s), 1027 (s), 909 (m), 839 (s), 748 (m). HRMS 

(ESI/QTOF) m/z: [M + H]+ Calcd for C16H13I2O3
+ 506.8949; Found 506.8949. 

(E)-2-(2-Iodophenoxy)pent-2-en-1-yl 2-iodobenzoate (5.15j) 

Starting from EBX.2 (31.0 mg, 0.100 mmol), (E)-2-(2-iodophenoxy)pent-2-en-

1-yl 2-iodobenzoate 5.15j (37.0 mg, 69.0 µmol, 69% yield) was obtained, as a 

colorless amorphous solid. Rf: 0.43 (Pentane:EtOAc 9:1). 1H NMR (400 MHz, 

Acetonitrile-d3) δ 8.05 – 7.96 (m, 1H, ArH), 7.83 (dd, J = 7.9, 1.6 Hz, 1H, ArH), 

7.73 (dd, J = 7.8, 1.7 Hz, 1H, ArH), 7.45 (td, J = 7.6, 1.2 Hz, 1H, ArH), 7.35 (ddd, 

J = 8.0, 7.3, 1.6 Hz, 1H, ArH), 7.23 (td, J = 7.7, 1.7 Hz, 1H, ArH), 7.07 (dd, J = 8.2, 1.5 Hz, 1H, ArH), 6.87 

(td, J = 7.6, 1.5 Hz, 1H, ArH), 5.09 (t, J = 7.9 Hz, 1H, OCCH), 5.02 (s, 2H, OCH2CO), 2.23 (p, J = 7.5 Hz, 2H, 

CH2), 1.01 (t, J = 7.5 Hz, 3H, CH3). 13C NMR (101 MHz, Acetonitrile-d3) δ 167.0, 156.4, 148.1, 142.1, 

140.7, 136.2, 133.9, 131.8, 130.8, 129.2, 126.2, 120.0, 119.8, 94.2, 89.0, 61.2, 20.6, 14.9. IR ν 3672 

(m), 3091 (w), 3062 (w), 2969 (s), 2872 (m), 2604 (w), 1881 (w), 1873 (w), 1730 (s), 1680 (w), 1581 

(m), 1511 (w), 1465 (s), 1437 (m), 1391 (m), 1345 (w), 1307 (w), 1281 (m), 1246 (s), 1228 (s), 1181 (m), 

1124 (m), 1095 (s), 1066 (m), 1042 (s), 1017 (s), 944 (m), 884 (w), 848 (w), 833 (m), 803 (w), 743 (s), 

717 (w), 687 (w), 640 (m). HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C18H17I2O3
+ 534.9262; Found 

534.9271. 
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(E)-2-(2-Iodophenoxy)oct-2-en-1-yl 2-iodobenzoate (5.15k) 

Starting from EBX.3 (36.0 mg, 0.100 mmol) and 2-iodophenol (22.0 mg, 0.100 

mmol), (E)-2-(2-iodophenoxy)oct-2-en-1-yl 2-iodobenzoate 5.15k (33.0 mg, 

57.0 µmol, 57% yield) was obtained, as a colorless amorphous solid. Rf: 0.80 

(Pentane:EtOAc 9:1). 1H NMR (400 MHz, Acetonitrile-d3) δ 8.02 (dd, J = 7.9, 

1.2 Hz, 1H, ArH), 7.83 (dd, J = 7.9, 1.6 Hz, 1H, ArH), 7.74 (dd, J = 7.8, 1.7 Hz, 

1H, ArH), 7.46 (td, J = 7.6, 1.2 Hz, 1H, ArH), 7.35 (ddd, J = 8.2, 7.3, 1.5 Hz, 1H, 

ArH), 7.23 (td, J = 7.7, 1.7 Hz, 1H, ArH), 7.07 (dd, J = 8.2, 1.5 Hz, 1H, ArH), 6.88 

(td, J = 7.6, 1.5 Hz, 1H, ArH), 5.05 (t, J = 8.0 Hz, 1H, OCCH), 5.02 (s, 2H, OCH2CO), 2.20 (q, J = 7.3 Hz, 2H, 

CH2), 1.44 – 1.36 (m, 2H, CH2), 1.32 – 1.28 (m, 4H, CH2), 0.91 – 0.83 (m, 3H, CH3). 13C NMR (101 MHz, 

Acetonitrile-d3) δ 167.0, 156.4, 148.6, 142.1, 140.7, 136.2, 133.9, 131.8, 130.8, 129.2, 126.3, 120.0, 

118.3, 94.2, 89.1, 61.2, 32.0, 30.2, 27.0, 23.1, 14.3. IR ν 3666 (m), 2979 (s), 2903 (s), 2351 (w), 2260 

(m), 1613 (w), 1459 (w), 1400 (m), 1250 (m), 1050 (s), 883 (w), 838 (m), 751 (w), 686 (w). HRMS 

(ESI/QTOF) m/z: [M + Na]+ Calcd for C21H22I2NaO3
+ 598.9551; Found 598.9560. 

 

(E)-2-(3-Bromophenoxy)-5-chloropent-2-en-1-yl 2-iodobenzoate (5.15l) 

Starting from EBX.5 (52.2 mg, 0.100 mmol), (E)-2-(3-bromophenoxy)-5-

chloropent-2-en-1-yl 2-iodobenzoate 5.15l (27.0 mg, 52.0 µmol, 52% yield) 

was obtained, as a colorless amorphous solid. Rf: 0.55 (Pentane:EtOAc 9:1). 
1H NMR (400 MHz, Chloroform-d) δ 8.00 (dd, J = 8.0, 1.2 Hz, 1H, ArH), 7.73 

(dd, J = 7.8, 1.7 Hz, 1H, ArH), 7.39 (td, J = 7.6, 1.2 Hz, 1H, ArH), 7.25 – 7.13 (m, 

4H, ArH), 7.00 (ddd, J = 7.5, 2.3, 1.5 Hz, 1H, ArH), 5.22 (t, J = 8.0 Hz, 1H, vinylH), 

5.00 (s, 2H, OCH2C), 3.59 (t, J = 6.5 Hz, 2H, CH2CH2Cl), 2.72 (dt, J = 8.0, 6.5 Hz, 2H, CH2CH2Cl). 13C NMR 

(101 MHz, Chloroform-d) δ 166.2, 157.0, 150.5, 141.6, 134.5, 133.1, 131.4, 131.0, 128.1, 126.6, 123.0, 

122.3, 117.7, 113.9, 94.4, 60.6, 44.2, 30.0. IR ν 3667 (m), 3062 (m), 3011 (m), 2948 (w), 1731 (m), 1583 

(m), 1469 (m), 1432 (w), 1247 (s), 1218 (m), 1132 (m), 1065 (s), 1017 (s), 912 (s), 861 (m), 822 (w), 781 

(m), 736 (s). HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C18H16
79Br35ClIO3

+ 520.9011; Found 520.9011.   

 

2-(Perfluorophenoxy)pent-1-en-3-yl 2-iodobenzoate (5.15m) 

Starting from EBX.2 (49.8 mg, 0.100 mmol), 2-(perfluorophenoxy)pent-1-

en-3-yl 2-iodobenzoate 5.15m (20.1 mg, 40.0 µmol, 40% yield) was 

obtained, as a colorless amorphous solid. Rf: 0.65 (Pentane:EtOAc 9:1). 1H 

NMR (400 MHz, Chloroform-d) δ 8.02 (dd, J = 7.9, 1.2 Hz, 1H, ArH), 7.87 (dd, 

J = 7.8, 1.7 Hz, 1H, ArH), 7.42 (td, J = 7.6, 1.2 Hz, 1H, ArH), 7.17 (td, J = 7.6, 

1.7 Hz, 1H, ArH), 5.07 (s, 2H, CH2CO), 4.82 (tt, J = 7.8, 1.3 Hz, 1H, CCHO), 

2.25 – 2.14 (m, 2H, CHCH2CH3), 0.99 (t, J = 7.5 Hz, 3H, CHCH2CH3). 13C NMR (101 MHz, Chloroform-d) 

δ 166.1, 149.1, 141.6, 134.5, 133.1, 131.4, 128.1, 112.9, 94.5, 60.2, 19.9, 14.8. The carbon signals of 

the pentafluorobenzene ring could not be resolved. 19F NMR (376 MHz, Chloroform-d) δ -153.70 – -

154.37 (m), -160.23 (t, J = 21.9 Hz), -161.98 – -162.63 (m). IR ν 3060 (w), 2970 (w), 2939 (w), 2876 (w), 

1738 (m), 1685 (w), 1577 (w), 1516 (s), 1470 (m), 1437 (w), 1386 (w), 1245 (m), 1183 (m), 1094 (m), 

996 (s), 741 (s). HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C18H12F5INaO3
+ 520.9644; Found 520.9651. 
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(E)-2-(2-Formylphenoxy)oct-2-en-1-yl 2-iodobenzoate (5.15n) 

Starting from EBX.3 (36.0 mg, 0.100 mmol) and 2-hydroxybenzaldehyde 

(10.7 µL, 0.100 mmol), (E)-2-(2-formylphenoxy)oct-2-en-1-yl 2-

iodobenzoate 5.15n (28.0 mg, 59.0 µmol, 59% yield) was obtained, as a 

colorless amorphous solid. Rf: 0.55 (Pentane:EtOAc 9:1). 1H NMR (400 

MHz, Acetonitrile-d3) δ  10.35 (d, J = 0.8 Hz, 1H), 8.01 (dd, J = 7.9, 1.2 Hz, 

1H, ArH), 7.80 (dd, J = 8.0, 1.8 Hz, 1H, ArH), 7.64 (dd, J = 7.8, 1.7 Hz, 1H, ArH), 7.60 (ddd, J = 8.3, 7.3, 

1.8 Hz, 1H, ArH), 7.44 (td, J = 7.6, 1.2 Hz, 1H, ArH), 7.26 – 7.15 (m, 3H, ArH), 5.26 (t, J = 8.0 Hz, 1H, 

OCCH), 5.06 (s, 2H, OCH2CO), 2.23 (q, J = 7.4 Hz, 2H, CH2), 1.48 – 1.37 (m, 2H, CH2), 1.30 (ddd, J = 7.2, 

4.4, 3.1 Hz, 4H, CH2), 0.93 – 0.80 (m, 3H, CH3). 13C NMR (101 MHz, Acetonitrile-d3) δ 190.0, 167.1, 

159.9, 149.0, 142.1, 136.9, 136.3, 133.9, 131.5, 129.2, 128.9, 127.8, 124.4, 120.7, 119.7, 94.1, 61.3, 

32.0, 30.1, 27.1, 23.1, 14.3. IR ν 3646 (s), 2938 (s), 2260 (s), 1875 (s), 1733 (s), 1686 (s), 1593 (s), 1467 

(s), 1282 (s), 1253 (s), 1038 (s), 903 (s), 840 (s), 755 (s). HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for 

C22H23INaO4
+ 501.0533; Found 501.0538. 

 

2-(4-Methoxyphenoxy)allyl 2-iodobenzoate (5.15o) 

Starting from EBX.1 (29.0 mg, 0.100 mmol) and 4-methoxyphenol (12.0 

mg, 0.100 mmol), 2-(4-methoxyphenoxy)allyl 2-iodobenzoate 5.15o 

(23.8 mg, 58.0 µmol, 58% yield) was obtained, as a colorless amorphous 

solid. Rf: 0.50 (Pentane:EtOAc 9:1). 1H NMR (400 MHz, Chloroform-d) δ 

8.01 (dd, J = 7.9, 1.2 Hz, 1H, ArH), 7.88 (dd, J = 7.8, 1.7 Hz, 1H, ArH), 7.42 

(td, J = 7.6, 1.2 Hz, 1H, ArH), 7.17 (td, J = 7.6, 1.7 Hz, 1H, ArH), 7.06 – 6.99 (m, 2H, ArH), 6.91 – 6.85 (m, 

2H, ArH), 4.94 (s, 2H, OCH2CO), 4.51 (d, J = 2.4 Hz, 1H, OCCH2), 4.16 (d, J = 2.4 Hz, 1H, OCCH2), 3.79 (s, 

3H, OCH3). 13C NMR (101 MHz, Chloroform-d) δ 166.1, 158.0, 156.6, 148.2, 141.6, 134.8, 133.0, 131.3, 

128.1, 122.2, 114.8, 94.4, 91.2, 65.0, 55.7. IR ν 3667 (m), 2994 (m), 2907 (m), 1732 (s), 1649 (m), 1588 

(w), 1505 (s), 1436 (w), 1388 (w), 1290 (m), 1219 (s), 1105 (m), 1027 (s), 963 (m), 908 (m), 841 (m), 

745 (s). HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C17H16IO4
+ 411.0088; Found 411.0094. 

 

 (E)-2-(4-Methoxyphenoxy)pent-2-en-1-yl 2-iodobenzoateiodobenzoate (5.15p) 

Starting from EBX.2 (31.0 mg, 0.100 mmol) and 4-methoxyphenol (12.0 

mg, 0.100 mmol), (E)-2-(4-methoxyphenoxy)pent-2-en-1-yl 2-

iodobenzoateiodobenzoate 5.15p (28.0 mg, 64.0 µmol, 64% yield) was 

obtained, as a colorless amorphous solid. Rf: 0.52 (Pentane:EtOAc 9:1). 
1H NMR (400 MHz, Acetonitrile-d3) δ 8.02 (dd, J = 7.9, 1.1 Hz, 1H, ArH), 

7.68 (dd, J = 7.8, 1.7 Hz, 1H, ArH), 7.47 (td, J = 7.6, 1.2 Hz, 1H, ArH), 7.23 (td, J = 7.7, 1.7 Hz, 1H, ArH), 

6.98 – 6.93 (m, 2H, ArH), 6.90 – 6.85 (m, 2H, ArH), 5.03 (t, J = 7.9 Hz, 1H, OCCH), 4.97 (s, 2H, OCH2CO), 

3.74 (s, 3H, OCH3), 2.19 (p, J = 7.6 Hz, 2H, CH2), 0.98 (t, J = 7.5 Hz, 3H, CH3). 13C NMR (101 MHz, 

Acetonitrile-d3) δ 167.3, 156.7, 150.4, 149.9, 142.0, 136.7, 133.8, 131.5, 129.2, 121.2, 117.8, 115.6, 

94.0, 61.5, 56.2, 20.6, 15.1. IR ν 2963 (m), 1730 (s), 1672 (m), 1582 (m), 1504 (s), 1460 (m), 1280 (s), 

1247 (s), 1214 (s), 1123 (m), 1105 (m), 1025 (m), 946 (m), 837 (m), 745 (m). HRMS (ESI/QTOF) m/z: [M 

+ H]+ Calcd for C19H20IO4
+ 439.0401; Found 439.0404.  
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9.6.3 Crystal Structures 

Crystal structure of 5.14a: 

 
A single crystal was grown by slow diffusion of the solution of 5.14a in ethyl acetate and pentane 

mixture. Supplementary crystallographic data for this compound have been deposited at Cambridge 

Crystallographic Data Centre (1989749) and can be obtained free of charge via 

www.ccdc.cam.ac.uk/data_request/cif. 

 

Crystal structure of 5.14m: 

 

http://www.ccdc.cam.ac.uk/data_request/cif
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A single crystal was grown by slow diffusion of the solution of 5.14m in ethyl acetate and pentane 

mixture. Supplementary crystallographic data for this compound have been deposited at Cambridge 

Crystallographic Data Centre (1989757) and can be obtained free of charge via 

www.ccdc.cam.ac.uk/data_request/cif. 

9.6.4 NOE experiments 

NOE experiment on compound 5.15c: 

 

 

  

http://www.ccdc.cam.ac.uk/data_request/cif
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NOE experiment on compound 5.15m: 
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9.6.5 Gram scale synthesis 

(E)-1-Methoxy-4-((1-(p-tolyloxy)pent-2-en-2-yl)oxy)benzene (5.14v)  

 
In a round-bottom flask, p-cresol (0.247 g, 2.28 mmol, 1 equiv.) and cesium carbonate (0.892 g, 2.74 

mmol, 1.20 equiv.) were added. Anhydrous DME (23 mL, 0.1 M) was introduced at 0 °C and the 

solution was stirred at room temperature for 10 min. O-VBX.21 (1.00 g, 2.28 mmol, 1 equiv.) was 

added to the reaction mixture under open air and the reaction mixture was stirred at room 

temperature for 16 h. The reaction mixture was filtrated, the solvent was removed under reduced 

pressure and the crude material was purified by column chromatography using Pentane:EtOAc (9:1). 

(E)-1-Methoxy-4-((1-(p-tolyloxy)pent-2-en-2-yl)oxy)benzene 5.14v (0.427 g, 1.43 mmol, 63% yield) 

was obtained, as a colorless sticky solid. 

 

 (E)-2-(p-Tolyloxy)-8-(trimethylsilyl)oct-2-en-7-yn-1-yl 2-iodobenzoate (5.15e) 

 
In a round-bottom flask, p-cresol (0.255 g, 2.36 mmol, 1.00 equiv.) was dissolved in 23.5 mL of DME 

(0.1 M). Cesium carbonate (77.0 mg, 0.236 mmol) was added and the mixture stirred vigorously for 5 

min. Then the corresponding EBX.6 was added in one portion (1.00 g, 2.36 mmol, 1.00 equiv.) and the 

reaction was left stirring for 16 hours at room temperature. Then cesium carbonate (0.921 g, 2.83 

mmol, 1.20 equiv.) and anisole (0.471 mmol, 51.0 µL) were added and the solution was stirred at room 

temperature for 16 hours. The reaction mixture was filtrated, the solvent was removed under reduced 

pressure and the crude material was purified by column chromatography using phosphate buffered 

silica (Na₂HPO₄) and pentane/ethyl acetate as eluent. (E)-2-(p-tolyloxy)-8-(trimethylsilyl)oct-2-en-7-

yn-1-yl 2-iodobenzoate 5.15e (0.825 g, 1.55 mmol, 66% yield) was obtained, as a colorless sticky solid.  
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9.6.6 Product modifications 

Palladium oxidation cyclization:  

2-((p-Tolyloxy)methyl)benzofuran (5.52) 

 
Following a reported procedure,33 to a microwave vial charged with 1-iodo-2-((3-(p-tolyloxy)prop-1-

en-2-yl)oxy)benzene 5.14r (36.6 mg, 0.1 mmol), Pd(dppf)Cl2 (7.32 mg, 10.0 µmol) and triethylamine 

(0.028 mL, 0.20 mmol) was added dry MeCN (0.27 mL) under N2. The reaction mixture was stirred at 

82 °C for 72 hours to go to complete conversion. The solution was then filtrated and concentrated 

under reduced pressure. The crude was purified by preparative TLC (Pentane:EtOAc 80:20) to provide 

2-((p-tolyloxy)methyl)benzofuran 5.52 (21.6 mg, 91.0 µmol, 91 % yield) as a white solid. Rf: 0.7 

(Pentane:EtOAc 9:1). Mp: 78 °C. 1H NMR (400 MHz, Methylene Chloride-d2) δ 7.61 – 7.54 (m, 1H, ArH), 

7.49 (dq, J = 8.4, 1.0 Hz, 1H, ArH), 7.30 (ddd, J = 8.3, 7.2, 1.4 Hz, 1H, ArH), 7.24 (td, J = 7.5, 1.1 Hz, 1H, 

ArH), 7.15 – 7.07 (m, 2H, ArH), 6.94 – 6.86 (m, 2H, ArH), 6.79 (d, J = 0.9 Hz, 1H, OCCH), 5.13 (d, J = 0.7 

Hz, 2H, OCH2C), 2.29 (s, 3H, CH3). 13C NMR (101 MHz, Methylene Chloride-d2) δ 156.7, 155.7, 153.9, 

131.4, 130.5, 128.6, 125.1, 123.4, 121.6, 115.3, 111.8, 106.5, 63.6, 20.7. IR ν 3112 (m), 3045 (s), 2925 

(s), 2861 (s), 1735 (s), 1612 (s), 1513 (s), 1458 (s), 1377 (s), 1287 (s), 1247 (s), 1182 (s), 1017 (s), 950 

(s), 858 (s), 816 (s), 747 (s), 710 (s). HRMS (APPI/QTOF) m/z: [M]+ Calcd for C16H13O2
+ 237.0910; Found 

237.0902.  

 

Palladium reduction: 

2-Oxopentyl benzoate (5.46) 

 
2-(p-Tolyloxy)pent-1-en-3-yl 2-iodobenzoate 5.15b (42.2 mg, 0.100 mmol), Pd/C (loading 5 wt. %, 11.8 

mg, 5 mol%) and EtOH (2.90 mL, 0.035 M) were added into a flame dried test tube equipped with a 

teflon coated stir bar. The tube was placed under hydrogen atmosphere using an autoclave (10 bar) 

and the solution was stirred at room temperature for 24 h. 2-Oxopentyl benzoate 5.46 (19.9 mg, 96.0 

µmol, 96% yield) was obtained, as a colorless sticky solid. Rf: 0.51 (Pentane:EtOAc 9:1). 1H NMR (400 

MHz, Acetonitrile-d3) δ 8.09 – 8.02 (m, 2H, ArH), 7.70 – 7.62 (m, 1H, ArH), 7.57 – 7.48 (m, 2H, ArH), 

4.91 (s, 2H, OCH2CO), 2.48 (t, J = 7.3 Hz, 2H, COCH2CH2CH3), 1.61 (h, J = 7.3 Hz, 2H, COCH2CH2CH3), 0.93 

(t, J = 7.4 Hz, 3H, COCH2CH2CH3). 13C NMR (101 MHz, Acetonitrile-d3) δ 205.0, 166.5, 134.4, 130.5, 

130.4, 129.7, 69.4, 41.0, 17.5, 13.8. IR ν 2963 (w), 2878 (w), 2261 (m), 1726 (s), 1719 (s), 1458 (w), 

1415 (m), 1375 (m), 1275 (s), 1116 (m), 1056 (m), 1031 (m), 984 (w), 840 (m), 713 (s). HRMS 

(APCI/QTOF) m/z: [M + Na]+ Calcd for C12H14NaO3
+ 229.0835; Found 229.0833.  

                                                            
33 L. Zhou, Y. Shi, X. Zhu, P. Zhang, Tetrahedron Lett. 2019, 60, 2005–2008. 
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Epoxidation: 

 
To a solution of 5.14 (0.300 mmol, 1.0 equiv.) in DCM (3.0 mL) was added NaHCO3 (3.0 mL) and then 

3-chloroperbenzoic acid (0.360 mmol, 1.2 equiv.). The resulting mixture was stirred at room 

temperature for 5 h. A saturated aqueous solution of NaHCO3 (3 mL) was added to the reaction 

mixture and stirred for 10 min. The organic layers were extracted with dichloromethane three times. 

The combined extracts were washed with brine and dried over anhydrous sodium sulfate. The sulfate 

was removed by filtration and the filtrate was concentrated under reduced pressure to provide 

product 5.47 as a yellowish oil. 

 

3-Ethyl-2-(p-tolyloxy)-2-((p-tolyloxy)methyl)oxirane (5.47a) 

Starting from 5.14b (85.0 mg, 0.300 mmol), 3-ethyl-2-(p-tolyloxy)-2-((p-

tolyloxy)methyl)oxirane 5.47a (90.0 mg, 0.300 mmol, quant. yield) was 

obtained, as a yellowish oil. Rf: 0.81 (Pentane:EtOAc 9:1). 1H NMR (400 

MHz, Acetonitrile-d3) δ 7.15 – 7.04 (m, 4H, ArH), 7.00 – 6.92 (m, 2H, ArH), 

6.86 – 6.76 (m, 2H, ArH), 4.44 (dd, J = 11.2, 0.8 Hz, 1H, OCH2C), 4.09 (d, J 

= 11.2 Hz, 1H, OCH2C), 3.21 – 3.15 (m, 1H, OCHCH2), 2.27 (s, 3H, ArCH3), 2.25 (s, 3H, ArCH3), 1.71 – 1.56 

(m, 2H, CH2CH3), 1.04 (t, J = 7.5 Hz, 3H, CH2CH3). 13C NMR (101 MHz, Acetonitrile-d3) δ 157.3, 152.9, 

133.9, 131.7, 130.9, 130.9, 120.4, 115.5, 86.7, 66.8, 64.0, 22.1, 20.6, 20.4, 10.4. IR ν 3032 (m), 2972 

(m), 2928 (m), 2878 (m), 1612 (m), 1587 (m), 1510 (s), 1462 (m), 1289 (m), 1221 (s), 1175 (m), 1127 

(m), 1108 (m), 1051 (m), 1016 (m), 930 (m), 843 (m), 818 (s), 768 (m), 737 (m), 701 (m). HRMS 

(ESI/QTOF) m/z: [M + Na]+ Calcd for C19H22NaO3
+ 321.1461; Found 321.1464.  

 

3-Ethyl-2-(4-methoxyphenoxy)-2-((p-tolyloxy)methyl)oxirane (5.47b) 

Starting from 5.14v (30.0 mg, 0.100 mmol), 3-ethyl-2-(4-

methoxyphenoxy)-2-((p-tolyloxy)methyl)oxirane 5.47b (31.0 mg, 0.100 

mmol, quant. yield) was obtained, as a yellowish oil. Rf: 0.55 

(Pentane:EtOAc 9:1). 1H NMR (400 MHz, Acetonitrile-d3) δ 7.12 – 7.06 

(m, 2H, ArH), 7.03 – 6.98 (m, 2H, ArH), 6.87 – 6.81 (m, 4H, ArH), 4.41 

(dd, J = 11.2, 0.9 Hz, 1H, OCH2C), 4.06 (d, J = 11.1 Hz, 1H, OCH2C), 3.73 (s, 3H, OCH3), 3.17 (td, J = 6.6, 

0.8 Hz, 1H, OCHCH2), 2.25 (d, J = 0.8 Hz, 3H, ArCH3), 1.62 (qd, J = 7.5, 6.4 Hz, 2H, CH2CH2), 1.02 (t, J = 

7.5 Hz, 3H, CH3). 13C NMR (101 MHz, Acetonitrile-d3) δ 157.3, 157.0, 148.4, 131.7, 130.9, 122.2, 115.5, 

115.4, 87.2, 66.9, 63.8, 56.1, 22.1, 20.4, 10.3. IR ν 2979 (w), 2940 (w), 2880 (w), 1732 (w), 1613 (w), 

1588 (w), 1507 (s), 1469 (w), 1439 (w), 1393 (w), 1291 (m), 1242 (s), 1211 (s), 1178 (m), 1126 (w), 1106 

(m), 1038 (m), 1012 (w), 930 (m), 823 (m), 736 (m), 705 (w). HRMS (APPI/LTQ-Orbitrap) m/z: [M]+ 

Calcd for C19H22O4
+ 314.1513; Found 314.1513. 
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Oxidation with m-CPBA: 

 
To a solution of 5.14 (0.300 mmol, 1.0 equiv.) in DCM (3.0 mL) was added 3-chloroperbenzoic acid 

(0.390 mmol, 1.3 equiv.). The resulting mixture was stirred at room temperature for 17 h. A saturated 

aqueous solution of NaHCO3 (3 mL) was added to the reaction mixture and stirred for 10 min. The 

organic layers were extracted with dichloromethane three times. The combined extracts were washed 

with brine and dried over anhydrous sodium sulfate. The sulfate was removed by filtration and the 

filtrate was concentrated under reduced pressure. The crude was purified by column chromatography 

(pentane:ethyl acetate 9:1) to provide product 5.48 as a colorless sticky solid. 

 

2-Oxo-1-(p-tolyloxy)pentan-3-yl 3-chlorobenzoate (5.48a) 

Starting from 5.14m (85.0 mg, 0.300 mmol), 2-oxo-1-(p-

tolyloxy)pentan-3-yl 3-chlorobenzoate 5.48a (66.5 mg, 0.19 mmol, 

64% yield) was obtained, as a colorless oil. Rf: 0.43 

(Pentane:EtOAc 9:1). 1H NMR (400 MHz, Acetonitrile-d3) δ 8.05 (t, 

J = 1.9 Hz, 1H, ArH), 8.01 (dt, J = 7.8, 1.4 Hz, 1H, ArH), 7.68 (ddd, J = 8.1, 2.3, 1.1 Hz, 1H, ArH), 7.52 (t, 

J = 7.9 Hz, 1H, ArH), 7.14 – 7.07 (m, 2H, ArH), 6.85 – 6.77 (m, 2H, ArH), 5.43 (dd, J = 7.8, 4.4 Hz, 1H, 

OCCHO), 4.98 – 4.82 (m, 2H, OCH2CO), 2.26 (s, 3H, ArCH3), 2.08 (ddd, J = 14.6, 7.3, 3.8 Hz, 1H, CH2), 

1.99 (dd, J = 15.0, 7.6 Hz, 1H, CH2), 1.07 (t, J = 7.4 Hz, 3H, CH3). 13C NMR (101 MHz, Acetonitrile-d3) δ 

203.7, 165.6, 156.7, 135.2, 134.4, 132.3, 131.8, 131.4, 130.9, 130.2, 129.0, 115.3, 79.3, 71.6, 24.5, 

20.4, 9.9. IR ν 3673 (m), 3093 (m), 2978 (s), 2878 (m), 2604 (w), 1934 (w), 1746 (m), 1720 (m), 1592 

(w), 1512 (m), 1472 (w), 1427 (w), 1392 (m), 1302 (m), 1244 (m), 1181 (w), 1070 (s), 1043 (s), 957 (w), 

897 (w), 870 (w), 847 (m), 832 (m), 751 (m), 687 (w), 673 (w), 632 (w). HRMS (ESI/QTOF) m/z: [M + 

Na]+ Calcd for C19H19ClNaO4
+ 369.0864; Found 369.0863. 

 

2-Oxo-3-(p-tolyloxy)propyl 3-chlorobenzoate (5.48b) 

Starting from 5.14a (25.0 mg, 0.100 mmol), 2-oxo-3-(p-

tolyloxy)propyl 3-chlorobenzoate 5.48b (15.0 mg, 47.0 µmol, 47% 

yield) was obtained, as a colorless oil. Rf: 0.29 (Pentane:EtOAc 

9:1). 1H NMR (400 MHz, Acetonitrile-d3) δ 8.04 (t, J = 1.9 Hz, 1H, 

ArH), 7.99 (dt, J = 7.8, 1.3 Hz, 1H, ArH), 7.68 (ddd, J = 8.1, 2.2, 1.1 Hz, 1H, ArH), 7.52 (t, J = 7.9 Hz, 1H, 

ArH), 7.18 – 7.09 (m, 2H, ArH), 6.88 – 6.80 (m, 2H), 5.16 (s, 2H, CH2), 4.82 (s, 2H, CH2), 2.27 (s, 3H, 

ArCH3). 13C NMR (101 MHz, Acetonitrile-d3) δ 201.3, 165.4, 156.7, 135.2, 134.4, 132.3, 131.9, 131.5, 

130.9, 130.2, 128.9, 115.3, 72.0, 68.3, 20.4. IR ν 2975 (m), 2926 (m), 1732 (s), 1613 (m), 1576 (m), 1511 

(s), 1457 (w), 1431 (m), 1411 (m), 1379 (m), 1290 (s), 1255 (s), 1244 (s), 1123 (m), 1109 (m), 1065 (m), 

1053 (m), 985 (w), 898 (w), 818 (m), 752 (m), 719 (w), 676 (m), 629 (m). HRMS (nanochip-ESI/LTQ-

Orbitrap) m/z: [M]+ Calcd for C17H15ClNaO4
+ 341.0551; Found 341.0554.  
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2-Oxo-1-(p-tolyloxy)pentan-3-yl acetate (5.49) 

 
A solution of 3-ethyl-2-(p-tolyloxy)-2-((p-tolyloxy)methyl)oxirane 5.47a (0.200 mmol, 1.0 equiv.) in 

acetic acid (1.0 mL) was stirred at room temperature for 30 minutes. The excess of acetic acid was 

removed by co-evaporation with toluene. The crude was purified by preparative TLC (pentane:ethyl 

acetate 9:1) to provide the 2-oxo-1-(p-tolyloxy)pentan-3-yl acetate 5.49 (36.0 mg, 0.144 mmol, 72% 

yield) as a colorless oil. Rf: 0.32 (Pentane:EtOAc 9:1). 1H NMR (400 MHz, Methylene Chloride-d2) δ 

7.14 – 7.06 (m, 2H, ArH), 6.81 – 6.76 (m, 2H, ArH), 5.20 (dd, J = 8.0, 4.3 Hz, 1H, OCCHO), 4.79 – 4.65 

(m, 2H, OCH2CO), 2.28 (s, 3H, ArCH3), 2.13 (s, 3H, OCCH3), 2.00 – 1.87 (m, 1H, CH2CH3), 1.81 (ddt, J = 

15.3, 14.5, 7.4 Hz, 1H, CH2CH3), 1.00 (t, J = 7.4 Hz, 3H, CH3). 13C NMR (101 MHz, Methylene Chloride-

d2) δ 203.7, 171.1, 156.2, 131.7, 130.6, 114.9, 78.0, 71.7, 24.3, 20.9, 20.7, 10.0. IR ν 3469 (w), 2974 

(w), 2926 (w), 1736 (s), 1612 (w), 1588 (w), 1511 (s), 1459 (w), 1433 (w), 1374 (m), 1294 (m), 1227 (s), 

1177 (w), 1096 (m), 1057 (m), 1019 (m), 970 (m), 902 (w), 816 (m), 717 (w), 678 (w). HRMS (nanochip-

ESI/LTQ-Orbitrap) m/z: [M + Na]+ Calcd for C14H18NaO4
+ 273.1097; Found 273.1085. 

 

Oxidation with Oxone®: 

 
To a solution of 5.15a (20 mg, 0.050 mmol, 1.0 equiv.) in CH3CN (0.50 mL) and H2O (0.50 mL) was 

added Oxone® (92 mg, 0.15 mmol, 3.0 equiv.). The resulting mixture was stirred at room temperature 

for 5 h and at 85 °C for 2 h. According to TLC, HRMS and NMR no reaction occurred and the starting 

5.15a was recovered. 

 

Oxidation with SelectfluorTM: 

 
To a solution of 5.15a (20 mg, 0.050 mmol, 1.0 equiv.) in CH3CN (0.50 mL) was added SelectfluorTM (54 

mg, 0.15 mmol, 3.0 equiv.). The resulting mixture was stirred at room temperature. After 1 h, full 

consumption of 5.15a was observed. According to NMR, decomposition occurred and a complex 

product mixture was recovered.  

  



 Chapter 9: Experimental Part 

264 
 

9.6.7 Mechanistic investigations 

Nature of 5.15a:  

 
In a round-bottom flask were added p-cresol (5.8a, 10.8 mg, 0.100 mmol, 1.00 equiv.) and cesium 

carbonate (39.0 mg, 0.120 mmol, 1.20 equiv.). Anhydrous DME (3.00 mL, 0.1 M) was and the solution 

was stirred at room temperature for 10 min. Allyl-ester 5.14a (39.4 mg, 0.100 mmol, 1.00 equiv.) was 

added to the reaction mixture under open air and the reaction mixture was stirred at room 

temperature for 16 h. 

Cross-over experiment:  

 
O-VBX.1 (0.020 g, 50.0 µmol, 0.5 equiv.), O-VBX.27 (0.022 g, 0.050 mmol, 0.5 equiv.) and cesium 

carbonate (0.039 g, 0.12 mmol, 1.2 equiv.) were added to a 5 mL microwave vial. Anhydrous DME (1.0 

mL) was introduced to the vial by syringe. Then anisole (2.17 µl, 20.0 µmol, 0.2 equiv.) was added and 

the reaction mixture was stirred at room temperature, for 16 h. The solution was then concentrated 

under reduced pressure. The crude material was purified by column chromatography (Pentane:Ethyl 

acetate 9:1) and 2-(p-tolyloxy)allyl 2-iodobenzoate 5.15a (0.013 g, 0.032 mmol, 32 % yield), 2-(4-

methoxyphenoxy)allyl 2-iodobenzoate 5.15o (0.010 g, 0.024 mmol, 24 % yield), 2-(p-tolyloxy)allyl 2-

iodo-5-methoxybenzoate 5.15u (0.009 g, 0.021 mmol, 21 % yield) and 2-(4-methoxyphenoxy)allyl 2-

iodo-5-methoxybenzoate 5.15t (0.010 g, 0.023 mmol, 23 % yield) were obtained as a colorless oils.  

 (Z)-5-Methoxy-1-(2-(4-methoxyphenoxy)prop-1-en-1-yl)-1,2-benziodoxol-3-(1H)-one (O-VBX.27) 

 Starting from EBX.27 (158 mg, 0.500 mmol), (Z)-5-Methoxy-1-(2-(4-

methoxyphenoxy)prop-1-en-1-yl)-1,2-benziodoxol-3-(1H)-one O-VBX.27 (133 

mg, 0.302 mmol, 60% yield) was obtained, as a white solid. Rf: 0.50 (DCM:MeOH 

9:1). Mp: 180 °C. 1H NMR (400 MHz, Methylene chloride-d2) δ 7.91 (d, J = 3.0 Hz, 

1H, ArH), 7.50 (d, J = 9.0 Hz, 1H, ArH), 7.21 (dd, J = 8.9, 3.1 Hz, 1H, ArH), 6.93 – 

6.81 (m, 4H, ArH), 5.68 (d, J = 1.1 Hz, 1H, vinylH), 3.92 (s, 3H, OCH3), 3.77 (s, 3H, 

OCH3), 2.17 (d, J = 1.0 Hz, 3H, CH3). 13C NMR (101 MHz, Methylene chloride-d2) δ 

168.1, 166.6, 162.9, 158.0, 147.6, 136.2, 126.5, 122.1, 121.3, 116.4, 115.4, 102.5, 

76.7, 56.6, 56.2, 19.7. IR ν 3676 (w), 2979 (s), 2903 (s), 1618 (m), 1571 (m), 1498 (m), 1461 (m), 1403 

(m), 1342 (m), 1214 (m), 1058 (s), 953 (w), 902 (w), 712 (m). HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for 

C18H18IO5
+ 441.0193; Found 441.0191.  
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2-(p-Tolyloxy)allyl 2-iodobenzoate (5.15a) 
1H NMR (400 MHz, Chloroform-d) δ 8.01 (dd, J = 8.0, 1.2 Hz, 1H, ArH), 7.87 

(dd, J = 7.8, 1.7 Hz, 1H, ArH), 7.41 (td, J = 7.6, 1.2 Hz, 1H, ArH), 7.23 – 7.12 

(m, 3H, ArH), 7.06 – 6.94 (m, 2H, ArH), 4.94 (s, 2H, CCH2O), 4.55 (d, J = 2.4 

Hz, 1H, CH2CO), 4.23 (d, J = 2.3 Hz, 1H, CH2CO), 2.33 (s, 3H, CH3). 13C NMR 

(101 MHz, Chloroform-d) δ 166.1, 157.5, 152.6, 141.6, 134.8, 134.2, 133.0, 

131.4, 130.3, 128.1, 120.8, 94.5, 92.1, 65.0, 20.9.  

2-(4-Methoxyphenoxy)allyl 2-iodobenzoate (5.15o) 
1H NMR (400 MHz, Chloroform-d) δ 8.02 (dd, J = 7.9, 1.2 Hz, 1H, ArH), 

7.88 (dd, J = 7.8, 1.7 Hz, 1H, ArH), 7.42 (td, J = 7.5, 1.2 Hz, 1H, ArH), 7.17 

(td, J = 7.7, 1.7 Hz, 1H, ArH), 7.06 – 6.97 (m, 2H, ArH), 6.92 – 6.84 (m, 2H, 

ArH), 4.94 (s, 2H, CCH2O), 4.51 (d, J = 2.3 Hz, 1H, CH2CO), 4.16 (d, J = 2.4 

Hz, 1H, CH2CO), 3.80 (s, 3H, OCH3). 13C NMR (101 MHz, Chloroform-d) δ 

166.1, 158.1, 156.6, 148.3, 141.6, 134.8, 133.0, 131.4, 128.1, 122.2, 114.9, 94.5, 91.2, 65.0, 55.7.  

2-(p-Tolyloxy)allyl 2-iodo-5-methoxybenzoate (5.15t) 
1H NMR (400 MHz, Chloroform-d) δ 7.85 (d, J = 8.7 Hz, 1H, ArH), 7.42 (d, J 

= 3.1 Hz, 1H, ArH), 7.20 – 7.11 (m, 2H, ArH), 7.05 – 6.94 (m, 2H, ArH), 6.77 

(dd, J = 8.7, 3.1 Hz, 1H, ArH), 4.93 (s, 2H, CCH2O), 4.56 (d, J = 2.3 Hz, 1H, 

CH2CO), 4.23 (d, J = 2.3 Hz, 1H, CH2CO), 3.80 (s, 3H, OCH3), 2.33 (s, 3H, CH3). 
13C NMR (101 MHz, Chloroform-d) δ 165.9, 159.6, 157.4, 152.7, 142.1, 

135.6, 134.2, 130.3, 120.8, 119.6, 116.9, 92.2, 82.8, 65.0, 55.7, 20.9. 

2-(4-Methoxyphenoxy)allyl 2-iodo-5-methoxybenzoate (5.15u) 
1H NMR (400 MHz, Chloroform-d) δ 7.85 (d, J = 8.7 Hz, 1H, ArH), 7.42 (d, 

J = 3.1 Hz, 1H, ArH), 7.08 – 6.98 (m, 2H, ArH), 6.92 – 6.83 (m, 2H, ArH), 

6.77 (dd, J = 8.8, 3.1 Hz, 1H, ArH), 4.93 (s, 2H, CCH2O), 4.51 (d, J = 2.4 Hz, 

1H, CH2CO), 4.16 (d, J = 2.4 Hz, 1H, CH2CO), 3.81 (s, 3H, OCH3), 3.80 (s, 

3H, OCH3). 13C NMR (101 MHz, Chloroform-d) δ 165.9, 159.7, 158.0, 

156.6, 148.3, 142.1, 135.6, 122.2, 119.6, 116.9, 114.9, 91.3, 82.8, 65.0, 55.7, 55.7.  

 

Tentative to trap intermediate: 

 

p-Cresol (5.8a, 10.8 mg, 0.100 mmol, 1.0 equiv.) and cesium carbonate (39.0 mg, 0.120 mmol, 1.2 

equiv.) were added to a round-bottom flask. Anhydrous DME (0.1 M) was introduced at 0 °C and the 

solution was stirred at room temperature for 10 min. O-VBX.1 reagent (39.0 mg, 0.100 mmol, 1.0 

equiv.) and TEMPO or p-methoxystyrene (0.100 mmol, 1.0 equiv.) was added to the reaction mixture 

under open air and the reaction mixture was stirred at room temperature for 16 h. The reaction 
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mixture was filtrated, solvent was removed under reduced pressure and the crude material was 

purified by column chromatography (pentane: ethyl acetate 9:1). The 4,4'-(prop-2-ene-1,2-

diylbis(oxy))bis(methylbenzene) 5.14a (20.0 mg, 80.0 µmol, 80% yield) and the 2-(p-tolyloxy)allyl 2-

iodobenzoate 5.15a (7.80 mg, 20.0 µmol, 20% yield) were obtained as a colorless amorphous solids. 

 

 

To a solution of O-VBX.1 (39.0 mg, 0.100 mmol, 1.00 equiv.) in DME and furan (0.1 M) were added 

cesium carbonate (39.0 mg, 0.120 mmol, 1.20 equiv.) and anisole (20.0 µL, 20.0 µmol, 0.20 equiv.) and 

the solution was stirred at room temperature for 16 hours. The reaction mixture was filtrated, solvent 

was removed under reduced pressure and the crude material was purified by column chromatography 

(pentane:ethyl acetate 9:1). The 2-(p-tolyloxy)allyl 2-iodobenzoate 5.15a (19.6 mg, 50.0 µmol, 50% 

yield) was obtained as a colorless amorphous solid and the 3-(p-tolyloxy)-8-oxabicyclo[3.2.1]octa-2,6-

diene 5.40 was observed by mass analysis. HRMS (APPI/QTOF) m/z: [M + H]+ Calcd for 

C14H15O2
+ 215.1067; Found 215.1063.  

 

In a round-bottom flask, p-cresol (5.8a, 0.108 g, 1.00 mmol, 1.00 equiv.) was dissolved in 10 mL of 

DME (0.1 M). Cesium carbonate (33.0 mg, 0.100 mmol, 0.10 equiv.) was added and the mixture stirred 

vigorously for 5 min. Then EBX.10 was added in one portion (0.326 g, 1.00 mmol, 1.00 equiv.) and the 

reaction was left stirring for 16 hours at room temperature. Then cesium carbonate (0.391 g, 1.20 

mmol, 1.20 equiv.) and anisole (22 µL, 0.20 mmol, 0.20 equiv.) were added and the solution was stirred 

at room temperature for 16 hours. The reaction mixture was filtrated, solvent was removed under 

reduced pressure and the crude material was purified by column chromatography (pentane:ethyl 

acetate 9:1). The (E)-5-(p-tolyloxy)hexa-3,5-dien-1-yl 2-iodobenzoate (5.41) (0.232 g, 0.534 mmol, 

53% yield), the (E)-3-cyclopropyl-2-(p-tolyloxy)allyl 2-iodobenzoate (5.15v) (78.0 mg, 0.178 mmol, 18% 

yield) and the 3-Cyclopropyl-2-oxopropyl 2-iodobenzoate (5.42) (36.0 mg, 36.0 µmol, 4% yield) were 

obtained as sticky solids. 

(E)-5-(p-tolyloxy)hexa-3,5-dien-1-yl 2-iodobenzoate (5.41) 
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Rf: 0.29 (Pentane:EtOAc 9:1). 1H NMR (400 MHz, Acetonitrile-d3) δ 8.03 – 

7.98 (m, 1H, ArH), 7.70 (dd, J = 7.7, 1.7 Hz, 1H, ArH), 7.47 (td, J = 7.6, 1.2 Hz, 

1H, ArH), 7.23 (td, J = 7.7, 1.7 Hz, 1H, ArH), 7.16 – 7.11 (m, 2H, ArH), 6.93 – 

6.88 (m, 2H, ArH), 6.19 (q, J = 1.9 Hz, 2H, OCCHCH), 4.47 (d, J = 1.6 Hz, 1H, 

OCCH2), 4.38 (t, J = 6.4 Hz, 2H, CHCH2CH2O), 4.14 (d, J = 1.6 Hz, 1H, OCCH2), 

2.60 (tdd, J = 6.3, 3.9, 1.7 Hz, 2H, CHCH2CH2O), 2.29 (s, 3H, CH3). 13C NMR (101 MHz, Acetonitrile-d3) δ 

167.6, 159.2, 154.7, 141.9, 137.2, 134.2, 133.6, 131.3, 131.1, 129.2, 128.8, 128.5, 120.4, 95.1, 93.8, 

65.4, 32.2, 20.7. IR ν 2987 (m), 2888 (w), 1729 (s), 1679 (w), 1611 (w), 1584 (m), 1563 (w), 1507 (m), 

1473 (w), 1427 (m), 1392 (m), 1288 (m), 1263 (s), 1219 (m), 1169 (w), 1135 (m), 1103 (w), 1044 (m), 

1016 (m), 740 (s), 704 (m). HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C20H19INaO3
+ 457.0271; Found 

457.0268. 

 (E)-3-cyclopropyl-2-(p-tolyloxy)allyl 2-iodobenzoate (5.15v)  

 Rf: 0.50 (Pentane:EtOAc 9:1). 1H NMR (400 MHz, Acetonitrile-d3) δ 8.02 

(dd, J = 7.9, 1.2 Hz, 1H, ArH), 7.74 (dd, J = 7.8, 1.7 Hz, 1H, ArH), 7.49 (td, J 

= 7.6, 1.2 Hz, 1H, ArH), 7.24 (td, J = 7.7, 1.7 Hz, 1H, ArH), 7.19 (d, J = 8.2 Hz, 

2H, ArH), 7.00 – 6.94 (m, 2H, ArH), 4.96 (d, J = 9.1 Hz, 1H, OCCHCH), 4.62 

(d, J = 2.3 Hz, 1H, OCH2CO), 4.11 (d, J = 2.3 Hz, 1H, OCH2CO), 2.31 (s, 3H, 

ArCH3), 1.50 (dtt, J = 9.5, 8.1, 4.9 Hz, 1H, CH), 0.76 – 0.64 (m, 2H, CH2), 0.56 (tddd, J = 13.1, 8.7, 6.8, 

3.5 Hz, 2H, CH2). 13C NMR (101 MHz, Acetonitrile-d3) δ 167.0, 161.4, 153.8, 142.0, 137.1, 135.1, 133.7, 

131.3, 131.2, 129.3, 121.3, 93.8, 91.5, 80.0, 20.7, 14.3, 4.7, 3.6. IR ν 3655 (w), 3546 (w), 3087 (m), 3006 

(m), 2870 (w), 2602 (w), 1929 (w), 1884 (w), 1728 (s), 1646 (m), 1609 (m), 1584 (m), 1506 (s), 1464 

(m), 1430 (m), 1281 (s), 1247 (s), 1223 (s), 1167 (w), 1129 (m), 1098 (s), 1041 (s), 1016 (s), 959 (s), 907 

(m), 833 (s), 742 (s), 687 (m), 638 (w). HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C20H19INaO3
+ 

457.0271; Found 457.0274. 

3-Cyclopropyl-2-oxopropyl 2-iodobenzoate (5.42) 

Rf: 0.56 (Pentane:EtOAc 9:1). 1H NMR (400 MHz, Acetonitrile-d3) δ 8.06 (dd, J = 

8.0, 1.2 Hz, 1H, ArH), 7.91 (dd, J = 7.8, 1.7 Hz, 1H, ArH), 7.52 (td, J = 7.6, 1.2 Hz, 

1H, ArH), 7.27 (td, J = 7.7, 1.7 Hz, 1H, ArH), 4.99 (s, 2H, OCH2C), 2.40 (d, J = 7.0 Hz, 

2H, CCH2C), 1.09 – 0.93 (m, 1H, CH), 0.62 – 0.47 (m, 2H, CH2), 0.21 – 0.13 (m, 2H, 

CH2).13C NMR (101 MHz, Acetonitrile-d3) δ 204.3, 166.6, 142.3, 135.6, 134.2, 132.0, 129.3, 94.3, 69.6, 

44.6, 6.4, 4.8. IR ν 2990 (m), 2941 (w), 2886 (w), 1729 (s), 1672 (w), 1611 (w), 1584 (m), 1564 (m), 

1508 (s), 1473 (w), 1415 (m), 1369 (m), 1289 (m), 1253 (s), 1211 (w), 1134 (m), 1107 (m), 1072 (m), 

1045 (m), 1018 (m), 952 (w), 826 (w), 740 (s), 704 (m), 639 (w). HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd 

for C13H13INaO3
+ 366.9802; Found 366.9810. 
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9.7 Tyrosine bioconjugation 

9.7.1 HPLC-MS and preparative HPLC information 

HPLC-MS analysis 

HPLC-MS measurements were performed on an Agilent 1290 Infinity HPLC system with a G4226a 1290 

Autosampler, a G4220A 1290 Bin Pump and a G4212A 1290 DAD detector, connected to a 6130 

Quadrupole LC/MS, coupled with a Waters XBridge C18 column (250 x 4.6 mm, 5 µm). 

Water:acetonitrile 95:5 (solvent A) and water:acetonitrile 5:95 (solvent B), each containing 0.1% 

formic acid, were used as the mobile phase, at a flow rate of 0.6 mL.min-1. The gradient was 

programmed as follows:  

Method 1: 100% A for 5 minutes and then a gradient to 100% B in 20 minutes, plus 5 minutes of 100% 

B. Method 1 was used for HPLC-MS analysis unless noted otherwise. 

The column temperature was set up to 25 °C. Low-resolution mass spectrometric measurements were 

acquired using the following parameters: positive electrospray ionization (ESI), temperature of drying 

gas = 350 °C, flow rate of drying gas = 12 L. min-1, pressure of nebulizer gas = 60 psi, capillary voltage 

= 2500 V and fragmentor voltage = 70 V.  

Preparative HPLC 

Preparative RP-HPLC were performed on an Agilent 1260 HPLC system with a G2260A 1260 Prep ALS 

Autosampler, a G1361a 1260 Prep Pump, a G1365C 1260 MWD detector and a G1364B 1260 FC-PS 

collector, coupled with a Waters XBridge semi-preparative C18 column (19 x 150 mm, 5 µm). Water 

(solvent A) and water:acetonitrile 5:95 (solvent B), each containing 0.1% TFA, were used as the mobile 

phase at a flow rate of 20 mL.min-1. The gradient was programmed as follows: 100% A isocratic for 5 

minutes followed by 100% A to 100% B in 20 minutes then isocratic for 5 minutes. 

9.7.2 Synthesis of tetramers  

Solid-Phase Peptide Synthesis (SPPS): 

Peptides were synthesized on an MultiPep RSi parallel peptide synthesizer (Intavis) using standard 

Fmoc SPPS-chemistry and Rink Amide MBHA resin (0.337 mmol/g resin, 0.05 mmol scale). Each 

coupling cycle was initiated by Fmoc deprotection on the Rink Amide MBHA resin, achieved by shaking 

the resin with 800 µL of 20% v/v piperidine in dimethylformamide (DMF) at 400 rpm, over 5 minutes 

twice. Then the resin was washed with DMF (6000 µL x7). The coupling was carried out by shaking 

Rink Amide MBHA resin with a Fmoc-protected monomer (4.0 equiv.), 2-(1H-benzotriazol-1-yl)-

1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU, 4.0 equiv.), hydroxybenzotriazole (HOBt, 

4.0 equiv.) and N-Methylmorpholine (6.0 equiv.), in DMF (1.3 mL), at 400 rpm, over 30 minutes twice. 

Alternatively, HATU (4.0 equiv.) instead of the HBTU and HOBt combination was used for the coupling. 

Capping using Cap Mixture (5% v/v Ac2O and 6% v/v 2,6-lutidine in DMF) was carried out at the end of 

each cycle, followed by a DMF wash (6000 µL x7). The synthesis was finished by deprotection of Fmoc 

using 20% v/v piperidine in dimethylformamide at 400 rpm, over 5 minutes two times. The N-terminus 

was either left unprotected or was acylated or fluoresceinated. Acetylation of the N-terminal was 

achieved by incubating the resin with Cap Mixture three times. Fluoresceination was achieved by 
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shaking Rink Amide MBHA resin with a 5(6)-carboxyfluorescein (2.0 equiv.), 2-(1H-benzotriazol-1-yl)-

1,1,3,3-tetramethyluronium hexafluorophosphate (HATU, 2.0 equiv.) and N-Methylmorpholine (3.0 

equiv.), in DMF (1.3 mL), at 400 rpm, over 30 minutes. Next, washing steps were performed with 

dimethylformamide (5 x 3 mL). Finally, resin was dried with dichloromethane (5 x 3 mL). 

Peptide cleavage and deprotection: 

Peptides were deprotected and cleaved from the resin by treatment with 2.5% v/v water and 2.5% 

v/v Triisopropyl silane in neat trifluoroacetic acid (5 mL). The resulting mixture was shaken for 2 hours, 

at room temperature. The resin was removed by filtration and peptides were precipitated in cold 

diethyl ether (50 mL), followed by a 2 hours incubation at -20 °C. Peptides were pelleted by 

centrifugation at 4000 rpm, for 5 minutes. Finally, the mother liquors were carefully removed. 

Peptide purification and analysis: 

Peptides were dissolved in water with a minimum amount of organic co-solvent (acetonitrile, 

dimethylformamide or dimethyl sulfoxide). Peptides were then purified on preparative RP-HPLC with 

a gradient of 5 minutes of solvent A (100% Water with 0.1% TFA) and then 20 minutes gradient to 

100% solvent B (5% Water/AcCN with 0.1% TFA). Fractions containing the desired peptide were 

lyophilized. Peptides were obtained as TFA salts, one molecule of TFA was assumed for every basic 

amino acid residue - Lys (K), Arg (R) and His (H). The purity was assessed by HPLC-MS analysis. At the 

same time, low-resolution mass spectrometric measurements were also acquired. High-resolution 

mass spectrometry measurements of the purified peptide were performed  by ESI on a Thermo 

Orbitrap Elite. 

MS/MS fragmentation: 

The regioselectivity of the bioconjugation was confirmed using MS/MS analysis using a LTQ Orbitrap 

Elite instrument (Thermofisher). The precursor ion was selected in the LTQ using an isolation window 

of 3 m/z and submitted to fragmentation using CID, HCD and ETD activation techniques. The spectra 

were analyzed using the Apm2S tool available at ms.epfl.ch or eln.epfl.ch.34 For the calculations, the 

experimental spectra were compared to theoretical peaks using a peak threshold  set to 0.5%, a mass 

error of 5 ppm, a minimal similarity for the isotopic pattern of 70% and a zone set to -0.5 to 4.5 u 

relative to the calculated monoisotopic mass. The linker was added as a variable modification and 

fragment ions (mainly b, y and a but also neutral losses) with and without linker were matched. ETD 

fragmentation, being known to better preserve labile modifications, was also performed and in this 

case, c and z fragments were searched. The fragments containing the bioconjugate mass are indicated 

in bold.   

                                                            
34 a) J. S. Desport, G. Frache, L. Patiny Ref Rapid Commun Mass Spectrom. 2020, e8652; b) D. Ortiz, N Gasilova, 

F. Sepulveda, L. Patiny, P. J. Dyson, L. Menin, Ref Rapid Commun Mass Spectrom. 2020.  
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AFYA-NH2 (7.2a) 

 
1H NMR (400 MHz, MeOD) δ 7.30 – 7.15 (m, 5H, ArH), 7.10 – 7.02 (m, 2H, ArH), 6.73 – 6.65 (m, 2H, 

ArH), 4.63 (dd, J = 9.1, 5.5 Hz, 1H, CH-Tyr), 4.53 (dd, J = 8.1, 6.2 Hz, 1H, CH-Tyr), 4.29 (q, J = 7.2 Hz, 1H, 

CH-Ala-C-Term), 3.83 (q, J = 7.0 Hz, 1H, CH-Ala-N-Term), 3.11 (dd, J = 14.0, 5.6 Hz, 1H, CH2-Phe), 3.03 

(dd, J = 13.9, 6.2 Hz, 1H, CH2-Tyr), 2.87 (td, J = 14.0, 8.7 Hz, 2H, CH2-Tyr, CH2-Phe), 1.42 (d, J = 7.1 Hz, 

3H, CH3), 1.34 (d, J = 7.2 Hz, 3H, CH3). 13C NMR (101 MHz, MeOD) δ 177.2, 172.9 (2 C under this peak), 

170.9, 157.3, 138.2, 131.5, 130.2, 129.5, 128.8, 127.9, 116.3, 56.3, 56.2, 50.1, 50.0, 38.7, 38.0, 18.3, 

17.7.35 HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C24H32N5O5
+ 470.2398; Found 

470.2392. 

ALYA-NH2 (7.2b) 

 
1H NMR (400 MHz, MeOD) δ 7.10 – 7.02 (m, 2H, ArH), 6.73 – 6.65 (m, 2H, ArH), 4.53 (dd, J = 8.3, 6.1 

Hz, 1H, CH-Tyr), 4.39 (dd, J = 8.0, 7.1 Hz, 1H, CH-Leu), 4.31 (q, J = 7.1 Hz, 1H, CH-Ala-C-Term), 3.90 (q, 

J = 7.0 Hz, 1H, CH-Ala-N-Term), 3.06 (dd, J = 14.0, 6.1 Hz, 1H, CH2-Tyr), 2.87 (dd, J = 14.0, 8.3 Hz, 1H, 

CH2-Tyr), 1.66 – 1.56 (m, 1H, CH2CH(CH3)2), 1.55 – 1.50 (m, 2H, CH2CH(CH3)2), 1.45 (d, J = 7.1 Hz, 3H, 

CH3), 1.34 (d, J = 7.2 Hz, 3H, CH3), 0.94 (d, J = 6.5 Hz, 3H, CH2CH(CH3)2), 0.91 (d, J = 6.4 Hz, 3H, 

CH2CH(CH3)2). 13C NMR (101 MHz, MeOD) δ 175.7, 172.7, 171.6, 169.5, 155.9, 130.0, 127.4, 114.9, 

54.6, 52.0, 48.7 (2 C under this peak), 40.5, 36.5, 24.4, 21.9, 20.5, 16.9, 16.3. HRMS (ESI/QTOF) m/z: 

[M + H]+ Calcd for C21H34N5O5
+ 436.2554; Found 436.2553. 

AWYA-NH2 (7.2c) 

 
1H NMR (400 MHz, MeOD) δ 7.60 (dt, J = 7.9, 1.1 Hz, 1H, ArH), 7.33 (dt, J = 8.1, 0.9 Hz, 1H, ArH), 7.14 

– 7.06 (m, 2H, ArH), 7.02 (ddd, J = 8.0, 7.1, 1.0 Hz, 1H, ArH), 6.99 – 6.92 (m, 2H, ArH), 6.69 – 6.63 (m, 

2H, ArH), 4.68 (dd, J = 7.9, 6.1 Hz, 1H, CH-Tyr), 4.52 – 4.44 (m, 1H, CH-Trp), 4.26 (q, J = 7.2 Hz, 1H, CH-

Ala-C-Term), 3.83 (q, J = 7.0 Hz, 1H, CH-Ala-N-Term), 3.24 (ddd, J = 14.7, 6.1, 0.9 Hz, 1H, CH2-Trp), 3.16 

– 3.07 (m, 1H, CH2-Trp), 2.90 (dd, J = 13.9, 6.2 Hz, 1H, CH2-Tyr), 2.81 (dd, J = 13.9, 7.8 Hz, 1H, CH2-Tyr), 

1.39 (d, J = 7.0 Hz, 3H, CH3), 1.30 (d, J = 7.2 Hz, 3H, CH3). 13C NMR (101 MHz, MeOD) δ 177.2, 173.3, 

                                                            
35 13C NMR peaks of TFA were not resolved for all compounds. 
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172.8, 170.9, 157.4, 138.1, 131.5, 128.7, 128.6, 124.7, 122.6, 119.9, 119.3, 116.3, 112.4, 110.6, 56.1, 

55.8, 50.1, 49.6, 37.8, 28.9, 18.3, 17.6. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C26H33N6O5
+ 509.2507; 

Found 509.2515. 

ARYA-NH2 (7.2d) 

 
1H NMR (400 MHz, MeOD) δ 7.13 – 7.04 (m, 2H, ArH), 6.74 – 6.65 (m, 2H, ArH), 4.57 (dd, J = 8.6, 5.9 

Hz, 1H, CH-Tyr), 4.35 (dd, J = 7.4, 6.3 Hz, 1H, CH-Arg), 4.29 (q, J = 7.1 Hz, 1H, CH-Ala-C-Term), 3.94 (q, 

J = 7.0 Hz, 1H, CH-Ala-N-Term), 3.17 (t, J = 7.0 Hz, 2H, CH2CH2CH2NH), 3.07 (dd, J = 14.0, 5.9 Hz, 1H, 

CH2-Tyr), 2.86 (dd, J = 14.0, 8.6 Hz, 1H, CH2-Tyr), 1.86 – 1.73 (m, 1H, CH2CH2CH2NH), 1.73 – 1.63 (m, 

1H, CH2CH2CH2NH), 1.58 (tdd, J = 11.2, 8.3, 4.6 Hz, 2H, CH2CH2CH2NH), 1.45 (d, J = 7.1 Hz, 3H, CH3), 

1.35 (d, J = 7.2 Hz, 3H, CH3). 13C NMR (101 MHz, MeOD) δ 177.2, 173.2, 173.1, 171.0, 158.6, 157.4, 

131.4, 128.7, 116.3, 56.1, 54.4, 50.2, 50.1, 41.9, 38.0, 30.3, 26.0, 18.4, 17.6. HRMS (ESI/QTOF) m/z: [M 

+ H]+ Calcd for C21H35N8O5
+ 479.2725; Found 479.2731. 

AHYA-NH2 (7.2e) 

 
1H NMR (400 MHz, MeOD) δ 8.77 (d, J = 1.4 Hz, 1H, ArH), 7.31 (d, J = 1.4 Hz, 1H, ArH), 7.13 – 7.05 (m, 

2H, ArH), 6.74 – 6.66 (m, 2H, ArH), 4.70 (t, J = 6.5 Hz, 1H, CH-Tyr), 4.54 (dd, J = 8.8, 5.9 Hz, 1H, CH-His), 

4.31 (q, J = 7.2 Hz, 1H, CH-Ala-C-Term), 3.93 (q, J = 7.1 Hz, 1H, CH-Ala-N-Term), 3.27 – 2.99 (m, 3H, 

CH2-His, CH2-Tyr), 2.86 (dd, J = 14.1, 8.9 Hz, 1H, CH2-Tyr), 1.43 (d, J = 7.1 Hz, 3H, CH3), 1.36 (d, J = 7.2 

Hz, 3H, CH3). 13C NMR (101 MHz, MeOD) δ 177.2, 173.6, 171.3, 171.0, 157.5, 135.1, 131.3, 130.3, 128.6, 

118.7, 116.3, 56.4, 53.5, 50.3, 50.1, 37.9, 28.3, 18.2, 17.6. HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M 

+ H]+ Calcd for C21H30N7O5
+ 460.2303; Found 460.2308. 

AKYA-NH2 (7.2f)  

 
1H NMR (400 MHz, MeOD) δ 7.22 – 6.98 (m, 2H, ArH), 6.82 – 6.56 (m, 2H, ArH), 4.56 (dd, J = 8.6, 6.0 

Hz, 1H, CH-Tyr), 4.39 – 4.21 (m, 2H, CH-Lys, CH-Ala-C-Term), 3.93 (q, J = 7.0 Hz, 1H, CH-Ala-N-Term), 
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3.07 (dd, J = 14.1, 5.9 Hz, 1H, CH2-Tyr), 2.97 – 2.81 (m, 3H, CH2-Tyr, CH2CH2CH2CH2NH2), 1.77 (ddt, J = 

13.3, 9.9, 6.5 Hz, 1H, CH2CH2CH2CH2NH2), 1.65 (qdd, J = 8.2, 5.6, 3.3 Hz, 3H, CH2CH2CH2CH2NH2), 1.45 

(d, J = 7.0 Hz, 3H, CH3), 1.35 (d, J = 7.1 Hz, 5H, CH2CH2CH2CH2NH2, CH3). 13C NMR 13C NMR (101 MHz, 

MeOD) δ 177.2, 173.3, 173.2, 170.9, 157.4, 131.4, 128.7, 116.3, 56.1, 54.7, 50.2, 50.1, 40.4, 38.0, 32.6, 

28.1, 23.5, 18.4, 17.6. HRMS (ESI/QTOF) m/z: [M]+ Calcd for C21H36N6O5
+2 226.1368; Found 226.1371. 

ALYA-NH2 (7.2g) 

 
I1H NMR (400 MHz, MeOD) δ 7.10 – 7.04 (m, 2H, ArH), 6.74 – 6.66 (m, 2H, ArH), 4.55 (dd, J = 8.6, 5.9 

Hz, 1H, CH-Tyr), 4.48 (dd, J = 7.1, 5.9 Hz, 1H, CH-Cys), 4.31 (q, J = 7.2 Hz, 1H, CH-Ala-C-Term), 3.94 (q, 

J = 7.0 Hz, 1H, CH-Ala-N-Term), 3.07 (dd, J = 14.0, 5.9 Hz, 1H, CH2-Tyr), 2.92 – 2.82 (m, 2H, CH2-Tyr, 

CH2-Cys), 2.78 (dd, J = 13.9, 7.1 Hz, 1H, CH2-Cys), 1.45 (d, J = 7.1 Hz, 3H, CH3), 1.34 (d, J = 7.2 Hz, 3H, 

CH3). 13C NMR (101 MHz, MeOD) δ 177.4, 173.0, 171.6, 171.0, 157.4, 131.4, 128.7, 116.3, 57.1, 56.3, 

50.1, 49.7, 37.8, 26.9, 18.3, 17.7. HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for 

C18H28N5O5S+ 426.1806; Found 426.1815. 

ASYA-NH2 (7.2h)  

 
1H NMR (400 MHz, MeOD) δ 7.12 – 7.04 (m, 2H, ArH), 6.74 – 6.66 (m, 2H, ArH), 4.55 (dd, J = 8.4, 5.4 

Hz, 1H, CH-Tyr), 4.47 (t, J = 6.1 Hz, 1H, CH-Ser), 4.30 (q, J = 7.2 Hz, 1H, CH-Ala-C-Term), 3.94 (q, J = 7.0 

Hz, 1H, CH-Ala-N-Term), 3.80 (dd, J = 10.8, 5.9 Hz, 1H, CH2-Ser), 3.73 (dd, J = 10.8, 6.3 Hz, 1H, CH2-Ser), 

3.09 (dd, J = 14.2, 5.4 Hz, 1H, CH2-Tyr), 2.88 (dd, J = 14.2, 8.4 Hz, 1H, CH2-Tyr), 1.46 (d, J = 7.0 Hz, 3H, 

CH3), 1.33 (d, J = 7.2 Hz, 3H, CH3). 13C NMR (101 MHz, MeOD) δ 177.3, 173.1, 172.1, 171.1, 157.4, 

131.4, 128.7, 116.3, 63.0, 56.5, 56.4, 50.2, 50.1, 37.6, 18.2, 17.6. HRMS (ESI/QTOF) m/z: [M + 

Na]+ Calcd for C18H27N5NaO6
+ 432.1854; Found 432.1855. 

AMYA-NH2 (7.2i)  

 
1H NMR (400 MHz, MeOD) δ 7.11 – 7.03 (m, 2H, ArH), 6.73 – 6.65 (m, 2H, ArH), 4.60 – 4.51 (m, 1H, 

CH-Tyr), 4.46 (dd, J = 8.6, 5.6 Hz, 1H, CH-Met), 4.32 (qd, J = 7.2, 5.2 Hz, 1H, CH-Ala-C-Term), 3.92 (q, J 

= 7.0 Hz, 1H, CH-Ala-N-Term), 3.06 (dd, J = 14.0, 6.0 Hz, 1H, CH2-Tyr), 2.92 – 2.82 (m, 1H, CH2-Tyr), 2.57 

– 2.39 (m, 2H, CH2CH2SCH3), 2.07 – 1.96 (m, 1H, CH2CH2SCH3), 2.07 (s, 3H, SCH3), 1.88 (dtd, J = 14.2, 

8.7, 5.8 Hz, 1H, CH2CH2SCH3), 1.46 (d, J = 7.1 Hz, 3H, CH3), 1.34 (d, J = 7.2 Hz, 3H, CH3). 13C NMR (101 

MHz, MeOD) δ 177.2, 173.1, 173.0, 171.0, 157.4, 131.4, 128.7, 116.3, 56.1, 54.1, 50.2, 50.1, 37.9, 32.8, 
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30.9, 18.3, 17.6, 15.2. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C20H32N5O5S+ 454.2119; Found 

454.2117. 

ADYA-NH2 (7.2j)  

 
1H NMR (400 MHz, MeOD) δ 7.12 – 7.03 (m, 2H, ArH), 6.74 – 6.66 (m, 2H, ArH), 4.71 (t, J = 7.0 Hz, 1H, 

CH-Asp), 4.50 (dd, J = 8.8, 5.2 Hz, 1H, CH-Tyr), 4.31 (q, J = 7.2 Hz, 1H, CH-Ala-C-Term), 3.86 (q, J = 7.0 

Hz, 1H, CH-Ala-N-Term), 3.16 – 3.06 (m, 1H, CH2-Tyr), 2.93 – 2.80 (m, 2H, CH2-Tyr, CH2-Asp), 2.69 (dd, 

J = 17.0, 6.9 Hz, 1H, CH2-Asp), 1.39 (d, J = 7.1 Hz, 3H, CH3), 1.36 (d, J = 7.2 Hz, 3H, CH3). 13C NMR (101 

MHz, MeOD) δ 176.0, 172.6, 171.6, 171.2, 169.4, 156.0, 129.9, 127.5, 114.9, 55.2, 49.8, 48.9, 48.7, 

36.0, 35.2, 16.5, 16.2.35 HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C19H28N5O7
+ 438.1983; Found 

438.1980. 

ANYA-NH2 (7.2k)  

 
1H NMR (400 MHz, MeOD) δ 7.14 – 7.04 (m, 2H, ArH), 6.73 – 6.66 (m, 2H, ArH), 4.72 (t, J = 6.9 Hz, 1H, 

CH-Asn), 4.48 (dd, J = 9.0, 5.0 Hz, 1H, CH-Tyr), 4.31 (q, J = 7.2 Hz, 1H, CH-Ala-C-Term), 3.87 (q, J = 7.0 

Hz, 1H, CH-Ala-N-Term), 3.16 – 3.07 (m, 1H, CH2-Tyr), 2.90 – 2.75 (m, 2H, CH2-Tyr, CH2-Asn), 2.68 – 

2.58 (m, 1H, CH2-Asn), 1.37 (d, J = 7.2 Hz, 3H, CH3) , 1.38 (d, J = 7.1 Hz, 3H, CH3). 13C NMR (101 MHz, 

MeOD) δ 176.2, 173.1, 171.8, 171.6, 169.4, 155.9, 129.9, 127.5, 114.9, 55.3, 50.0, 49.0, 48.7, 36.2, 

36.0, 16.6, 16.2. HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C19H29N6O6
+ 437.2143; 

Found 437.2156.  

AYLA-NH2 (7.2l)  

 
1H NMR (400 MHz, MeOD) δ 7.13 – 7.05 (m, 2H, ArH), 6.73 – 6.65 (m, 2H, ArH), 4.61 (dd, J = 9.3, 5.5 

Hz, 1H, CH-Tyr), 4.38 (dd, J = 8.0, 6.9 Hz, 1H, CH-Leu), 4.32 (q, J = 7.1 Hz, 1H, CH-Ala-C-Term), 3.85 (q, 

J = 7.0 Hz, 1H, CH-Ala-N-Term), 3.09 (dd, J = 14.1, 5.5 Hz, 1H, CH2-Tyr), 2.83 (dd, J = 14.1, 9.3 Hz, 1H, 

CH2-Tyr), 1.73 – 1.62 (m, 1H, CH2CH(CH3)2), 1.62 – 1.55 (m, 2H, CH2CH(CH3)2, CH2CH(CH3)2), 1.47 (d, J = 

7.1 Hz, 3H, CH3), 1.36 (d, J = 7.1 Hz, 3H, CH3), 0.95 (d, J = 6.3 Hz, 3H, CH2CH(CH3)2), 0.91 (d, J = 6.3 Hz, 

3H, CH2CH(CH3)2). 13C NMR (101 MHz, MeOD) δ 175.9, 172.6, 172.0, 169.5, 156.0, 129.9, 127.38, 114.9, 

55.0, 51.7, 48.6, 48.6, 40.4, 36.4, 24.3, 22.1, 20.5, 17.0, 16.2.35 HRMS (nanochip-ESI/LTQ-Orbitrap) 

m/z: [M + H]+ Calcd for C21H34N5O5
+ 436.2554; Found 436.2561.  
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YALA-NH2 (7.2m)  

 
1H NMR (400 MHz, MeOD) δ 7.16 – 7.08 (m, 2H, ArH), 6.81 – 6.73 (m, 2H, ArH), 4.48 – 4.37 (m, 2H, 

CH-Ala, CH-Leu), 4.34 (q, J = 7.1 Hz, 1H, CH-Ala-C-Term), 4.04 (dd, J = 8.6, 5.1 Hz, 1H, CH-Tyr), 3.19 (dd, 

J = 14.5, 5.2 Hz, 1H, CH2-Tyr), 2.91 (dd, J = 14.5, 8.7 Hz, 1H, CH2-Tyr), 1.81 – 1.67 (m, 1H, CH2CH(CH3)2), 

1.67 – 1.56 (m, 2H, CH2CH(CH3)2, CH2CH(CH3)2), 1.40 (d, J = 7.1 Hz, 3H, CH3), 1.37 (d, J = 7.1 Hz, 3H, 

CH3), 0.98 (d, J = 6.5 Hz, 3H, CH2CH(CH3)2), 0.94 (d, J = 6.4 Hz, 3H, CH2CH(CH3)2). 13C NMR (101 MHz, 

MeOD) δ 177.3, 174.5, 174.2, 169.5, 158.3, 131.6, 125.9, 116.9, 55.7, 53.2, 50.4, 49.9, 41.7, 37.8, 25.9, 

23.5, 22.0, 18.5, 18.2. HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for 

C21H34N5O5
+ 436.2554; Found 436.2560. 

Ac-AFGY (7.2n)  

 
1H NMR (400 MHz, MeOD) δ 7.31 – 7.15 (m, 5H, ArH), 7.09 – 7.01 (m, 2H, ArH), 6.74 – 6.65 (m, 2H, 

ArH), 4.59 (dd, J = 8.4, 5.1 Hz, 1H, CH-Phe), 4.50 (dd, J = 9.4, 5.5 Hz, 1H, CH-Tyr), 4.19 (q, J = 7.2 Hz, 1H, 

CH-Ala-N-Term), 3.97 (d, J = 16.8 Hz, 1H, CH2-Gly), 3.66 (d, J = 16.8 Hz, 1H, CH2-Gly), 3.23 (dd, J = 14.0, 

5.5 Hz, 1H, CH2-Tyr), 3.15 – 3.05 (m, 1H, CH2-Phe), 2.96 (ddd, J = 14.0, 11.5, 8.9 Hz, 2H, CH2-Tyr, CH2-

Phe), 1.94 (s, 3H, Ac-CH3), 1.19 (d, J = 7.2 Hz, 3H, CH3). 13C NMR (101 MHz, MeOD) δ 173.8, 173.1, 

172.4, 172.4, 169.9, 155.9, 137.2, 130.0, 128.9, 128.1, 127.6, 126.3, 114.8, 54.9, 54.1, 49.5, 41.8, 36.5, 

36.2, 21.0, 16.1. HRMS (ESI/QTOF) m/z: [M + H-1]- Calcd for C25H29N4O7
- 497.2042; Found 497.2053. 

9.7.3 Scope of tetramers 

 

General procedure:  

To a solution of tetramers 7.2 (20.0 μmol, 1.00 equiv) in 100 mM Tris buffer pH 9.0 (9.80 mL), in a 25 

mL round bottom flask, was added a 300 mM solution of N3-EBX (EBX.20) in DMSO (200 μL, 20.5 mg, 

60.0 μmol, 3.00 equiv). The 2.00 mM solution was stirred at 37 °C for 24 h. No effort was made to 

exclude oxygen. The reaction was analyzed by HPLC-MS. The crude material was lyophilized and 

purified by reverse phase HPLC (water 0.1 % TFA to 95:5 ACN:water 0.1 % TFA). 
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Abbreviations for HPLC:  

 

O-VBX of AFYA-NH2 (O-VBX.31) 

 

Starting from AFYA-NH2 (7.2a) (11.7 mg, 20.0 μmol), O-VBX of AFYA-NH2 (O-VBX.31) (11.8 mg, 12.8 

μmol, 64% yield) was obtained, as a white solid after lyophilization (retention time 8.6 min).  

1H NMR (400 MHz, MeOD) δ 8.32 – 8.25 (m, 1H, ArH), 8.03 – 7.96 (m, 1H, ArH), 7.83 – 7.69 (m, 2H, 

ArH), 7.30 – 7.14 (m, 7H, ArH), 7.00 – 6.92 (m, 2H, ArH), 6.49 (d, J = 0.7 Hz, 1H, CH-I), 4.56 (dd, J = 9.4, 

5.4 Hz, 1H, CH-Phe), 4.51 (dd, J = 8.5, 5.7 Hz, 1H, CH-Tyr), 4.30 (q, J = 7.1 Hz, 1H, CH-Ala-C-Term), 3.81 

(q, J = 7.0 Hz, 1H, CH-Ala-N-Term), 3.59 (t, J = 6.3 Hz, 2H, CH2CH2N3), 3.19 – 3.04 (m, 2H, CH2-Tyr, CH2-

Phe), 2.96 – 2.81 (m, 4H, CH2-Tyr, CH2-Phe, CH2CH2N3), 1.36 (d, J = 3.8 Hz, 3H, CH3), 1.35 (d, J = 3.9 Hz, 

3H, CH3). 13C NMR (101 MHz, MeOD) δ 177.1, 172.9, 172.3, 171.0, 170.4, 168.3, 153.9, 138.2, 135.9, 

135.9, 133.6, 133.3, 132.4, 132.0, 130.2, 129.5, 129.1, 127.9, 120.4, 114.5, 82.5, 56.3, 55.9, 50.0, 38.6, 

38.0, 33.0, 18.5, 17.7 2 aliphatic carbon signals are not resolved (under the solvent peak).35 HRMS 

(nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C35H40IN8O7
+ 811.2059; Found 811.2054. 

HPLC-UV chromatogram (214 nm) of AFYA-NH2 (7.2a): 
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HPLC-UV chromatogram (214 nm) of crude of the reaction:  

 

HPLC-MS chromatogram of crude of the reaction:  

 

HPLC-UV chromatogram (214 nm) of O-VBX of AFYA-NH2 (O-VBX.31): 

 

Relative ratio based on reverse phase HPLC-UV chromatogram at 214 nm: > 99% 

Relative ratio based on reverse phase HPLC-MS chromatogram: > 99% 
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O-VBX of ALYA-NH2 (O-VBX.32) 

 

Starting from ALYA-NH2 (7.2b) (11.0 mg, 20.0 μmol), O-VBX of ALYA-NH2 (O-VBX.32) (11.8 mg, 13.0 

μmol, 65% yield) was obtained, as a white solid after lyophilization (retention time 8.3 min).  

1H NMR (400 MHz, MeOD) δ 8.32 – 8.25 (m, 1H, ArH), 8.03 – 7.97 (m, 1H, ArH), 7.83 – 7.70 (m, 2H, 

ArH), 7.30 – 7.21 (m, 2H, ArH), 7.00 – 6.91 (m, 2H, ArH), 6.50 (d, J = 0.8 Hz, 1H, CH-I), 4.56 (dd, J = 8.6, 

5.7 Hz, 1H, CH-Tyr), 4.39 – 4.27 (m, 2H, CH-Leu, CH-Ala-C-Term), 3.89 (q, J = 7.0 Hz, 1H, CH-Ala-N-

Term), 3.61 (t, J = 6.3 Hz, 2H, CH2CH2N3), 3.21 – 3.11 (m, 1H, CH2-Tyr), 2.99 – 2.87 (m, 3H, CH2-Tyr, 

CH2CH2N3), 1.58 (m, 1H, CH2CH(CH3)2), 1.48 (m, 2H, CH2CH(CH3)2), 1.39 (d, J = 7.0 Hz, 3H, CH3), 1.35 (d, 

J = 7.1 Hz, 3H, CH3), 0.88 (dd, J = 11.7, 6.5 Hz, 6H, CH2CH(CH3)2). 13C NMR (101 MHz, MeOD) δ 177.0, 

174.1, 172.5, 170.9, 170.3, 168.2, 154.0, 135.8, 135.7, 133.7, 133.6, 132.4, 132.0, 129.1, 120.3, 114.5, 

83.1, 55.5, 53.4, 50.0, 49.9, 49.5, 41.9, 37.9, 32.9, 25.8, 23.3, 21.9, 18.5, 17.7.35 HRMS (ESI/QTOF) m/z: 

[M + H]+ Calcd for C32H42IN8O7
+ 777.2216; Found 777.2218. 

HPLC-UV chromatogram (214 nm) of ALYA-NH2 (7.2b): 

 

HPLC-UV chromatogram (214 nm) of crude of the reaction:  
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HPLC-MS chromatogram of crude of the reaction:  

 

HPLC-UV chromatogram (214 nm) of O-VBX of ALYA-NH2 (O-VBX.32): 

 

Relative ratio based on reverse phase HPLC-UV chromatogram at 214 nm: > 95% 

Relative ratio based on reverse phase HPLC-MS chromatogram: > 95% 

 

O-VBX of AWYA-NH2 (O-VBX.33) 

 

Starting from AWYA-NH2 (7.2c) (12.5 mg, 20.0 μmol), O-VBX of AWYA-NH2 (O-VBX.33) in a 1 : 2 mixture 

with N3-VBX (7.4) (20.0 mg of the mixture, 11.6 μmol, 58% yield) was obtained, as a white solid after 

lyophilization (retention time 9.0 min).  

1H NMR (400 MHz, MeOD) δ 8.28 (dd, J = 7.4, 1.8 Hz, 1H, ArH), 7.98 (dd, J = 8.0, 1.1 Hz, 1H, ArH), 7.82 

– 7.69 (m, 2H, ArH), 7.57 (dt, J = 7.9, 1.0 Hz, 1H, ArH), 7.32 (dt, J = 8.2, 1.0 Hz, 1H, ArH), 7.18 – 7.14 (m, 

2H, ArH), 7.12 – 7.05 (m, 2H, ArH), 6.99 (ddd, J = 7.9, 7.0, 1.0 Hz, 1H), 6.95 – 6.87 (m, 2H, ArH), 6.47 (s, 
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1H, CH-I), 4.62 (dd, J = 8.3, 5.9 Hz, 1H, CH-Tyr), 4.49 (dd, J = 8.4, 5.6 Hz, 1H, CH-Trp), 4.28 (q, J = 7.1 Hz, 

1H, CH-Ala-C-Term), 3.86 (m, 1H, CH-Ala-N-Term),  3.54 (t, J = 6.3 Hz, 2H, CH2CH2N3), 3.24 – 3.18 (m, 

1H, CH2-Trp), 3.13 – 3.02 (m, 2H, CH2-Tyr, CH2-Trp), 2.92 – 2.83 (m, 3H, CH2CH2N3, CH2-Tyr), 1.34 (dd, J 

= 12.9, 7.1 Hz, 6H, CH3). 13C NMR (101 MHz, MeOD) δ 177.1, 173.3, 172.3, 171.0, 170.4, 168.3, 153.9, 

138.1, 136.0, 135.9, 133.7, 133.1, 132.4, 132.2, 132.0, 129.2, 128.6, 124.7, 122.6, 120.4, 119.9, 119.3, 

114.5, 112.4, 110.7, 82.2, 55.8, 55.8, 50.0, 49.7, 49.5, 37.8, 32.9, 28.9, 18.4, 17.7. 35 HRMS (ESI/QTOF) 

m/z: [M + H]+ Calcd for C37H41IN9O7
+ 850.2168; Found 850.2149. 

HPLC-UV chromatogram (214 nm) of AWYA-NH2 (7.2c): 

 

HPLC-UV chromatogram (214 nm) of crude of the reaction:  

 

HPLC-MS chromatogram of crude of the reaction:  
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HPLC-UV chromatogram (214 nm) of O-VBX of AWYA-NH2 (O-VBX.33): 

 

Relative ratio based on reverse phase HPLC-UV chromatogram at 214 nm: > 99% 

Relative ratio based on reverse phase HPLC-MS chromatogram: > 99% 

N3-VBX (7.4) 

1H NMR (400 MHz, DMSO) δ 8.22 – 8.11 (m, 1H), 7.74 – 7.65 (m, 3H), 6.37 (d, J = 1.1 Hz, 1H), 3.83 (t, J 

= 6.5 Hz, 2H), 3.18 – 3.10 (m, 2H). 13C NMR (101 MHz, DMSO) δ 166.6, 153.2, 140.5, 134.2, 131.9, 

130.5, 127.9, 114.1, 85.3, 48.2, 32.0. HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for 

C11H10IN6O2
+ 384.9904; Found 384.9902. 

O-VBX of ARYA-NH2 (O-VBX.34) 

 

Starting from ARYA-NH2 (7.2d) (14.1 mg, 20.0 μmol), O-VBX of ARYA-NH2 (O-VBX.34) (14.9 mg, 14.2 

μmol, 71% yield) was obtained, as a white solid after lyophilization (retention time 6.6 min).  

1H NMR (400 MHz, MeOD) δ 8.31 – 8.25 (m, 1H, ArH), 8.02 – 7.95 (m, 1H, ArH), 7.82 – 7.69 (m, 2H, 

ArH), 7.30 – 7.22 (m, 2H, ArH), 7.00 – 6.92 (m, 2H, ArH), 6.50 (s, 1H, CH-I), 4.59 (dd, J = 8.6, 5.4 Hz, 1H, 

CH-Tyr), 4.36 – 4.25 (m, 2H, CH-Arg, CH-Ala-C-Term), 4.00 – 3.88 (m, 1H, CH-Ala-N-Term), 3.62 (t, J = 

6.3 Hz, 2H, CH2CH2N3), 3.17 (td, J = 7.8, 6.9, 3.2 Hz, 3H, CH2CH2CH2NH, CH2-Tyr), 3.00 – 2.87 (m, 3H, 

CH2-Tyr, CH2CH2N3), 1.80 (m, 1H, CH2CH2CH2NH), 1.74 – 1.53 (m, 3H, CH2CH2CH2NH), 1.40 (d, J = 7.1 

Hz, 3H, CH3), 1.35 (d, J = 7.1 Hz, 3H, CH3). 13C NMR (101 MHz, MeOD) δ 177.1, 173.1, 172.6, 171.0, 

170.4, 168.1, 158.6, 154.1, 135.7, 135.6, 133.9, 133.5, 132.4, 132.0, 129.0, 120.3, 114.7, 82.9, 55.6, 

54.2, 50.1, 49.7, 49.5, 41.8, 38.0, 33.2, 30.2, 26.1, 18.5, 17.7.35 HRMS (ESI/QTOF) m/z: [M + H]+ Calcd 

for C32H43IN11O7
+ 820.2386; Found 820.2390. 
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HPLC-UV chromatogram of ARYA-NH2 (7.2d): 

 

HPLC-MS chromatogram of ARYA-NH2 (7.2d): 

 

HPLC-UV chromatogram (214 nm) of crude of the reaction:  

 

HPLC-MS chromatogram of crude of the reaction:  
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HPLC-UV chromatogram (214 nm) of O-VBX of ARYA-NH2 (O-VBX.34): 

 

Relative ratio based on reverse phase HPLC-UV chromatogram at 214 nm: > 99% 

Relative ratio based on reverse phase HPLC-MS chromatogram: > 99% 

O-VBX of AHYA-NH2 (O-VBX.35) 

 
Starting from AHYA-NH2 (7.2e) (13.7 mg, 20.0 μmol), O-VBX of AHYA-NH2 (O-VBX.32) (12.4 mg, 12.1 

μmol, 60% yield) was obtained, as a white solid after lyophilization (retention time 6.6 min).  

1H NMR (400 MHz, MeOD) δ 8.79 (d, J = 1.4 Hz, 1H, ArH), 8.28 (dd, J = 7.4, 1.9 Hz, 1H, ArH), 7.98 (dd, J 

= 8.1, 1.1 Hz, 1H, ArH), 7.85 – 7.67 (m, 2H, ArH), 7.32 (d, J = 1.4 Hz, 1H, ArH), 7.30 – 7.21 (m, 2H, ArH), 

7.01 – 6.93 (m, 2H, ArH), 6.47 (s, 1H, CH-I), 4.69 (t, J = 6.7 Hz, 1H, CH-Tyr), 4.53 (dd, J = 8.7, 5.5 Hz, 1H, 

CH-His), 4.32 (q, J = 7.2 Hz, 1H, CH-Ala-C-Term), 3.92 (q, J = 7.0 Hz, 1H, CH-Ala-N-Term), 3.64 (t, J = 6.3 

Hz, 2H, CH2CH2N3), 3.27 – 3.07 (m, 3H, CH2-Tyr, CH2-His), 2.94 (q, J = 7.5, 6.5 Hz, 3H, CH2-Tyr, CH2CH2N3), 

1.38 (m, 6H, CH3). 13C NMR (101 MHz, MeOD) δ 177.1, 172.7, 171.4, 171.1, 170.5, 168.3, 154.2, 135.8, 

135.7, 135.1, 133.6 (2 carbon signals under this peak), 132.4, 132.0, 130.4, 129.0, 120.6, 118.7, 114.8, 

81.8, 56.0, 53.5, 50.2, 50.1, 49.3, 37.8, 33.6, 28.1, 18.4, 17.6. 35 HRMS (nanochip-ESI/LTQ-Orbitrap) 

m/z: [M + H]+ Calcd for C32H38IN10O7
+ 801.1964; Found 801.1983. 

HPLC-UV chromatogram of AHYA-NH2 (7.2e): 
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HPLC-MS chromatogram of AHYA-NH2 (7.2e): 

 

HPLC-UV chromatogram (214 nm) of crude of the reaction:  

 

HPLC-MS chromatogram of crude of the reaction:  

 
HPLC-UV chromatogram (214 nm) of O-VBX of AHYA-NH2 (O-VBX.35): 

 

Relative ratio based on reverse phase HPLC-UV chromatogram at 214 nm: > 99% 

Relative ratio based on reverse phase HPLC-MS chromatogram: > 95% 
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O-VBX of AKYA-NH2 (O-VBX.36) 

 

Starting from AKYA-NH2 (7.2f) (13.6 mg, 20.0 μmol), O-VBX of AKYA-NH2 (O-VBX.36) (12.5 mg, 12.3 

μmol, 61% yield) was obtained, as a white solid after lyophilization (retention time 6.6 min).  

1H NMR (400 MHz, MeOD) δ 8.32 – 8.25 (m, 1H, ArH), 8.15 (dd, J = 10.3, 7.3 Hz, 1H, NH), 8.03 – 7.96 

(m, 1H, ArH), 7.83 – 7.70 (m, 2H, ArH), 7.30 – 7.22 (m, 2H, ArH), 7.00 – 6.92 (m, 2H, ArH), 6.51 (d, J = 

0.7 Hz, 1H, CH-I), 4.65 – 4.55 (m, 1H, CH-Tyr), 4.37 – 4.21 (m, 2H, CH-Lys, CH-Ala-C-Term), 3.92 (q, J = 

7.0 Hz, 1H, CH-Ala-N-Term), 3.62 (t, J = 6.3 Hz, 2H, CH2CH2N3), 3.24 – 3.11 (m, 1H, CH2-Tyr), 2.92 (tt, J 

= 5.8, 4.3 Hz, 5H, CH2-Tyr, CH2CH2CH2CH2NH2, CH2CH2N3), 1.80 – 1.54 (m, 4H, CH2CH2CH2CH2NH2), 1.41 

(m, 2H, CH2CH2CH2CH2NH2), 1.41 (d, J = 7.1 Hz, 3H, CH3), 1.35 (d, J = 7.2 Hz, 3H, CH3). 13C NMR (101 

MHz, MeOD) δ 177.1, 173.4, 172.7, 171.0, 170.4, 168.2, 154.0, 135.8, 135.7, 133.6 (2 carbon signals 

under this peak), 132.4, 132.0, 129.1, 120.3, 114.6, 83.0, 55.6, 54.6, 50.2, 50.1, 40.4, 38.0, 33.0, 32.5, 

28.0, 23.6, 18.6, 18.5, 17.7. 35 HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C32H43IN9O7
+ 792.2325; Found 

792.2303. 

HPLC-UV chromatogram of AKYA-NH2 (7.2f): 

 

HPLC-MS chromatogram of AKYA-NH2 (7.2f): 
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HPLC-UV chromatogram (214 nm) of crude of the reaction: 

 

HPLC-MS chromatogram of crude of the reaction: 

 

HPLC-UV chromatogram (214 nm) of O-VBX of AKYA-NH2 (O-VBX.36): 

 

Relative ratio based on reverse phase HPLC-UV chromatogram at 214 nm: > 99% 

Relative ratio based on reverse phase HPLC-MS chromatogram: > 99% 
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 O-VBX of ACYA-NH2 (O-VBX.37) 

 
Starting from ACYA-NH2 (7.2g) (10.8 mg, 20.0 μmol), O-VBX of ACYA-NH2 (O-VBX.37) (9.80 mg, 8.18 

μmol, 40% yield) was obtained, as a white solid after lyophilization (retention time 8.3 min).  

1H NMR (400 MHz, MeOD) δ 8.29 (td, J = 7.3, 2.0 Hz, 3H, ArH, NH), 7.99 (dd, J = 8.0, 1.2 Hz, 1H, NH), 

7.85 – 7.63 (m, 6H, ArH), 7.29 – 7.22 (m, 2H, ArH), 7.11 (s, 1H, SCCH-I), 6.97 – 6.91 (m, 2H, ArH), 6.50 

(d, J = 0.9 Hz, 1H, OCCH-I), 4.63 (dd, J = 9.5, 5.0 Hz, 1H, CH-Tyr), 4.42 (dd, J = 7.8, 6.7 Hz, 2H, CH-Cys, 

CH-Ala-C-Term), 3.83 (q, J = 7.2 Hz, 1H, CH-Ala-N-Term), 3.75 (t, J = 6.1 Hz, 2H, SCCH2CH2N3), 3.65 – 

3.57 (m, 3H, NH2, OCCH2CH2N3), 3.24 – 3.03 (m, 6H, NH2, CH2-Tyr, OCCH2CH2N3), 2.99 (t, J = 6.0 Hz, 1H, 

CH2-Cys), 2.95 – 2.79 (m, 3H, CH2-Cys, SCCH2CH2N3), 1.38 (d, J = 7.2 Hz, 3H, CH3), 1.28 (d, J = 7.1 Hz, 3H, 

CH3). 13C NMR (151 MHz, MeOD) δ 177.3, 172.4, 171.0, 170.4, 170.3, 170.3, 168.1, 159.9, 154.0, 135.8, 

135.7, 133.9, 133.8, 133.7, 133.6, 132.3, 132.3, 132.0, 132.0, 129.1, 129.0, 120.4, 114.6, 112.7, 104.6, 

83.0, 55.4, 54.8, 50.9, 50.2, 50.0, 49.6, 38.2, 37.0, 33.7, 33.0, 18.5, 17.8.35 HRMS (ESI/QTOF) m/z: [M 

+ H]+ Calcd for C40H44I2N11O9S+ 1108.1128; Found 1108.1108. 

HPLC-UV chromatogram (214 nm) of ACYA-NH2 (7.2g): 

 

HPLC-UV chromatogram (214 nm) of crude of the reaction:  
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HPLC-MS chromatogram of crude of the reaction:  

 

HPLC-UV chromatogram (214 nm) of O-VBX of ACYA-NH2 (O-VBX.37): 

 

Relative ratio based on reverse phase HPLC-UV chromatogram at 214 nm: 70% 

Relative ratio based on reverse phase HPLC-MS chromatogram: 70% 

O-VBX of ASYA-NH2 (O-VBX.38) 

 
Starting from ASYA-NH2 (7.2h) (10.5 mg, 20.0 μmol), O-VBX of ASYA-NH2 (O-VBX.38) (15.5 mg, 17.9 

μmol, 90% yield) was obtained, as a white solid after lyophilization (retention time 7.5 min).  

1H NMR  (400 MHz, MeOD) δ 8.30 (dd, J = 7.4, 1.9 Hz, 1H, ArH), 8.01 (dd, J = 8.0, 1.1 Hz, 1H, ArH), 7.84 

– 7.71 (m, 2H, ArH), 7.31 – 7.23 (m, 2H, ArH), 7.00 – 6.92 (m, 2H, ArH), 6.51 (s, 1H, CH-I), 4.58 (dd, J = 

8.6, 5.2 Hz, 1H, CH-Tyr), 4.43 (t, J = 6.0 Hz, 1H, CH-Ser), 4.31 (q, J = 7.2 Hz, 1H, CH-Ala-C-Term), 3.94 (q, 

J = 7.0 Hz, 1H, CH-Ala-N-Term), 3.79 (dd, J = 10.8, 5.9 Hz, 1H, CH2-Ser), 3.71 (dd, J = 10.8, 6.3 Hz, 1H, 

CH2-Ser), 3.60 (t, J = 6.3 Hz, 2H, CH2CH2N3), 3.19 (dd, J = 14.1, 5.2 Hz, 1H, CH2-Tyr), 2.99 – 2.88 (m, 3H, 

CH2-Tyr, CH2CH2N3), 1.42 (d, J = 7.0 Hz, 3H, CH3), 1.33 (d, J = 7.2 Hz, 3H, CH3). 13C NMR (101 MHz, 

MeOD) δ 177.2, 172.6, 172.1, 171.1, 170.4, 168.4, 154.0, 136.0, 135.8, 133.7, 133.1, 132.3, 132.0, 

129.3, 120.4, 114.4, 82.6, 62.9, 56.5, 56.0, 50.1, 49.7, 49.5, 37.7, 32.8, 18.3, 17.6. 35 HRMS (ESI/QTOF) 

m/z: [M + H]+ Calcd for C29H36IN8O8
+ 751.1695; Found 751.1706. 
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HPLC-UV chromatogram (214 nm) of ASYA-NH2 (7.2h): 

 

HPLC-UV chromatogram (214 nm) of crude of the reaction:  

 

HPLC-MS chromatogram of crude of the reaction:  

 

HPLC-UV chromatogram (214 nm) of O-VBX of ASYA-NH2 (O-VBX.38): 

 

Relative ratio based on reverse phase HPLC-UV chromatograms at 214 nm: > 99% 

Relative ratio based on reverse phase HPLC-MS chromatograms: > 95% 
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O-VBX of AMYA-NH2 (O-VBX.39) 

 

Starting from AMYA-NH2 (7.2i) (11.4 mg, 20.0 μmol), O-VBX of AMYA-NH2 (O-VBX.39) (11.0 mg, 12.9 

μmol, 64% yield) was obtained, as a white solid after lyophilization (retention time 8.1 min).  

1H NMR (400 MHz, MeOD) δ 8.29 (dd, J = 7.4, 1.9 Hz, 1H, ArH), 8.00 (dd, J = 8.0, 1.3 Hz, 1H, ArH), 7.83 

– 7.70 (m, 2H, ArH), 7.29 – 7.21 (m, 2H, ArH), 6.99 – 6.91 (m, 2H, ArH), 6.50 (d, J = 0.8 Hz, 1H, CH-I), 

4.57 (dd, J = 8.8, 5.6 Hz, 1H, CH-Tyr), 4.40 (dd, J = 8.7, 5.5 Hz, 1H, CH-Met), 4.33 (q, J = 7.1 Hz, 1H, CH-

Ala-C-Term), 3.92 (q, J = 7.1 Hz, 1H, , CH-Ala-N-Term), 3.61 (t, J = 6.3 Hz, 2H, CH2CH2N3), 3.21 – 3.11 

(m, 1H, CH2-Tyr), 2.98 – 2.87 (m, 3H, CH2CH2N3, CH2-Tyr), 2.43 (qdd, J = 13.3, 9.0, 6.1 Hz, 2H, 

CH2CH2SCH3), 2.03 (s, 3H, CH2CH2SCH3), 1.97 (dddd, J = 14.4, 9.1, 6.7, 5.5 Hz, 1H, CH2CH2SCH3), 1.85 

(dtd, J = 14.3, 8.8, 5.7 Hz, 1H, CH2CH2SCH3), 1.41 (d, J = 7.0 Hz, 3H, CH3), 1.35 (d, J = 7.1 Hz, 3H, CH3). 
13C NMR (101 MHz, MeOD) δ 177.1, 173.1, 172.5, 171.1, 170.4, 168.2, 154.0, 135.8, 135.8, 133.6, 

133.5, 132.4, 132.0, 129.1, 120.4, 114.5, 82.9, 55.7, 54.1, 50.1, 50.0, 37.9, 32.9, 32.8, 30.9, 18.5, 17.6, 

15.2. 1 aliphatic carbon signal is not resolved (under the solvent peak). 35 HRMS (ESI/QTOF) m/z: [M + 

H]+ Calcd for C31H40IN8O7S+ 795.1780; Found 795.1783. 

HPLC-UV chromatogram (214 nm) of AMYA-NH2 (7.2i): 
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HPLC-UV chromatogram (214 nm) of crude of the reaction:  

 

HPLC-MS chromatogram of crude of the reaction:  

 

HPLC-UV chromatogram (214 nm) of O-VBX of AMYA-NH2 (O-VBX.39): 

 

Relative ratio based on reverse phase HPLC-UV chromatogram at 214 nm: > 99% 

Relative ratio based on reverse phase HPLC-MS chromatogram: > 99% 
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O-VBX of ADYA-NH2 (7.2j) 

 

Starting from ADYA-NH2 (7.2j) (11.0 mg, 20.0 μmol), O-VBX of ADYA-NH2 (O-VBX.40) (15.5 mg, 17.4 

μmol, 87% yield) was obtained, as a white solid after lyophilization (retention time 7.6 min).  

1H NMR (400 MHz, MeOD) δ 8.29 (dd, J = 7.4, 1.9 Hz, 1H, ArH), 8.00 (dd, J = 8.0, 1.1 Hz, 1H, ArH), 7.84 

– 7.70 (m, 2H, ArH), 7.30 – 7.21 (m, 2H, ArH), 7.01 – 6.92 (m, 2H, ArH), 6.51 (s, 1H, CH-I), 4.64 (t, J = 

6.9 Hz, 1H, CH-Asp), 4.48 (dd, J = 9.1, 5.1 Hz, 1H, CH-Tyr), 4.32 (q, J = 7.2 Hz, 1H, CH-Ala-C-Term), 3.91 

– 3.82 (m, 1H, CH-Ala-N-Term), 3.61 (t, J = 6.3 Hz, 2H, CH2CH2N3), 3.21 (dd, J = 14.1, 5.1 Hz, 1H, CH2-

Tyr), 2.99 – 2.80 (m, 4H, CH2-Tyr, CH2-Asp, CH2CH2N3), 2.74 – 2.63 (m, 1H, CH2-Asp), 1.37 (d, J = 7.2 Hz, 

3H, CH3), 1.33 (d, J = 7.1 Hz, 3H, CH3). 13C NMR (101 MHz, MeOD) δ 177.3, 174.0, 172.5 (2 carbon 

signals under this peak), 171.0, 170.5, 168.3, 153.9, 136.1, 135.9, 133.6, 133.3, 132.3, 132.0, 129.2, 

120.4, 114.6, 82.6, 56.3, 51.3, 50.3, 50.1, 49.5, 37.4, 36.5, 32.9, 18.1, 17.6. 35 HRMS (ESI/QTOF) m/z: 

[M + H]+ Calcd for C30H36IN8O9
+ 779.1644; Found 779.1638. 

HPLC-UV chromatogram (214 nm) of ADYA-NH2 (7.2j): 

 

HPLC-UV chromatogram (214 nm) of crude of the reaction:  
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HPLC-MS chromatogram of crude of the reaction:  

 

HPLC-UV chromatogram (214 nm) of O-VBX of ADYA-NH2 (O-VBX.40): 

 

Relative ratio based on reverse phase HPLC-UV chromatograms at 214 nm: > 95% 

Relative ratio based on reverse phase HPLC-MS chromatograms: > 95% 

 O-VBX of ANYA-NH2 (O-VBX.41) 

 
Starting from ANYA-NH2 (7.2k) (11.0 mg, 20.0 μmol), O-VBX of ANYA-NH2 (O-VBX.41) (11.3 mg, 12.7 

μmol, 63% yield) was obtained, as a white solid after lyophilization (retention time 8.2 min).  

1H NMR (400 MHz, MeOD) δ 8.27 (dd, J = 7.5, 1.8 Hz, 1H, ArH), 7.99 (dd, J = 8.1, 1.0 Hz, 1H, ArH), 7.77 

(ddd, J = 8.1, 7.2, 1.8 Hz, 1H, ArH), 7.73 (td, J = 7.4, 1.0 Hz, 1H, ArH), 7.28 – 7.24 (m, 2H, ArH), 6.98 – 

6.94 (m, 2H, ArH), 6.50 (d, J = 0.8 Hz, 1H, CH-I), 4.65 (t, J = 6.9 Hz, 1H, CH-Asn), 4.47 (dd, J = 9.6, 4.7 Hz, 

1H, CH-Tyr), 4.33 (q, J = 7.2 Hz, 1H, CH-Ala-C-Term), 3.83 (q, J = 7.1 Hz, 1H, CH-Ala-N-Term), 3.61 (t, J 

= 6.4 Hz, 2H, CH2CH2N3), 3.26 – 3.21 (m, 1H, CH2-Tyr), 2.96 – 2.86 (m, 3H, CH2-Tyr, CH2CH2N3), 2.78 (dd, 

J = 15.8, 7.1 Hz, 1H, CH2-Asn), 2.62 (dd, J = 15.8, 6.8 Hz, 1H, CH2-Asn), 1.39 (d, J = 7.2 Hz, 3H, CH3), 1.29 

(d, J = 7.0 Hz, 3H, CH3). 13C NMR (201 MHz, MeOD) δ 177.5, 174.5, 172.8, 172.6, 170.8, 170.4, 168.0, 

154.0, 136.1, 135.6, 134.1, 133.5, 132.2, 131.9, 128.9, 120.3, 114.7, 83.4, 56.4, 51.5, 50.4, 50.1, 49.5, 
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37.6, 37.3, 33.0, 18.1, 17.6. 35 HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C30H37IN9O8
+ 778.1804; Found 

778.1799. 

HPLC-MS chromatogram of ANYA-NH2 (7.2k): 

 

HPLC-UV chromatogram (214 nm) of crude of the reaction:  

 

HPLC-MS chromatogram of crude of the reaction:  

 

HPLC-UV chromatogram (214 nm) of O-VBX of ANYA-NH2 (O-VBX.41): 
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Relative ratio based on reverse phase HPLC-UV chromatogram at 214 nm: > 99% 

Relative ratio based on reverse phase HPLC-MS chromatogram: 85% 

O-VBX of AYLA-NH2 (O-VBX.42) 

 
Starting from AYLA-NH2 (7.2l) (11.0 mg, 20.0 μmol), O-VBX of AYLA-NH2 (O-VBX.42) (14.2 mg, 15.9 

μmol, 80% yield) was obtained, as a white solid after lyophilization (retention time 8.3 min).  

1H NMR (400 MHz, MeOD) δ 8.28 (dt, J = 7.7, 1.8 Hz, 1H, ArH), 8.00 (dd, J = 8.1, 1.1 Hz, 1H, ArH), 7.84 

– 7.70 (m, 2H, ArH), 7.32 – 7.24 (m, 2H, ArH), 7.01 – 6.92 (m, 2H, ArH), 6.46 (d, J = 0.8 Hz, 1H, CH-I), 

4.62 (dd, J = 9.4, 5.5 Hz, 1H, CH-Tyr), 4.42 – 4.34 (m, 1H, CH-Ala-C-Term), 4.30 (q, J = 7.1 Hz, 1H, CH-

Leu), 3.88 (p, J = 6.8 Hz, 1H, CH-Ala-N-Term), 3.65 (t, J = 6.3 Hz, 2H, CH2CH2N3), 3.21 – 3.12 (m, 1H, CH2-

Tyr), 2.95 (t, J = 6.2 Hz, 2H, CH2CH2N3), 2.92 – 2.81 (m, 1H, CH2-Tyr), 1.66 (dq, J = 13.0, 6.5 Hz, 1H, 

CH2CH(CH3)2), 1.59 (dd, J = 7.8, 6.2 Hz, 2H, CH2CH(CH3)2), 1.46 (d, J = 7.0 Hz, 3H, CH3), 1.34 (d, J = 7.2 

Hz, 3H, CH3), 0.94 (d, J = 6.5 Hz, 3H, CH2CH(CH3)2), 0.90 (d, J = 6.4 Hz, 3H, CH2CH(CH3)2). 13C NMR (101 

MHz, MeOD) δ 177.3, 174.0, 173.0, 171.1, 170.4, 168.4, 154.1, 135.9 (2 carbon signals under this peak), 

133.6, 133.1, 132.2, 132.0, 129.1, 120.6, 114.7, 81.1, 56.1, 53.1, 50.0, 49.9, 41.8, 37.8, 33.7, 25.8, 23.5, 

21.9, 18.5, 17.6. 35 HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C32H42IN8O7
+ 777.2216; Found 777.2200. 

HPLC-UV chromatogram (214 nm) of AYLA-NH2 (7.2l): 

 

HPLC-UV chromatogram (214 nm) of crude of the reaction:  
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HPLC-MS chromatogram of crude of the reaction:  

 

HPLC-UV chromatogram (214 nm) of O-VBX of AYLA-NH2 (O-VBX.42): 

 

Relative ratio based on reverse phase HPLC-UV chromatograms at 214 nm: > 99% 

Relative ratio based on reverse phase HPLC-MS chromatogram: 85% 

O-VBX of YALA-NH2 (O-VBX.43) 

 

Starting from YALA-NH2 (7.2m) (11.0 mg, 20.0 μmol), O-VBX of YALA-NH2 (O-VBX.43) (8.20 mg, 9.21 

μmol, 46% yield) was obtained, as a white solid after lyophilization (retention time 8.3 min).  

1H NMR (400 MHz, MeOD) δ 8.29 (dd, J = 7.4, 1.9 Hz, 1H, ArH), 8.00 (dd, J = 8.0, 1.2 Hz, 1H, ArH), 7.84 

– 7.70 (m, 2H, ArH), 7.32 – 7.25 (m, 2H, ArH), 7.05 – 6.98 (m, 2H, ArH), 6.52 (d, J = 0.9 Hz, 1H, CH-I), 

4.42 (q, J = 7.1 Hz, 1H, CH-Ala), 4.39 – 4.29 (m, 2H, CH-Tyr, CH-Leu), 4.04 (t, J = 7.0 Hz, 1H, CH-Ala-C-

Term), 3.64 (t, J = 6.4 Hz, 2H, CH2CH2N3), 3.22 (dd, J = 14.2, 6.6 Hz, 1H, CH2-Tyr), 3.06 – 2.98 (m, 1H, 

CH2-Tyr), 2.96 (t, J = 6.3 Hz, 2H, CH2CH2N3), 1.78 – 1.65 (m, 1H, CH2CH(CH3)2), 1.65 – 1.56 (m, 2H, 

CH2CH(CH3)2), 1.38 (t, J = 7.3 Hz, 6H, CH3), 0.93 (d, J = 6.5 Hz, 3H, CH2CH(CH3)2), 0.87 (d, J = 6.4 Hz, 3H, 

CH2CH(CH3)2). 13C NMR (101 MHz, MeOD) δ 177.3, 174.3, 174.2, 170.3, 169.0, 168.0, 154.7, 135.8, 

133.6, 133.5, 133.0, 132.6, 132.0, 129.1, 121.0, 114.9, 82.6, 55.4, 53.2, 50.4, 50.0, 49.7, 41.6, 37.7, 
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33.2, 25.8, 23.6, 21.9, 18.6, 18.3. 35 HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C32H42IN8O7
+ 777.2216; 

Found 777.2244. 

HPLC-UV chromatogram (214 nm) of YALA-NH2 (7.2m): 

 

HPLC-UV chromatogram (214 nm) of crude of the reaction:  

 

HPLC-MS chromatogram of crude of the reaction:  

 

HPLC-UV chromatogram (214 nm) of O-VBX of YALA-NH2 (O-VBX.43): 
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Relative ratio based on reverse phase HPLC-UV chromatogram at 214 nm: > 99% 

Relative ratio based on reverse phase HPLC-MS chromatogram: > 99% 

O-VBX of Ac-AFGY (O-VBX.44) 

 
Starting from Ac-AFGY (7.2n) (9.97 mg, 20.0 μmol), O-VBX of Ac-AFGY (O-VBX.44) (9.90 mg, 11.8 μmol, 

59% yield) was obtained, as a white solid after lyophilization (retention time 10.5 min).  

1H NMR (400 MHz, MeOD) δ 8.33 (dd, J = 7.5, 1.8 Hz, 1H, ArH), 8.23 – 8.16 (m, 1H, NH), 8.06 (dd, J = 

8.2, 1.0 Hz, 1H, ArH), 7.97 (d, J = 8.4 Hz, 1H, NH), 7.88 – 7.80 (m, 1H, ArH), 7.76 (td, J = 7.4, 1.0 Hz, 1H, 

ArH), 7.34 – 7.22 (m, 4H, ArH), 7.19 (ddt, J = 6.8, 3.1, 1.3 Hz, 3H, ArH), 7.03 – 6.95 (m, 2H, ArH), 6.51 

(s, 1H, CH-I), 4.69 – 4.59 (m, 1H, CH-Phe), 4.48 – 4.36 (m, 1H, CH-Tyr), 4.18 (q, J = 7.1 Hz, 1H, CH-Ala-

N-Term), 3.97 – 3.87 (m, 1H, CH2-Gly), 3.64 – 3.52 (m, 3H, CH2-Gly, CH2CH2N3), 3.22 (dt, J = 13.9, 4.9 

Hz, 2H, CH2-Phe), 3.08 – 2.95 (m, 2H, CH2-Tyr), 2.93 (t, J = 6.4 Hz, 2H, CH2CH2N3), 1.93 (s, 3H, NHCOCH3), 

1.19 (d, J = 7.2 Hz, 3H, CH3). 13C NMR (101 MHz, MeOD) δ 175.4, 174.0, 173.8, 173.6, 171.4, 170.6, 

169.1, 153.7, 138.6, 136.8, 136.4, 134.0, 132.4, 132.2, 131.3, 130.3, 129.8, 129.5, 127.8, 120.7, 114.1, 

80.5, 56.6, 54.9, 50.9, 49.7, 43.3, 37.7, 37.5, 32.7, 22.5, 17.5. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for 

C36H39IN7O9
+ 840.1848; Found 840.1847. 

HPLC-UV chromatogram (214 nm) of Ac-AFGY (7.2n): 

 

HPLC-UV chromatogram (214 nm) of crude of the reaction:  
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HPLC-MS chromatogram of crude of the reaction:  

 
HPLC-UV chromatogram (214 nm) of O-VBX of Ac-AFGY (O-VBX.44): 

 

Relative ratio based on reverse phase HPLC-UV chromatogram at 214 nm: 94% 

Relative ratio based on reverse phase HPLC-MS chromatogram: 94% 

9.7.4 Scope of peptides 

 

General procedure:  

To a solution of peptide 7.7 (1.00 μmol or 1.00 mg, 1.00 equiv) in 100 mM Tris buffer pH 9.0 (490 μL), 

in a 0.5 mL Eppendorf Safe-Lock microcentrifuge tube, was added a 300 mM solution of N3-EBX 

(EBX.20) in DMSO (10.0 μL, 1.02 mg, 3.00 μmol, 3.00 equiv). The 2.00 mM solution was stirred at 37 

°C for 24 h. No effort was made to exclude oxygen. The reaction was analysed by HPLC-MS.  

The yields were approximated as the ratio of Aprod/Atotal where Aprod = area in mAU of the product 

peak and Atotal = area in mAU of all peptides products (product, starting material, and side products 

if present). The ratio were determined using HPLC-UV at 214 nm and/or HPLC-MS chromatograms.  
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MS/MS: the fragment map is displayed, with similarities in the isotopic pattern displayed in grey for 

assigned ions.  

O-VBX of Vasopressin (O-VBX.45) 

 

Starting from Vasopressin (7.7a) (1.00 mg, 0.762 μmol), O-VBX.45 was obtained in 85% yield based on 

HPLC-MS (retention time 7.8 min).  

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C57H74IN18O14S2
+ 1425.4113; Found 

1425.4132. 

MS/MS characterization: The lack of processing tools to assign fragment ions for such cyclic modified 

peptide did not allow us to confirm its structure based on the fragmentation spectra obtained. 

HPLC-UV chromatogram (214 nm) of a 2.00 mM solution of Vasopressin (7.7a) in 100 mM Tris buffer 

pH 9.0: 
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HPLC-UV chromatogram (214 nm) of crude of the reaction: 

 
HPLC-MS chromatogram of crude of the reaction: 

 
 

Yield based on HPLC-UV at 214 nm: 95% 

Yield based on HPLC-MS: 85% 

 O-VBX of Oxytocin (O-VBX.46) 

 

Starting from Oxytocin (7.7b) (1.07 mg, 1.00 μmol), O-VBX.46 was obtained in 72% yield (retention 

time 8.5 min).  

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C54H75IN15O14S2
+ 1348.4099; Found 

1348.4060. 



 Chapter 9: Experimental Part 

301 
 

MS/MS characterization:  

 

Sequence Type MF m/z Intensity Similarity 

CYIQN b5 C38H48IN10O10S(+1) 963.232 1.04 86% 

IQNCPLG y7 C31H55N10O9S(+1) 743.3874 0.93 85% 

QNCPLG y6 C25H44N9O8S(+1) 630.3034 0.81 84% 

 

 

Sequence Type MF m/z Intensity Similarity 

YIQNC b6y8 C38H48IN10O10S(+1) 901.1868 1.04 86% 

QNCPL b8y6 C23H38N7O7S(+1) 596.2497 0.31 82% 

HPLC-UV chromatogram (214 nm) of a 2.00 mM solution of Oxytocin (7.7b) in 100 mM Tris buffer pH 

9.0 (with EBX): 

 
HPLC-UV chromatogram (214 nm) of crude of the reaction:  

 

SM 

EBX 
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HPLC-MS chromatogram of crude of the reaction: 

 
Yield based on HPLC-UV at 214 nm: 84% 

Yield based on HPLC-MS: 72% 

 O-VBX of HIV-1 tat (O-VBX.47) 

 

Starting from HIV-1 tat (7.7c) (1.00 mg, 0.387 μmol), O-VBX.47 was obtained in > 90% yield (retention 

time 4.5 min).  

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H3]+3 Calcd for C75H129IN35O16
+3 634.3128; Found 

634.3118. 

MS/MS characterization:  

 

Sequence Type MF m/z Intensity Similarity 

YGRKKRRQRR b10 C69H113IN31O14(+1) 863.9098 5.29 96% 

RQRRR y5 C29H59N18O7(+1) 386.2441 1.69 87% 

KKRRQRRR y8 C47H95N26O10(+1) 592.3896 0.93 89% 

YGRKKRRQRR b10 C69H113IN31O14(+1) 576.2756 0.73 95% 
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RR y2 C12H27N8O3(+1) 331.2201 0.68 85% 

RRR y3 C18H39N12O4(+1) 487.3212 0.64 78% 

YGRKKRR b7 C52H81IN21O10(+1) 643.7794 0.6 76% 

YGRKKRRQ b8 C57H89IN23O12(+1) 707.8087 0.54 80% 

 

HPLC-MS chromatogram of a 2.00 mM solution of HIV-1 tat (7.7c) in 100 mM Tris buffer pH 9.0: 

 
HPLC-UV chromatogram (214 nm) of crude of the reaction: 

 
HPLC-MS chromatogram of crude of the reaction:  

 
Yield based on HPLC-MS: > 90% 
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 O-VBX of β-Casomorphin (O-VBX.48) 

 

Starting from β-Casomorphin (7.7d) (0.864 mg, 1.00 μmol), O-VBX.48 was obtained in 80% yield 

(retention time 9.6 min).  

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C55H70IN10O13
+ 1205.4163; Found 

1205.4185. 

MS/MS characterization: 

 

Sequence Type MF m/z Intensity Similarity 

YP b2 C25H25IN5O5(+1) 602.0889 97.96 87% 

YPFVE b5 C44H50IN8O10(+1) 977.2679 27.41 82% 

YPFVE b5 C44H48IN8O9(+1) 959.2574 9.65 82% 

YPFV b4 C39H43IN7O7(+1) 848.2256 5.42 82% 

YPF b3 C34H34IN6O6(+1) 749.1572 1.66 84% 

 

HPLC-UV chromatogram (214 nm) of a 2.00 mM solution of β-Casomorphin (7.7d) in 100 mM Tris 

buffer pH 9.0: 
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HPLC-UV chromatogram (214 nm) of crude of the reaction:  

 
HPLC-UV chromatogram (214 nm) of crude of the reaction with different gradient:  

 
HPLC-MS chromatogram of crude of the reaction with different gradient:  

 
Yield based on HPLC-UV at 214 nm: 89% 

Yield based on HPLC-MS: 80%
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O-VBX of Angiotensin (O-VBX.49) 

 

Starting from Angiotensin (7.7e) (1.39 mg, 1.00 μmol), O-VBX.49 was obtained in 55% yield (retention 

time 8.5 min).  

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H2]+2 Calcd for C61H81IN16O14
+2 694.2576; Found 

694.2593. 

MS/MS characterization:  

 

Sequence Type MF m/z Intensity Similarity 

PF y2 C14H19N2O3(+1) 263.139 54.78 96% 

DRVYIH b6 C47H62IN14O11(+1) 1125.3762 28.34 94% 

DRVYIH b6 C47H62IN14O11(+1) 563.1917 11.57 91% 

RVYIHPF y7 C57H75IN15O11(+1) 636.7441 6.11 93% 

DRVYI b5 C41H55IN11O10(+1) 988.3173 3.84 91% 

HPF y3 C20H26N5O4(+1) 400.1979 2.58 91% 

DRVYIHP b7 C52H69IN15O12(+1) 611.7181 1.56 91% 

DRVYIH a6 C46H62IN14O10(+1) 549.1943 1.06 90% 

DR b2 C10H18N5O4(+1) 272.1353 1.01 88% 

DRV a3 C14H27N6O4(+1) 343.2088 0.78 88% 

DRVY b4 C35H44IN10O9(+1) 875.2332 0.66 85% 

IHPF y4 C26H37N6O5(+1) 513.282 0.64 84% 

DRV b3 C15H27N6O5(+1) 371.2037 0.4 84% 

DRVYI a5 C40H55IN11O9(+1) 960.3223 0.19 82% 

DRVYIHP a7 C51H69IN15O11(+1) 597.7206 0.04 84% 
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HPLC-UV chromatogram (214 nm) of a 2.00 mM solution of Angiotensin (7.7e) in 100 mM Tris buffer 

pH 9.0: 

 

HPLC-UV chromatogram (214 nm) of crude of the reaction:  

 
HPLC-MS chromatogram of crude of the reaction:  

 
Yield based on HPLC-UV at 214 nm: 78% 

Yield based on HPLC-MS: 55% 
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O-VBX of Amyloid β-Protein (1-15) (O-VBX.50) 

 

Starting from Amyloid β-Protein (1-15) (7.7f) (1.00 mg, 0.417 μmol), O-VBX.50 was obtained in 61% 

yield (retention time 6.3 min).  

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H2]+2 Calcd for C89H117IN28O29
+2 1084.3787; Found 

1084.3856. 

MS/MS characterization:  

 

Sequence Type MF m/z Intensity Similarity 

SGYEVHHQ y8 C52H66IN16O16(+1) 1297.388 6.92 80% 

DAEFRHDSGYEVHH b14 C84H106IN26O26(+1) 1011.344 5.21 94% 

AEFRHDSGYEVHHQ y14 C85H111IN27O26(+1) 1026.865 4.44 86% 

DAEFR b5 C27H39N8O9(+1) 619.2835 1.88 81% 

HHQ y3 C17H25N8O5(+1) 421.1942 1.56 92% 
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HPLC-UV chromatogram (214 nm) of a 2.00 mM solution of Amyloid β-Protein (1-15) (7.7f) in 100 mM 

Tris buffer pH 9.0: 

 

HPLC-UV chromatograms (214 nm) of crude of the reaction:  

 
HPLC-MS chromatograms of crude of the reaction:  

 
Yield based on HPLC-UV at 214 nm: 64% 

Yield based on HPLC-MS: 61%
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O-VBX of Amyloid β-Protein (1-24) (O-VBX.51) 

 

Starting from Amyloid β-Protein (1-24) (7.7g) (0.500 mg, 0.145 μmol), O-VBX.51 was obtained in 40% 

yield (retention time 8.2 min).  

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H3]+3 Calcd for C141H194IN38O42
+3 1072.7747; Found 

1072.7733. 

MS/MS characterization:  

 

Sequence Type MF m/z Intensity Similarity 
DAEFRHD b7 C37H51N12O13(+1) 871.3693 27.32 90% 

DAEFRHDSGYEVHHQKLVFFAED b23 C136H181IN37O40(+1) 1033.748 14.09 85% 
SGYEVHHQKLVFFAEDV y17 C104H142IN26O29(+1) 1173.477 8.33 82% 

HQKLVFFAEDV y11 C63H94N15O17(+1) 1332.695 6.09 81% 
FFAEDV y6 C35H47N6O11(+1) 727.3297 5.82 92% 
DAEFRH b6 C33H46N11O10(+1) 756.3424 5.26 86% 

FRHDSGYEVHHQKLVFFAEDV y21 C129H175IN35O35(+1) 967.7392 2.01 81% 
QKLVFFAEDV y10 C57H87N12O16(+1) 1195.636 2.01 84% 

HHQKLVFFAEDV y12 C69H101N18O18(+1) 735.3804 1.49 89% 
DAEFRHDSGYEVHH b14 C84H106IN26O26(+1) 1011.344 1.36 83% 

VFFAEDV y7 C40H56N7O12(+1) 826.3981 1.26 82% 
DAEF b4 C21H27N4O8(+1) 463.1823 1.01 96% 
AEDV y4 C17H29N4O9(+1) 433.1929 0.77 80% 
EDV y3 C14H24N3O8(+1) 362.1558 0.75 83% 

DSGYEVHHQKLVFFAEDV y18 C108H147IN27O32(+1) 1230.991 0.71 84% 
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HPLC-UV chromatogram (214 nm) of a 2.00 mM solution of Amyloid β-Protein (1-24) (7.7g) in 100 mM 

Tris buffer pH 9.0: 

 
HPLC-UV chromatograms (214 nm) of crude of the reaction:  

 
HPLC-MS chromatograms of crude of the reaction:  

 
Yield based on HPLC-UV at 214 nm: 41% 

Yield based on HPLC-MS: 40%  
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O-VBX of Cyclic RGD (O-VBX.52) 

 

Starting from Cyclic RGD (7.7h) (0.848 mg, 1.00 μmol), O-VBX.52 was obtained in 76% yield (retention 

time 6.5 min).  

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C38H50IN12O10
+ 961.2812; Found 961.2826. 

MS/MS characterization: The lack of processing tools to assign fragment ions for such cyclic modified 

peptide did not allow us to confirm its structure based on the fragmentation spectra obtained. 

HPLC-UV chromatogram (214 nm) of a 2.00 mM solution of Cyclic RGD (7.7h) in 100 mM Tris buffer 

pH 9.0 (with EBX): 

 

HPLC-MS chromatogram of a 2.00 mM solution of Cyclic RGD (1v) in 100 mM Tris buffer pH 9.0: 
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HPLC-UV chromatograms (214 nm) of crude of the reaction:  

 
HPLC-MS chromatograms of crude of the reaction:  

 
Yield based on HPLC-UV at 214 nm: 88% 

 Yield based on HPLC-MS: 76% 

O-VBX of Jagaricin (O-VBX.53) 

 

Starting from Jagaricin (7.7i) (1.52 mg, 1.00 μmol), O-VBX.53 was obtained in 61% yield based on HPLC-

MS (retention time 13.3 min).  

HRMS (HESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C67H93IN15O18
+ 1522.5862; Found 1522.5825. 

MS/MS characterization: The lack of processing tools to assign fragment ions for such cyclic modified 

peptide did not allow us to confirm its structure based on the fragmentation spectra obtained. 
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HPLC-UV chromatogram (214 nm) of crude of the reaction: 

 
HPLC-MS chromatogram of crude of the reaction: 

 
 

Yield based on HPLC-UV at 214 nm: 69% 

Yield based on HPLC-MS: 61%  

9.7.1 Scope of EBX on β-Casomorphin 

 

General procedure:  

To a solution of β-Casomorphin 7.7d (864 μg, 1.00 μmol, 1.00 equiv) in 100 mM Tris buffer pH 9.0 (490 

μL), in a 0.5 mL Eppendorf Safe-Lock microcentrifuge tube, was added a 300 mM solution of EBX 2 in 

DMSO (10.0 μL, 3.00 μmol, 3.00 equiv). The 2.00 mM solution was stirred at 37 °C for 24 h. No effort 

was made to exclude oxygen. The reaction was analysed by HPLC-MS.  

The yields were approximated as the ratio of Aprod/Atotal where Aprod = area in mAU of the product 

peak and Atotal = area in mAU of all peptides products (product, starting material, and side products 

if present). The ratio were determined using HPLC-UV at 214 nm and/or HPLC-MS chromatograms.   
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O-VBX.54 

 

Starting from β-Casomorphin (7.7d) (0.864 mg, 1.00 μmol), O-VBX.54 was obtained in 66% yield 

(retention time 9.7 min).  

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H2]+2 Calcd for C58H74IN7O14
+2 609.7164; Found 

609.7147. 

MS/MS characterization:  

 

Sequence Type MF m/z Intensity Similarity 

YPFVE b5 C47H53IN5O11(+1) 990.2781 101.36 0.87 

PI y2 C11H21N2O3(+1) 229.1547 73.07 0.94 

YP b2 C28H28IN2O6(+1) 615.0987 24.95 0.90 

YPFVEP b6 C52H60IN6O12(+1) 544.1691 10.59 0.86 

YPFVE b5 C47H51IN5O10(+1) 972.2675 9.05 0.88 

YPFV b4 C42H46IN4O8(+1) 861.2355 8.81 0.90 

YPFVE b5 C47H53IN5O11(+1) 495.6427 8.02 0.85 

EPI y3 C16H28N3O6(+1) 358.1973 4.94 0.90 

YPF b3 C37H37IN3O7(+1) 762.1671 3.78 0.89 

VEPI y4 C21H37N4O7(+1) 457.2657 0.92 0.77 

YPFVE a5 C46H53IN5O10(+1) 481.6452 0.70 0.71 
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HPLC-UV chromatogram (214 nm) of a 2.00 mM solution of β-Casomorphin (7.7d) in 100 mM Tris 

buffer pH 9.0: 

 

HPLC-UV chromatograms (214 nm) of crude of the reaction:  

 
HPLC-MS chromatograms of crude of the reaction:  

 
Yield based on HPLC-UV at 214 nm: 77% 

 Yield based on HPLC-MS: 66% 
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O-VBX.55 

 

Starting from β-Casomorphin (7.7d) (0.864 mg, 1.00 μmol), O-VBX.55 was obtained in 78% yield 

(retention time 10.1 min).  

HRMS (LTQ-Orbitrap) m/z: [M + H]+ Calcd for C56H72ClIN7O13
+ 1212.3916; Found 1212.3951. 

MS/MS characterization:  

 

Sequence Type MF m/z Intensity Similarity 

YP b2 C26H27ClIN2O5(+1) 609.0646 100.91 0.87 

YPFVE b5 C45H52ClIN5O10(+1) 984.2438 16.80 0.85 

YPFV b4 C40H45ClIN4O7(+1) 855.2015 6.08 0.84 

EPI y3 C16H28N3O6(+1) 358.1973 5.35 0.83 

PFVEPI y6 C35H53N6O9(+1) 701.3866 3.89 0.94 

YPFVE b5 C45H50ClIN5O9(+1) 966.2335 3.32 0.90 

YPF b3 C35H36ClIN3O6(+1) 756.133 2.72 0.84 

Y a1 C20H20ClINO3(+1) 484.0169 1.52 0.86 

VEPI y4 C21H37N4O7(+1) 457.2656 1.41 0.84 

YPFV a4 C39H45ClIN4O6(+1) 827.2064 1.34 0.91 

YPFVE a5 C44H52ClIN5O9(+1) 956.249 1.23 0.81 

FVEPI y5 C30H46N5O8(+1) 604.3339 0.73 0.83 
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HPLC-UV chromatogram (214 nm) of a 2.00 mM solution of β-Casomorphin (7.7d) in 100 mM Tris 

buffer pH 9.0: 

 

HPLC-UV chromatograms (214 nm) of crude of the reaction:  

 
HPLC-MS chromatograms of crude of the reaction:  

 
Yield based on HPLC-UV at 214 nm: 81% 

 Yield based on HPLC-MS: 78% 
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O-VBX.56 

 

Starting from β-Casomorphin (7.7d) (0.864 mg, 1.00 μmol), O-VBX.56 was obtained in 45% yield 

(retention time 7.1 min).  

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C58H77IN7O14
+ 1222.4568; Found 

1222.4544. 

MS/MS characterization: 

 

Sequence Type MF m/z Intensity Similarity 

YP b2 C28H32IN2O6(+1) 619.13 102 93% 

YPFVE b5 C47H57IN5O11(+1) 994.3094 12.28 93% 

PFVEPI y6 C35H53N6O9(+1) 701.3869 6.38 90% 

EPI y3 C16H28N3O6(+1) 358.1973 6.35 92% 

YPFV b4 C42H50IN4O8(+1) 865.2668 4.95 92% 

YPF b3 C47H55IN5O10(+1) 766.1984 2.87 91% 

Y a1 C37H41IN3O7(+1) 494.0823 2.61 93% 

YPFV a4 C22H25INO4(+1) 837.2719 1.84 92% 

YPFVE a5 C41H50IN4O7(+1) 966.3145 1.56 90% 

VEPI y4 C46H57IN5O10(+1) 457.2657 1.17 85% 

YPFVEP b6 C21H37N4O7(+1) 1091.362 0.21 85% 
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HPLC-UV chromatogram (214 nm) of a 2.00 mM solution of β-Casomorphin (7.7d) in 100 mM Tris 

buffer pH 9.0: 

 

HPLC-UV chromatograms (214 nm) of crude of the reaction:  

 
HPLC-MS chromatograms of crude of the reaction:  

 
Yield based on HPLC-UV at 214 nm: 46% 

Yield based on HPLC-MS: 45% 
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O-VBX.57 

 

Starting from β-Casomorphin (7.7d) (0.864 mg, 1.00 μmol), O-VBX.57 was obtained in 76% yield 

(retention time 12.7 min).  

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+2 Calcd for C86H106IN9O16
+2 823.8396; Found 

823.8379. 

MS/MS characterization:  

 

Sequence Type MF m/z Intensity Similarity 

YP b2 C56H60IN4O8(+1) 522.1762 100.95 0.94 

YPFVE b5 C75H85IN7O13(+1) 709.7659 28.84 0.93 

FVEPI y5 C30H46N5O8(+1) 604.3341 17.08 0.98 

YP b2 C56H60IN4O8(+1) 1043.345 12.77 0.97 

YPFVE b5 C75H83IN7O12(+1) 700.7606 5.97 0.93 

YPFV b4 C70H78IN6O10(+1) 645.2446 5.61 0.94 

YPF b3 C65H69IN5O9(+1) 595.7104 1.53 0.93 

EPI y3 C16H28N3O6(+1) 358.1973 1.38 0.94 

EPI y3 C16H26N3O5(+1) 340.1867 0.64 0.89 

VEPI y4 C21H37N4O7(+1) 457.2657 0.51 0.84 
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HPLC-UV chromatogram (214 nm) of a 2.00 mM solution of β-Casomorphin (7.7d) in 100 mM Tris 

buffer pH 9.0: 

 

HPLC-UV chromatograms (214 nm) of crude of the reaction:  

 
HPLC-MS chromatograms of crude of the reaction:  

 
Yield based on HPLC-UV at 214 nm: 82% 

Yield based on HPLC-MS: 76% 
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O-VBX.58 

 

Starting from β-Casomorphin (7.7d) (0.864 mg, 1.00 μmol), O-VBX.58 was obtained in >76% yield 

(retention time 8.7 min).  

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H2]+2 Calcd for C53H68IN7O13
+2 568.6954; Found 

568.6931. 

MS/MS characterization:  

 

Sequence Type MF m/z Intensity Similarity 

YPFVE b5 C42H47IN5O10(+1) 908.2362 103.01 0.88 

PI y2 C11H21N2O3(+1) 229.1547 50.61 0.94 

YP b2 C23H22IN2O5(+1) 533.0568 15.71 0.91 

YPFVEP b6 C47H54IN6O11(+1) 503.1481 12.30 0.89 

YPFV b4 C37H40IN4O7(+1) 779.1936 8.79 0.89 

YPFVE b5 C42H47IN5O10(+1) 454.6217 8.75 0.89 

YPFVE b5 C42H45IN5O9(+1) 890.2257 4.37 0.86 

EPI y3 C16H28N3O6(+1) 358.1973 4.13 0.91 

EPI y3 C16H26N3O5(+1) 340.1867 2.76 0.93 

YPF b3 C32H31IN3O6(+1) 680.1252 1.27 0.89 

VEPI y4 C21H37N4O7(+1) 457.2657 0.91 0.91 

FVEPI y5 C30H46N5O8(+1) 604.3341 0.89 0.88 

YPFVE a5 C41H47IN5O9(+1) 440.6243 0.74 0.84 

YPFV b4 C37H40IN4O7(+1) 390.1004 0.68 0.91 
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HPLC-UV chromatogram (214 nm) of a 2.00 mM solution of β-Casomorphin (7.7d) in 100 mM Tris 

buffer pH 9.0: 

 

HPLC-UV chromatograms (214 nm) of crude of the reaction:  

 
HPLC-MS chromatograms of crude of the reaction:  
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O-VBX.61 

 

Starting from β-Casomorphin (7.7d) (0.864 mg, 1.00 μmol), O-VBX.61 was obtained in 11% yield 

(retention time 10.3 min).  

HRMS (ESI/QTOF) m/z: [M + H]+ Calcd for C56H72IN8O15
+ 1223.4156; Found 1223.4230. 

HPLC-UV chromatogram (214 nm) of a 2.00 mM solution of β-Casomorphin (7.7d) in 100 mM Tris 

buffer pH 9.0: 

 

HPLC-UV chromatograms (214 nm) of crude of the reaction:  
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HPLC-MS chromatograms of crude of the reaction:  

 
Yield based on HPLC-UV at 214 nm: 12% 

 Yield based on HPLC-MS: 11% 

O-VBX.62 

 

Starting from β-Casomorphin (7.7d) (0.864 mg, 1.00 μmol), O-VBX.62 was obtained in 3% yield 

(retention time 13.2 min).  

HRMS (ESI/QTOF) m/z: [M + K-1]- Calcd for C67H93IN7O16S- 1410.5450; Found 1410.5444. 

HPLC-UV chromatogram (214 nm) of a 2.00 mM solution of β-Casomorphin (7.7d) in 100 mM Tris 

buffer pH 9.0: 
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HPLC-UV chromatograms (214 nm) of crude of the reaction:  

 
HPLC-MS chromatograms of crude of the reaction:  

 
Yield based on HPLC-UV at 214 nm: 10% 

Yield based on HPLC-MS: 3% 

9.7.2 Protein bioconjugation 

Protein materials and their sequences used in this study: 

Ubiquitin: recombinant human protein (Bio-techne, U-100H) 

MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG 

Myoglobin: from equine skeletal muscle (Sigma-Aldrich, M0630) 

GLSDGEWQQVLNVWGKVEADIAGHGQEVLIRLFTGHPETLEKFDKFKHLKTEAEMKASEDLKKHGTVVLTALGGI

LKKKGHHEAELKPLAQSHATKHKIPIKYLEFISDAIIHVLHSKHPGDFGADAQGAMTKALELFRNDIAAKYKELGFQG 

Streptavidin: recombinant protein (Lubio Science, OPPA02060) 

MAEAGITGTWYNQLGSTFIVTAGADGALTGTYESAVGNAESRYVLTGRYDSAPATDGSGTALGWTVAWKNNYR

NAHSATTWSGQYVGGAEARINTQWLLTSGTTEANAWKSTLVGHDTFTKVKPSAAS 

Trastuzumab (Herceptin): recombinant antibody (Lubio Science, HY-P9907); C6460H9972N1724O2014S44 

Light chain: DIQMTQSPSSLSASVGDRVTITCRASQDVNTAVAWYQQKPGKAPKLLIYSASF 

LYSGVPSRFSGSRSGTDFTLTISSLQPEDFATYYCQQHYTTPPTFGQGTKVEIKRTVAAPSVFIFPPSDEQLKSGTASV

VCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKS

FNRGEC 
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Heavy chain: EVQLVESGGGLVQPGGSLRLSCAASGFNIKDTYIHWVRQAPGKGLEWVA 

RIYPTNGYTRYADSVKGRFTISADTSKNTAYLQMNSLRAEDTAVYYCSRWGGDGFYAMDYWGQGTLVTVSSAST

KGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTY

ICNVNHKPSNTKVDKKVEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKF

NWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYT

LPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCS

VMHEALHNHYTQKSLSLSPGK 

 

Monoisotopic and average masses of elements used to calculate carbohydrate structures based on 

elemental composition of glycan species contributing to major trastuzumab glycoforms:36 

 

General procedure for Tyr-selective bioconjugation to proteins: 

 

Procedure A: In a 0.5 mL Eppendorf Safe-Lock microcentrifuge tube, Protein (10.0 μL of 1.00 mM stock 

solution in 100 mM pH 9.0 Tris buffer, 10.0 nmol, 1.00 equiv, 100 μM final concentration) was diluted 

in Tris buffer (100 mM Tris, pH 9.0, 89.6 μL) or denaturing Tris buffer (6.00 M GdmHCl, 100 mM Tris, 

pH 9.0, 89.6 μL). Then a 300 mM solution of EBX.20 in DMSO (0.400 μL, 10.0 nmol, 10 equiv.) was 

added in one portion and the resulting mixture was shook at 37 °C for 72 h. No effort was made to 

exclude oxygen.  

Procedure B: In a 0.5 mL Eppendorf Safe-Lock microcentrifuge tube, Protein (10.0 μL of 1.00 mM stock 

solution in 100 mM pH 9.0 Tris buffer, 10.0 nmol, 1.00 equiv, 100 μM final concentration) was diluted 

in Tris buffer (100 mM Tris, pH 9.0, 88.3 μL) or denaturing Tris buffer (6.00 M GdmHCl, 100 mM Tris, 

pH 9.0, 88.3 μL). Then a 300 mM solution of EBX.20 in DMSO (1.70 μL, 50.0 nmol, 50 equiv.) was added 

in one portion and the resulting mixture was shook at 37 °C for 24 h. No effort was made to exclude 

oxygen.  

                                                            
36 The numbers were taken from ThermoFisher website. 
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The reaction crude was analyzed by high resolution mass spectrometry. The yield was determined 

using deconvoluted MS area. Peaks with relative abundance under 5% were considered as background 

signals and were not taken in account. 

Yield (%) = [A(modified protein) / ∑ A(protein components)]x100. 

Procedure trastuzumab: In a 0.5 mL Eppendorf Safe-Lock microcentrifuge tube, Trastuzumab 7.9f 

(10.0 μL of 100 μM stock solution in 100 mM pH 9.0 Tris buffer, 1.00 nmol, 1.00 equiv, 10 μM final 

concentration) was diluted in Tris buffer (100 mM Tris, pH 9.0, 90.0 μL). Then a 3 mM solution of 

EBX.20 in 100 mM Tris (pH 9.0) - 1% DMSO (2 μL, 5.00 nmol, 5.00 equiv.) was added in one portion 

and the resulting mixture was shook at 37 °C for 4 h. No effort was made to exclude oxygen. 

Procedure for LC-MS/MS analysis:    

Intact protein mass spectrometry analysis  

After reaction, samples were diluted to a final protein concentration of 5 uM with milliQ water 

containing 0.1% formic acid and were injected into an Acquity UPLC Protein column BEH C4 VanGuard 

(300 Å, 1.7 µm, 2.1 x 5 mm, Waters, Milford, MA, U.S.A.) using a Vanquish analytical LC system 

(Thermo Fisher Scientific, Germany) coupled to an OptaMax NG ion source (Thermo Fisher Scientific, 

Bremen, Germany). The sample desalting was performed with a flow rate of 400 µl/min by applying a 

gradient of solvent B from 15 to 60 % in 2.5 min, followed by column washing and re-equilibration 

steps. Solvent A was composed of milliQ water with 0.1 % formic acid, while solvent B consisted of 

acetonitrile with 0.1 % formic acid. 

Eluting proteoforms were analyzed on a Exploris 240 Orbitrap-FT-MS benchtop instrument (Thermo 

Fisher Scientific, Bremen, Germany) using Intact Protein mode with low pressure settings, positive 

polarity, standard AGC, maximum injection time (IT) set to auto, 240’000 resolution at 200 m/z and 

averaging 5 microscans. Intact mass measurement data were analyzed with BioPharma Finder 4.1 

software (Thermo Fisher Scientific, Sunnyvale, CA, U.S.A.) using a Xtract algorithm with 90% fit factor. 

Top-down mass spectrometry analysis 

To localize the modification sites, samples were submitted to top-down mass spectrometry analysis 

using higher energy collision induced dissociation (HCD) or collision induced dissociation (CID) 

fragmentation techniques.  

For HCD-based top-down MS experiments, samples were diluted to a final protein concentration of 5 

uM with milliQ water containing 0.1% formic acid and were injected into an Acquity UPLC Protein 

column BEH C4 VanGuard (300 Å, 1.7 µm, 2.1 x 5 mm, Waters, Milford, MA, U.S.A.) using a Vanquish 

analytical LC system (Thermo Fisher Scientific, Germany) coupled to an OptaMax NG ion source 

(Thermo Fisher Scientific, Bremen, Germany). The sample desalting was performed with a flow rate of 

400 µl/min by applying a gradient of solvent B from 15 to 60 % in 2.5 min, followed by column washing 

and re-equilibration steps. Solvent A was composed of milliQ water with 0.1 % formic acid, while 

solvent B consisted of acetonitrile with 0.1 % formic acid. 

Eluting proteoforms were analyzed on a Orbitrap Exploris 240 FT-MS benchtop instrument (Thermo 

Fisher Scientific, Bremen, Germany) using Intact Protein mode with low pressure settings, positive 

polarity and targeted MS/MS approach with ion multiplexing. For each protein sample 8 precursor 

ions corresponding to different charge states of the same proteoform carrying one EBX modification 
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were input into the targeted inclusion mass list. Isolation window was set to 1.5 m/z, AGC target as 

standard, maximum IT set as Auto, 240’000 resolution at 200 m/z and averaging 10 microscans. Three 

different values (between 25-50 %) of normalized collision energy (NCE) for HCD fragmentation were 

set for each sample. 

CID-based top-down MS analyses were performed on an LTQ Orbitrap Elite ETD FTMS (Thermo Fisher 

Scientific, Bremen, Germany) operated in the positive mode coupled with a chip-based nano-ESI 

source (TriVersa Nanomate, Advion Biosciences, Ithaca, NY, U.S.A.) controlled by the Chipsoft 8.3.1 

software (Advion BioScience). Protein samples were desalted using Zip-Tip C4 pipette Tips (Millipore 

Corporation, MA, U.S.A) with standard protocol provided by the manufacturer and loaded onto a 96-

well plate (Eppendorf, Hamburg, Germany). MS survey scans were acquired with 240’000 resolution 

at 400 m/z. Fragmentation of different charge states was carried out using CID with different 

normalized collision energies (between 30 to 50). Isolation window was set to 3 m/z and 10 microscans 

were averaged for each MS/MS spectrum at resolution set to 240’000 at 400 m/z. The maximum 

injection time was set to 1000 ms for both MS and MS/MS, and AGC was set to 1e6 for MS scan and 

5e4 for MS/MS, respectively. 

Top-down MS data were deconvolved using MASH Explorer software (Ge Group, University of 

Wisconsin) using eTRASH algorithm. Deconvolution results obtained from different NCE values for 

both HCD and CID values were combined together to create a fragmentation map with assigned b- 

and y-fragment ions using ProSight Lite software (Kelleher research group, Northwestern University) 

with 10 ppm mass accuracy tolerance. 

Alternatively, certain MS/MS spectra were exported as txt files and processed using the Apm2S web-

based application available at ms.epfl.ch (Lee et al., 2018).  The group C11H8IN3O2 was either entered 

as a variable or fixed modification in the sequence of the protein. A similarity cut-off of 85% was 

applied to generate fragmentation maps mainly composed of b-, y- and yb internal fragments. The 

length of internal fragment length was set to a minimum of 5 to a maximum of 20 amino acid residues. 

Intact antibody samples were analyzed by size exclusion chromatography (SEC) in the native ESI-FT-

MS conditions. The SEC separation was carried out using the column MAbPac SEC-1, 5 um, 300 Å, 

4x150 mm (Thermo Fisher Scientific) with Ammonium acetate 50 mM as mobile phase. The flow rate 

was 0.3 mL/min and run time 7 min.  
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O-VBX.66, Ubiquitin, 7.9c: 

Deconvoluted mass spectrum: 

(a) Procedure A in denaturing Tris buffer, 24% yield 

 

(b) Procedure B in denaturing Tris buffer, 23% yield 

 

 

 

0 EBX 

1 EBX 

1 EBX 

0 EBX 
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MS/MS analysis:  

• 2 activation techniques combines: CID, HCD 

• Multiplexing: fragmentation of 3 charge states 

Prosight Lite (HCD + CID): 

 

Apm2S, terminal fragments (CID): 

 

Apm2S, internal fragments (HCD): 
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O-VBX.64, Myoglobin 7.9a: 

Deconvoluted mass spectrum: 

(a) Procedure A in denaturing Tris buffer, 19% yield 

 

(b) Procedure B in denaturing Tris buffer, 10% yield 

 

 

(c) Procedure A in Tris buffer, 6% yield 

1 EBX 

0 EBX 

1 EBX 

0 EBX 

0 EBX 
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(d) Procedure B in Tris buffer, 2% yield 

 

  

0 EBX 

1 EBX 
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MS/MS analysis: 

• 1 activation technique: HCD 

• Multiplexing: fragmentation of 8 charge states 

Prosight Lite (CID + HCD): 

 

Apm2S, external fragments (HCD): 
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Apm2S, internal fragments (HCD): 
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O-VBX.67, Streptavidin 7.9d: 

Deconvoluted spectrum:  

(a) Procedure A in Tris buffer, 45% yield 

 

(b) Procedure B in Tris buffer, 65% yield 

 

 

 

 

2 EBX 

1 EBX 

0 EBX 

0 EBX 
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(a) Procedure A in denaturing Tris buffer, 30% yield 

 

(b) Procedure B in denaturing Tris buffer, 56% yield 

 

  

0 EBX 

1 EBX 

2 EBX 

3 EBX 

4 EBX 

1 EBX 

0 EBX 

2 EBX 
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MS/MS analysis of 13611.8:  

Prosight Lite (CID): 

 

Apm2S, external fragments (CID + HCD): 
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Apm2S, internal fragments: 
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O-VBX.68, Trastuzumab 7.9f: 

SEC mass and deconvoluted spectrums of native trastuzumab:37 

 

   

                                                            
37 (a) Cruz, E.; Sifniotis, V.; Sumer-Bayraktar, Z.; Reslan, M.; Wilkinson-White, L.; Cordwell, S.; Kayser, V. 
Pharmaceutics 2021, 13 (11), 1747. (b) Varki, A.; Cummings, R. D.; Aebi, M.; Packer, N. H.; Seeberger, P. H.; Esko, 
J. D.; Stanley, P.; Hart, G.; Darvill, A.; Kinoshita, T.; Prestegard, J. J.; Schnaar, R. L.; Freeze, H. H.; Marth, J. D.; 
Bertozzi, C. R.; Etzler, M. E.; Frank, M.; Vliegenthart, J. F.; Lütteke, T.; Perez, S.; Bolton, E.; Rudd, P.; Paulson, J.; 
Kanehisa, M.; Toukach, P.; Aoki-Kinoshita, K. F.; Dell, A.; Narimatsu, H.; York, W.; Taniguchi, N.; Kornfeld, S. 
Glycobiology 2015, 25 (12), 1323–1324. (c) Neelamegham, S.; Aoki-Kinoshita, K.; Bolton, E.; Frank, M.; Lisacek, 
F.; Lütteke, T.; O’Boyle, N.; Packer, N. H.; Stanley, P.; Toukach, P.; Varki, A.; Woods, R. J. Glycobiology 2019, 29 
(9), 620–624.  (d) https://www.ncbi.nlm.nih.gov/glycans/snfg.html 

G0/G0F 

G0F/G0F 

G0F/G1F 

G1F/G1F 

G1F/G2F 
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Average Mass Intensity Relative Abundance  
148237.84 2026201.63 100 G0F/G1F 
148393.80 1568736.50 77 G1F/G1F 
148073.66 1263063.88 62 G0F/G0F 
148557.25 696214.75 34 G1F/G2F 
147914.33 502451.75 8 G0/G0F 

SEC mass and deconvoluted spectrums after 4 hours with 5 equiv EBX 2a: 

 

 
Average Mass Intensity Relative Abundance  

148907.80 154738.09 100 D2 = G0F/G1F + 2 EBX ± 6 Da 
148739.19 102848.73 67 D1 = G1F/G1F + 1 EBX ± 2 Da 
149074.33 92421.86 60 D2 = G1F/G1F + 2 EBX ± 4 Da 
148568.30 2016.46 2 D1 = G0F/G1F + 1 EBX ± 4 Da 

 

D2 

D1 

D2 

D1 
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SEC mass and deconvoluted spectrums after 24 hours with 5 equiv EBX 2a: 

 

 

Average Mass Intensity Relative Abundance  

149268.13 6488.69 23 D4 = G0/G0F + 4 EBX ± 10 Da 

149592.78 6129.92 22 D4 = G0F/G1F + 4 EBX ± 3 Da 

149766.88 4153.25 15 D4 = G1F/G1F + 4 EBX ± 7 Da 

149748.64 3990.52 14 D4 = G1F/G1F + 4 EBX ± 10 Da 

 

  

D4 D4 

D4 
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SEC mass and deconvoluted spectrums after 24 hours with 10 equiv EBX 2a: 

 

 

Average Mass Intensity Relative Abundance  

150611.70 4584.09 21 D7 = G0F/G1F + 7 EBX ± 7 Da 

149625.16 4461.72 20 D5 = G0/G0F + 5 EBX ± 5 Da 

150449.19 3900.09 18 D7 = G0F/G1F + 7 EBX ± 9 Da 

150096.25 2873.56 13 D5 = G1F/G1F + 5 EBX ± 5 Da 

  

D7 

D5 
D7 

D5 
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9.7.3 Click chemistry 

a. Synthesis of Click reagents 

(1R,8S,9R,Z)-Ethyl bicyclo[6.1.0]non-4-ene-9-carboxylate (exo-7.14b), and (1R,8S,9S,Z)-ethyl 

bicyclo[6.1.0]non-4-ene-9-carboxylate (endo-7.14b) 

 

Following a reported procedure,38 a solution of 1,5-cyclooctadiene (7.12, 19.6 mL, 160 mmol) and 

Rh2(OAc)4 (380 mg, 860 μmol) DCM (10 mL) was added dropwise in 3 h to a solution of ethyl 

diazoacetate 7.13 (2.1 mL, 20 mmol) in DCM (10 mL). This solution was stirred for 40 h at rt. DCM was 

evaporated and the excess of cyclooctadiene was removed by filtration over a glass filter filled with 

silica and elution with EtOAc:heptane, 1:200 (400 mL). The filtrate was concentrated in vacuo and the 

residue was purified by column chromatography on silica gel (EtOAc:heptane, 1:20) to afford exo-

7.14a (1.10 g, 5.66 mmol, 28%) and endo-7.14b (2.24 g, 11.5 mmol, 58%) as colorless oils. exo-7.14a: 
1H NMR (CDCl3, 400 MHz): δ 5.68-5.60 (m, 2H, CH-BCN), 4.10 (q, J = 7.2 Hz, 2H, CH2-ester), 2.35-2.27 

(m, 2H, CH-BCN, CH2-BCN) 2.24-2.16 (m, 2H, CH2-BCN), 2.13-2.04 (m, 2H, CH-BCN, CH2-BCN) 1.59-1.53 

(m, 2H, CH-BCN, CH2-BCN), 1.53-1.43 (m, 2H, CH2-BCN), 1.25 (t, J = 7.2 Hz, 3H, CH3-ester), 1.18 (t, J = 

4.8 Hz, 1H, CH2-BCN). 13C NMR (CDCl3, 100 MHz): δ 174.3, 129.8, 60.1, 28.2, 27.8, 27.6, 26.6, 14.2. 

endo-7.14b: 1H NMR (CDCl3, 400 MHz): δ 5.65-5.57 (m, 2H, CH-BCN), 4.12 (q, J = 7.2 Hz, 2H, CH2-ester), 

2.53-2.46 (m, 2H, CH-BCN, CH2-BCN), 2.25-2.16 (m, 2H, CH2-BCN), 2.10-2.01 (m, 2H, CH2-BCN), 1.87-

1.79 (m, 2H, CH-BCN, CH2-BCN), 1.70 (t, J = 8.8 Hz, 1H CH-BCN), 1.43-1.34 (m, 2H CH2-BCN,), 1.26 (t, J 

= 7.2 Hz, 3H, CH3-ester). 13C NMR (CDCl3, 100 MHz): δ 172.2, 129.4, 59.7, 27.0, 24.1, 22.6, 21.2, 14.4. 

Spectroscopic data was consistent with the values reported in literature.38  

(1R,8S,9S)-Bicyclo[6.1.0]non-4-yn-9-ylmethanol (endo-7.17)  

 

Following a reported procedure,38 a suspension of LiAlH4 (90.0 mg, 2.34 mmol) in Et2O (10 mL) was 

added dropwise at 0 °C a solution of endo-7.14a (520 mg, 2.68 mmol) in Et2O (10 mL). This suspension 

was 3 stirred for 15 min at rt, then cooled down to 0 °C, and water was added carefully until the grey 

solid had turned into white. Na2SO4 (2 g) was added, the solid was filtered off and washed thoroughly 

with Et2O (100 mL). The filtrate was concentrated in vacuo.  

                                                            
38 J. Dommerholt, S. Schmidt, R. Temming, L. J. A. Hendriks, F. P. J. T. Rutjes, J. C. M. van Hest, D. J. Lefeber, P. 

Friedl, F. L. van Delft, Angew. Chem. Int. Ed. 2010, 49, 9422–9425. 
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Without further purification the alcohol was dissolved in DCM (20 mL). At 0 °C a solution of Br2 (151 

µL, 2.94 mmol) in DCM (2 mL) was added dropwise until the yellow color persisted. The reaction 

mixture was quenched with a 10% Na2S2O3-solution (5 mL), and extracted with DCM (2 x 20 mL). The 

organic layer was dried (Na2SO4) and concentrated in vacuo to afford the dibromide 7.16 (833 mg, 

quant.).  

Without further purification the dibromide (1.4 mg, 4.49 mmol) was dissolved in THF (30 mL). A 

solution of KOtBu (1.61 , 14.4 mmol) was added dropwise at 0 °C. Then the solution was refluxed for 

2 h. After cooling down to rt the mixture was quenched with saturated NH4Cl-solution (20 mL), and 

extracted with DCM (3 x 20 mL). The organic layer was dried (Na2SO4) and concentrated in vacuo. The 

residue was purified by column chromatography on silica gel (EtOAc:pentane, 1:1) to afford endo-7.17 

(400 mg, 2.66 mmol, 59%) as a white solid. 1H NMR (CDCl3, 400 MHz): δ 3.73 (d, J = 8.0 Hz, 2H, CH2OH), 

2.35-2.20 (m, 6H, CH2-BCN), 1.66-1.56 (m, 2H, CH2-BCN), 1.39- 1.30 (m, 1H, CH-BCN), 1.18 (bs, 1H, OH), 

0.99-0.90 (m, 2H CH-BCN). 13C NMR (CDCl3, 100 MHz): δ 98.4, 59.3, 28.5, 21.0, 20.9, 19.5. 

Spectroscopic data was consistent with the values reported in literature.38  

(1R,8S,9S)-Bicyclo[6.1.0]non-4-yn-9-ylmethyl (4-nitrophenyl) carbonate (7.19)  

 
Following a reported procedure,38 38 to a solution of endo-7.17 (350.0 mg, 2.33 mmol) in DCM (54.0 

mL) was added pyridine (471 µL, 5.83 mmol) and p-NO2PhOC(O)Cl (7.18, 587 mg, 2.91 mmol). After 

stirring for 15 min at rt, the mixture was quenched with saturated NH4Cl-solution (50 mL) and 

extracted with DCM (3 x 5 mL). The organic layer was dried (Na2SO4) and concentrated in vacuo. The 

residue was purified by column chromatography on silica gel (EtOAc:pentane, 1:5) to afford 7.19 

(320.0 mg, 1.01 mmol, 44%) as a white solid. 1H NMR (CDCl3, 400 MHz): δ 8.28 (d, J = 9.2 Hz, 2H, ArH), 

7.40 (J = 9.6 Hz, 2H, ArH), 4.41 (d, J = 8.4 Hz, 2H, CH2O), 2.37-2.22 (m, 6H, CH2-BCN), 1.67-1.57 (m, 2H, 

CH2-BCN), 1.56-1.47 (m, 1H, CH-BCN), 1.11-1.02 (m, 2H, CH-BCN). 13C NMR (CDCl3, 100 MHz): δ 155.6, 

152.5, 145.3, 125.3, 121.7, 98.7, 68.0, 29.0, 21.3, 20.5, 17.2. Spectroscopic data was consistent with 

the values reported in literature.38  

(1R,8S,9S)-bicyclo[6.1.0]non-4-yn-9-ylmethyl 3,6,9-trioxa-12-azadodecylcarbamate (7.21)  

 
Following a reported procedure,38 to a solution of 7.19 (320 mg, 1.02 mmol) in DMF (28 mL) was added 

1,8-diamino-3,6-dioxaoctane (7.20, 889 µL, 6.09 mmol, 6.00 equiv.) and NEt3 (424 µL, 3.05 mmol, 3.00 

equiv.) and the reaction mixture was stirred at rt for 15 min. The mixture was concentrated under 

reduced pressure, taken up in DCM and extracted with 1 N NaOH, followed by water. The combined 

aqueous layers were extracted once with DCM. The combined organic layers were dried over Na2SO4 
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and concentrated in vacuo. Silica gel column chromatography (DCM:MeOH, 10:1, 1% Et3N) and 

concentration in vacuo gave compound 7.21 (300 mg, 0.924 mmol, 91%) as a slightly yellow oil. 1H 

NMR (CDCl3, 400 MHz): δ 5.34 (bs, 1H, NH), 4.15 (d, 2H, J = 8.0 Hz, CH2O), 3.62 (s, 4H, CH2-PEG), 3.58-

3.48 (m, 4H, CH2-PEG), 3.38 (m, 2H, CH2-PEG), 2.89 (t, 2H, J = 5.2 Hz, CH2-PEG), 2.32-2.19 (m, 6H, CH2-

BCN), 1.64-1.51 (m, 2H, CH-BCN), 1.40-1.31 (m, 1H, CH-BCN), 0.96-0.88 (m, 2H, CH2-BCN). 13C NMR 

(CDCl3, 100 MHz): δ 157.0, 98.8, 73.4, 70.3, 70.2, 70.1, 62.7, 41.7, 40.8, 29.1, 21.4, 20.1, 17.8. HRMS 

(ESI+) m/z calcd for C17H28N2O4 (M + H)+ : 325.2122, found: 325.2120. Spectroscopic data was 

consistent with the values reported in literature.38  

BCN-biotin (7.22a) 

 
Following a reported procedure,39 to a solution of 7.21 (68.1 mg, 210 μmol, 1.00 equiv.) in DMF (1.00 

mL) was added Biotin NHS (7.23, 143 mg, 420 μmol, 2.00 equiv.). After 16 hours, the reaction was 

diluted with DCM and evaporated under reduced pressure. The residue was purified by reverse phase 

preparative HPLC (water 0.1 % TFA to 95:5 ACN:water 0.1 % TFA) to afford 7.22a (51.0 mg, 92.6 μmol, 

44%) as a white solid after lyophilization. 1H NMR (CDCl3, 400 MHz) δ 6.66 (s, 2H, NH), 5.77 (s, 1H, NH), 

5.40 (s, 1H, NH), 4.48 (t, J = 6.0 Hz, 1H, CH-Biotin), 4.29 (t, J = 5.9 Hz, 1H, CH-Biotin), 4.13 (d, J = 7.8 Hz, 

2H, CH2-BCN) 3.59 (s, 4H, CH2-PEG), 3.55 (m, 4H, CH2-PEG), 3.43 (m, 3H, CH2-PEG, CH-Biotin), 3.35 (m, 

2H, CH2-PEG), 3.12 (dd, J = 6.9, 11.6 Hz, 1H, CH2-Biotin), 2.88 (dd, J = 4.7, 12.7 Hz, 1H, CH2-Biotin), 2.72 

(d, J = 12.8 Hz, 1H, CH-BCN), 2.11-2.34 (m, 6H, CH2-Biotin, CH2-BCN), 1.48-1.76 (m, 6H, CH2-Biotin, CH2-

BCN), 1.28-1.48 (m, 4H, CH2-Biotin, CH-BCN), 1.23 (s, 1H, CH2-Biotin), 0.92 (m, 1H, CH2-Biotin). 13C NMR 

(CDCl3, 100 MHz): δ 173.3, 164.1, 156.8, 98.7, 70.0, 62.7, 61.7, 60.1, 55.6, 40.7, 40.1, 39.0, 35.9, 33.2, 

29.6, 29.0, 28.2, 28.0, 25.5, 22.8, 21.3, 20.0, 17.7; HRMS (ESI-TOF MS) m/z 551.2903 (M+H)+ calculated 

for C27H43N4O6, measured 551.2900. Spectroscopic data was consistent with the values reported in 

literature.39  

BCN-fluorescein (7.22b) 

 
Following a slightly modified procedure,39 to a solution of 7.21 (30.0 mg, 92.5.0 μmol, 1.00 equiv) in 

DMF (2.10 mL) was added Fluorescein isocyanate (7.23, 39.6 mg, 102 μmol, 1.10 equiv). After 16 

                                                            
39 S. M. DeGuire, D. C. Earl, Y. Du, B. A. Crews, A. T. Jacobs, A. Ustione, C. Daniel, K. M. Chong, L. J. Marnett, D. 

W. Piston, B. O. Bachmann, G. A. Sulikowski, Angewandte Chemie International Edition 2015, 54, 961–964. 
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hours, the reaction was dilute with DCM and evaporated under reduced pressure. The residue was 

purified by reverse phase preparative HPLC (water 0.1 % TFA to 95:5 ACN:water 0.1 % TFA) to afford 

7.22b (46.0 mg, 64.4 μmol, 70%) as an orange solid after lyophilization. 1H NMR (CD3OD, 400 MHz) δ 

8.19 (d, J = 1.8 Hz, 1H, ArH), 7.78 (dd, J = 7.8, 1.2 Hz, 1H, ArH), 7.15 (d, J = 8.1 Hz, 1H, ArH), 6.70 (s, 1H, 

ArH), 6.68 – 6.67 (m, 2H, ArH), 6.67 (s, 1H, ArH), 6.56 (d, J = 2.4 Hz, 1H, ArH), 6.53 (d, J = 2.4 Hz, 1H, 

ArH), 4.09 (d, J = 8.1 Hz, 2H, CH2-BCN), 3.86 – 3.77 (m, 2H, CH2-PEG), 3.71 (t, J = 5.1 Hz, 2H, CH2-PEG), 

3.68 – 3.63 (m, 4H, CH2-PEG), 3.53 (t, J = 5.6 Hz, 2H, CH2-PEG), 3.27 (t, J = 5.6 Hz, 2H, CH2-PEG), 2.24 – 

2.18 (m, 2H, CH2-BCN), 2.10 – 2.06 (m, 1H, CH-BCN), 1.65 – 1.46 (m, 2H, CH2-BCN), 1.40 – 1.23 (m, 4H, 

CH2-BCN, CH-BCN), 0.97 – 0.81 (m, 2H, CH2-BCN). HRMS (ESI): m/z calculated [M+H]+ = 714.0, found 

[M+H]+ = 714.2. Spectroscopic data was consistent with the values reported in literature.40  

BCN-sugar (7.22c) 

 
Following a slightly modified procedure,39 to a solution of 7.21 (15.0 mg, 46.0 μmol) in DMF (1.05 mL) 

was added Sugar isocyanate (7.25, 18.0 mg, 46.0 μmol). After 16 hours, the reaction was dilute with 

DCM and evaporated under reduced pressure. The residue was purified by reverse phase preparative 

HPLC (water 0.1 % TFA to 95:5 ACN:water 0.1 % TFA) to afford 7.22c (19.9 mg, 27.9 μmol, 61%) as a 

white sticky solid after lyophilization. 1H NMR (400 MHz, MeOD) δ 5.83 (d, J = 8.4 Hz, 1H, CSNHCHO), 

5.32 (q, J = 9.2 Hz, 1H, CHOAc), 5.04 (m, 2H, CHOAc), 4.28 (dd, J = 12.0, 4.3 Hz, 1H, OCHCH2OAC), 4.16 

(d, J = 8.0 Hz, 2H, NHCOOCH2), 4.10 (dd, J = 12.4, 2.4 Hz, 1H, OCHCH2OAC), 3.96 – 3.86 (m, 1H, 

OCHCH2OAC), 3.59 (m, 12H, CH2-PEG), 2.32 – 2.13 (m, 5H, CH2-BCN, CH-BCN), 2.04 (s, 3H, CH3-Ac), 2.01 

(d, J = 1.8 Hz, 6H, CH3-Ac), 1.98 (s, 3H, CH3-Ac), 1.62 (m, 2H, CH2-BCN), 1.47 – 1.26 (m, 2H, CH2-BCN), 

0.93 (m, 2H, CH-BCN). 13C NMR (101 MHz, MeOD) δ 172.3, 171.6 (4 C under this peak), 171.5, 171.3, 

99.5, 74.8, 74.4, 72.0, 71.4, 71.3, 71.1, 70.2, 69.7, 63.8, 63.1, 57.7, 57.5, 57.3, 41.7, 30.2, 21.9, 21.4, 

20.7, 20.6, 19.0, 17.3. HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + Na]+ Calcd for 

C32H47N3NaO13S+ 736.2722; Found 736.2694. 

 

  

                                                            
40 P. M. S. D. Cal, R. F. M. Frade, C. Cordeiro, P. M. P. Gois, Chem. Eur. J. 2015, 21, 8182–8187. 

 



 Chapter 9: Experimental Part 

349 
 

b. SPAAC on isolated O-VBX 

 

To a 2.0 mM solution of O-VBX AFYA (O-VBX.31) (16.2 mg, 20.0 μmol, 20.0 equiv) in 100 mM Tris 

buffer pH 9.0 (10.0 mL) was added a 30.0 mM solution of Click reagent, 9-bicyclo[6.1.0]non-4-

ynylmethyl N-[2-[2-(2-aminoethoxy)ethoxy]ethyl]carbamate (7.21) (9.73 mg, 30.0 μmol, 1.50 equiv in 

1.00 mL DMSO). The resulting solution was shaken at room temperature for 2 hours. No effort was 

made to exclude oxygen. The reaction was analyzed by HPLC-MS. The crude was lyophilized and 

purified by preparative RP-HPLC (water to ACN 95:5 in 20 min). Fractions containing the desired 

product were lyophilized to afford bioconjugate 7.26 (15.7 mg, 10.3 μmol, 51% yield), as a white solid 

(retention time 6.8 min). 1H NMR (400 MHz, MeOD) δ 8.26 (dd, J = 7.6, 1.7 Hz, 1H, ArH), 7.88 – 7.79 

(m, 1H, ArH), 7.74 (dd, J = 7.4, 1.1 Hz, 1H, ArH), 7.61 (d, J = 8.2 Hz, 1H, ArH), 7.29 – 7.13 (m, 7H, ArH), 

6.98 – 6.91 (m, 2H, ArH), 6.37 (s, 1H, CH-I), 4.60 – 4.50 (m, 3H, CH2CH2N3, CH-Tyr), 4.45 (dd, J = 8.4, 5.7 

Hz, 1H, CH-Phe), 4.31 (q, J = 7.2 Hz, 1H, CH-Ala), 4.12 (dd, J = 18.5, 8.6 Hz, 2H, CHCH2OCONH-PEG), 

3.82 (q, J = 7.0 Hz, 1H, CH-Ala), 3.72 – 3.68 (m, 2H, CH2-PEG), 3.68 – 3.63 (m, 4H, CH2-PEG), 3.54 (t, J = 

5.7 Hz, 2H, CH2-PEG), 3.31 – 3.22 (m, 4H, CH2-PEG), 3.20 – 3.05 (m, 5H, CH2-Phe, CH2CH2N3, CH2-BCN), 

2.99 – 2.82 (m, 4H, CH2-BCN, CH2-Tyr), 2.68 (dtd, J = 10.4, 6.6, 3.5 Hz, 1H, CH2-Tyr), 2.29 – 2.13 (m, 2H, 

CH2-BCN), 1.58 (d, J = 14.9 Hz, 2H, CH2-BCN), 1.36 (dd, J = 7.1, 3.8 Hz, 6H, CH3), 1.23 (d, J = 8.4 Hz, 1H, 

CH-BCN), 1.04 (d, J = 9.5 Hz, 2H, CH-BCN). 13C NMR (101 MHz, MeOD) δ 177.1, 172.9, 172.2, 171.0, 

170.5, 167.6, 159.0, 153.7, 146.2, 138.2, 136.3, 135.8, 133.6, 132.5, 132.0, 130.2, 129.5, 129.5, 129.5, 

127.9, 120.7, 119.0, 114.5, 101.4, 81.2, 71.3, 71.3, 71.1, 67.9, 63.5, 56.5, 56.0, 50.0, 46.2, 41.5, 40.7, 

38.5, 37.8, 33.5, 26.6, 23.7, 23.6, 23.0, 21.1, 20.3, 19.0, 18.4, 17.7. HRMS (ESI/QTOF) m/z: [M + 

H2]+2 Calcd for C52H69IN10O11
+2 568.2091; Found 568.2102. 
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HPLC-UV chromatogram (214 nm) of crude of the reaction: 

 

HPLC-UV chromatograms (214 nm) of isolated 7.26:  
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c. One pot-two steps SPAAC 

 

General procedure:  

To a solution of β-Casomorphin 7.7d (864 μg, 1.00 μmol, 1.00 equiv) or Vasopressin 7.7a (1.00 mg, 

0.762 μmol, 1.00 equiv) in 100 mM Tris buffer pH 9.0 (490 μL), in a 0.5 mL Eppendorf Safe-Lock 

microcentrifuge tube, was added a 300 mM solution of N3-EBX (1.50 μmol, 1.50 equiv) in DMSO. The 

2.00 mM solution was shaken at 37 °C for 24 h. No effort was made to exclude oxygen. Then, a 30.0 

mM solution of cyclooctyne reagent (7.21-7.22) in DMSO (100 μL, 3.00 μmol, 3.00 equiv.) was added. 

The resulting mixture was shaken at room temperature for 2 hours. No effort was made to exclude 

oxygen. The reaction was analyzed by HPLC-UV.  

The yields are given over two steps by HPLC-UV. The yields were approximated as the ratio of 

Aprod/Atotal where Aprod = area in mAU of the product peak and Atotal = area in mAU of all peptides 

products (product, starting material, and side products if present).  

Bioconjugate (7.27a) 

 

Following the general procedure on β-Casomorphin (7.7d), the N-[(1R,8S,9S)-Bicyclo[6.1.0]non-4-yn-

9-ylmethyloxycarbonyl]-1,8-diamino-3,6-dioxaoctane (1.02 mg, 3.00 μmol) (7.21) afforded the O-VBX 

bioconjugate (7.27a) in 86% yield based on HPLC-UV (retention time 8.1 min).  

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H2]+2 Calcd for C72H99IN12O17
+2 765.3142; Found 

765.3136. 
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MS/MS characterization:  

 

Sequence Type MF m/z Intensity Similarity 

YP b2 C42H53IN7O9(+1) 926.2944 5.06 0.96 

FVEPI y5 C30H46N5O8(+1) 604.3341 3.50 0.96 

PI y2 C11H21N2O3(+1) 229.1547 2.33 0.98 

YPFVE b5 C61H78IN10O14(+1) 1301.4738 1.83 0.93 

YPFVE b5 C61H78IN10O14(+1) 651.2405 1.32 0.95 

EPI y3 C16H28N3O6(+1) 358.1973 0.60 0.96 

 

HPLC-UV chromatograms (214 nm) of crude of the reaction:  

 
HPLC-MS chromatograms of crude of the reaction:  
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Bioconjugate (7.27b) 

 
Following the general procedure on β-Casomorphin (7.7d), the Biotin derivate (1.65 mg, 3.00 μmol) 

(7.22a) afforded the O-VBX bioconjugate (7.27b) in 70% yield based on HPLC-UV (retention time 9.2 

min).   

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C82H112IN14O19S+ 1755.6988; Found 

1755.6980. 

MS/MS characterization:  

 

Sequence Type MF m/z Intensity Similarity 

YPFVE b5 C71H92IN12O16S(+1) 764.2793 1.71 0.80 

YPFVE b5 C71H92IN12O16S(+1) 1527.5514 1.34 0.76 

YP b2 C52H67IN9O11S(+1) 1152.3720 0.81 0.82 

FVEPI y5 C30H46N5O8(+1) 604.3341 0.51 0.86 

 

HPLC-UV chromatograms (214 nm) of crude of the reaction:  
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HPLC-MS chromatograms of crude of the reaction:  

 

Bioconjugate (7.27c) 

 

Following the general procedure on β-Casomorphin (7.7d), the Fluorophore derivate (2.14 mg, 3.00 

μmol) (7.22b) afforded the O-VBX bioconjugate (7.7c) in 51% yield based on HPLC-UV (retention time 

10.9 min).   

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H2]+2 Calcd for C93H110IN13O22S+2 959.8321; Found 

959.8312. 
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MS/MS characterization:  

 

Sequence Type MF m/z Intensity Similarity 

YP b2 C63H64IN8O14S(+1) 1315.3302 1.36 0.78 

FVEPI y5 C30H46N5O8(+1) 604.3341 0.98 0.85 

 

HPLC-UV chromatograms (214 nm) of crude of the reaction:  

 
 

HPLC-MS chromatograms of crude of the reaction:  
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Bioconjugate (7.27d) 

 

Following the general procedure on β-Casomorphin (7.7d), the Sugar derivate (2.14 mg, 3.00 μmol) 

(7.22c) afforded the O-VBX biocnjugate (7.27d) in 58% yield based on HPLC-UV (retention time 10.99 

min).   

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H2]+2 Calcd for C87H118IN13O26S+2 959.8533; Found 

959.8519. 

MS/MS characterization:  

 

Sequence Type MF m/z Intensity Similarity 

YPFVE b5 C76H97IN11O23S(+1) 845.7796 19.75 0.72 

PFVEPI y6 C35H53N6O9(+1) 701.3869 2.28 0.74 

FVEPI y5 C30H46N5O8(+1) 604.3341 2.06 0.76 

YPFV b4 C71H90IN10O20S(+1) 781.2583 1.97 0.74 

YPFVE b5 C76H95IN11O22S(+1) 836.7743 1.60 0.78 

YP b2 C57H72IN8O18S(+1) 658.1899 1.29 0.75 

YPF b3 C66H81IN9O19S(+1) 731.7241 1.27 0.75 

EPI y3 C16H28N3O6(+1) 358.1973 1.25 0.83 

YPFVE a5 C75H97IN11O22S(+1) 831.7821 1.17 0.77 

EPI y3 C16H26N3O5(+1) 340.1867 0.76 0.82 

YPFV a4 C70H90IN10O19S(+1) 767.2608 0.64 0.86 
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HPLC-UV chromatograms (214 nm) of crude of the reaction:  

 
HPLC-MS chromatograms of crude of the reaction:  

 

Bioconjugate (7.28a) 

 
Following the general procedure on Vasopressin (7.7a), Biotine derivate (1.26 mg, 3.00 μmol) (7.22a) 

afforded the O-VBX bioconjugate (7.28a) in 93% yield based on HPLC-UV (retention time 7.9 min).  

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H2]+2 Calcd for C84H117IN22O20S3
+2 988.3505; Found 

988.3508. 

MS/MS characterization: The lack of processing tools to assign fragment ions for such cyclic modified 

peptide did not allow us to confirm its structure based on the fragmentation spectra obtained.  
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HPLC-UV chromatograms (214 nm) of crude of the reaction:  

 
HPLC-MS chromatograms of crude of the reaction:  

 

Bioconjugate (7.28b) 

 
Following the general procedure on Vasopressin (7.7a), Fluorophore derivate (1.63 mg, 3.00 μmol) 

(7.22b) afforded the O-VBX (7.28b) in 67% yield based on HPLC-UV (retention time 9.2 min).  

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H2]+2 Calcd for C95H114IN21O23S3
+2 1069.8296; Found 

1069.8291. 

MS/MS characterization: The lack of processing tools to assign fragment ions for such cyclic modified 

peptide did not allow us to confirm its structure based on the fragmentation spectra obtained. 
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HPLC-UV chromatograms (214 nm) of crude of the reaction:  

 
HPLC-MS chromatograms of crude of the reaction:  

 

Bioconjugate (7.28c) 

 

Following the general procedure on Vasopressin (7.7a) and Sugar derivate (1.63 mg, 3.00 μmol) (7.22c) 

afforded the O-VBX (7.28c) in 54% yield based on HPLC-UV (retention time 9.3 min).  

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H2]+2 Calcd for C89H122IN21O27S3
+2 1069.8507; Found 

1069.8291. 

MS/MS characterization: The lack of processing tools to assign fragment ions for such cyclic modified 

peptide did not allow us to confirm its structure based on the fragmentation spectra obtained.  
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HPLC-UV chromatograms (214 nm) of crude of the reaction:  

 
HPLC-MS chromatograms of crude of the reaction:  

 

9.7.4 Suzuki reaction 

a. Synthesis of ligands and preparation of palladium complexes 

2-(Dimethylamino)pyrimidine-4,6-diol (9.36) 

 
Following a reported procedure,41 to a solution of sodium (Na, 93.0 mg, 4.04 mmol, 1.10 equiv.) in 

ethanol (1.9 mL, 2.12 M), dimethyl guanidine sulfate (9.35) (1.00 g, 3.67 mmol, 1.00 equiv.) was added. 

The resulting solution was added to another solution of sodium (Na, 0.160 g, 6.98 mmol, 1.90 equiv.) 

and diethyl malonate (0.560 mL, 3.67 mmol, 1.00 equiv.) in ethanol (1.96 mL, 1.87 M). The combined 

solution was refluxed for 5 hours. The reaction was then evaporated to dryness, dissolved in water (5 

mL) and taken to pH 6 with acetic acid. Collection of the white solid formed by filtration under vacuum 

afforded product 9.36 (0.225 g, 1.45 mmol, 40%). 1H NMR (400 MHz, CDCl3) δ 10.50 (s, 2H, OH), 4.65 

(s, 1H, ArH), 3.00 (s, 6H,-N(CH3)2). 13C NMR (101 MHz, CDCl3) δ 168.0, 155.0, 78.3, 37.1. HRMS 

(ESI/QTOF) m/z: [M + H]+ Calcd for C6H10N3O2
+ 156.0768; Found 156.0766. Spectroscopic data was 

consistent with that previously reported in the literature.41 

                                                            
41 Latham, J.; Henry, J.-M.; Sharif, H.; Menon, B.; Shepherd, S.; Greaney, M.; Micklefield, J. Nat. Comm. 2016, 7, 
11873. 



 Chapter 9: Experimental Part 

361 
 

Pyrimidine-4,6-diol-based Palladium complex: 

 
Palladium catalyst Pd-1 was synthesized following reported procedure.42 2-amino-4,6-

dihydroxypyrimidine based ligand (S25) (20.0 µmol) was dissolved in an aqueous solution of LiOH (0.4 

mL, 0.1m) in an ultrasonic bath for 2 minutes. The palladium source (10.0 µmol) was added and the 

mixture was magnetically stirred at 65 °C for 30 minutes, deionized water (0.6 mL) was then added to 

afford a 10.0 mM catalyst solution of Pd-1. The 40.0 mM catalyst solution was achieved with a 0.2 M 

solution of LiOH.  

b. Synthesis of boronic acid 

 

Following a reported procedure,43 D-Biotin 7.36 (122 mg, 0.500 mmol) and p-

(aminomethyl)phenylboronic hydrochloride 7.35 (187 mg, 1.00 mmol, 2.00 equiv) were dissolved in 5 

mL of DMF. EDCl (191 mg, 1.00 mmol, 2.00 equiv) and DIEA (259 mg, 2.00 mmol, 4.00 equiv) were 

added to the mixture, which was then stirred at 40 °C for 2 h. After the solvent was removed under 

vacuum, the crude product was purified by column chromatography (10% MeOH in CH2Cl2), affording 

product 7.29c as white solid (110 mg, 0.292 mmol, 58%). 1H NMR (400 MHz, DMSO) δ 8.28 (t, J = 6.0 

Hz, 1H, NH), 7.96 (s, 2H, ArH), 7.72 (d, J = 7.8 Hz, 2H, ArH), 7.19 (d, J = 7.8 Hz, 2H, OH), 6.42 (s, 1H, NH), 

6.35 (s, 1H, NH), 4.30 (dd, J = 7.8, 5.1 Hz, 1H, CH), 4.25 (d, J = 5.5 Hz, 2H, NCH2), 4.12 (dd, J = 7,8, 5.9 

Hz, 1H, CH), 3.14 – 3.04 (m, 1H, SCH), 2.83 (dd, J = 12.4, 5.1 Hz, 1H, SCH2), 2.58 (d, J = 12.4 Hz, 1H, 

SCH2), 2.14 (t, J = 7.4 Hz, 2H, CH2), 1.68 – 1.42 (m, 4H, CH2), 1.39 – 1.18 (m, 2H, CH2). HRMS (ESI/QTOF) 

m/z: [M + H]+ Calcd for C17H25BN3O4S+ 378.1653; Found 378.1655. Spectroscopic data was consistent 

with that previously reported in the literature.43  

  

                                                            
42 Chalker, J.; Wood, C.; Davis, B. J. Am. Chem. Soc. 2009, 131, 16346. 
43 Ma, X.; Wang, H.; Chen, W. J. Org. Chem. 2014, 79 (18), 8652–8658. 
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c. Suzuki on isolated O-VBX 

 
A 25 mL one neck round bottom flask was charged with (4-methoxyphenyl)boronic acid (7.29a) (30.4 

mg, 200 μmol, 10.0 equiv), Tris buffer (100 mM, pH 9.0, 5.80 mL), DMSO (200 μL) and stirred at 37 °C, 

upon complete dissolution. Then a solution of OVBX.31 (16.2 mg, 20.0 μmol, 1.00 equiv) in Tris buffer 

(100 mM, pH 9.0, 2.00 mL) was added and the mixture was stirred at 37 °C for 10 minutes. Then, a 

10.0 mM solution of palladium catalyst (Pd-1) in water (2.0 mL, 20 μmol, 1.00 equiv.) was added and 

the reaction mixture was stirred at 37 °C for 2 hours. The resulting reaction mixture was quenched 

with a 570 mM solution of 3-mercaptopropionic acid in water (0.20 mL, 114 μmol, 5.70 equiv.) and 

stirred for an additional 10 minutes at 37 °C. The crude mixture was lyophilized to afford an orange 

solid. The solid was washed with ethanol (10 mL) and centrifuged. The mother liquid was removed 

and collected in a round bottom flask. The procedure was repeated once. The orange solid was 

dissolved in water and analysed by HPLC. The collected mother liquids were evaporated under reduce 

pressure to give a yellow oil. Then water was added to the yellow oil and a white solid precipitated. 

The white solid was purified by preparative RP-HPLC (water to ACN 95:5 in 20 min). Fractions 

containing the desired product were lyophilized to afford bioconjugate 7.30 (7.20 mg, 10.7 μmol, 54% 

yield) as a white solid (retention time 11.5 min). 1H NMR 1H NMR (400 MHz, MeOD) δ 7.49 (d, J = 8.8 

Hz, 1H, NH), 7.43 (d, J = 8.8 Hz, 2H, ArH), 7.30 – 7.12 (m, 7H, ArH), 6.94 (d, J = 8.6 Hz, 2H, ArH), 6.78 – 

6.72 (m, 2H, ArH), 6.06 (s, 1H, CH-Ar), 4.61 (dd, J = 9.4, 5.6 Hz, 1H, CH-Phe), 4.58 – 4.48 (m, 1H, CH-

Tyr), 4.36 – 4.23 (m, 1H, CH-Ala), 3.82 (q, J = 7.0 Hz, 1H, CH-Ala), 3.73 (s, 3H, OCH3), 3.40 (t, J = 6.7 Hz, 

2H, CH2CH2N3), 3.15 – 3.03 (m, 2H, CH2-Tyr, CH2-Phe), 2.98 – 2.79 (m, 2H, CH2-Tyr, CH2-Phe), 2.52 (t, J 

= 6.7 Hz, 2H, CH2CH2N3), 1.43 (d, J = 7.1 Hz, 3H, CH3), 1.33 (dd, J = 7.2, 2.6 Hz, 3H, CH3). 13C NMR (101 

MHz, MeOD) δ 177.1, 173.0, 172.6, 170.9, 160.1, 155.5, 148.0, 138.2, 132.3, 132.0, 131.0, 131.5, 130.2, 

129.5, 127.9, 118.4, 117.6, 114.7, 57.7, 56.0, 55.6, 50.1, 50.0, 49.8, 38.6, 38.0, 34.0, 18.4, 17.7. HRMS 

(ESI/QTOF) m/z: [M + H]+ Calcd for C35H43N8O6
+ 671.3300; Found 671.3301. 

HPLC-UV chromatogram (214 nm) of crude of the reaction: 
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HPLC-UV chromatograms (214 nm) of isolated 7.30:  

 

d. One pot-two steps Suzuki 

 

General procedure: 

To a solution of β-Casomorphin (7.7d) (864 μg, 1.00 μmol, 1.00 equiv) in 100 mM Tris buffer pH 9.0 

(490 μL), in a 1.5 mL Eppendorf Safe-Lock microcentrifuge tube, was added a 300 mM solution of N3-

EBX (EBX.20) (512 μg, 1.50 μmol, 1.50 equiv) in DMSO (10 μL). The 2.00 mM solution was shaken at 

37 °C for 24 h. No effort was made to exclude oxygen. The reaction O-VBX formation was analyzed by 

HPLC-MS. Separately, a 0.5 mL Eppendorf Safe-Lock microcentrifuge tube was charged with boronic 

acid (7.29) (10.0 μmol, 10.0 equiv.), Tris buffer (100 mM, pH 9.0, 290 μL) and DMSO (10 μL). The 

resulting mixture was shaken at 37 °C until complete dissolution. The 33.3 mM solution of phenyl 

boronic acid was then added to the crude containing the O-VBX of β-Casomorphin. The resulting 

solution was vortexed few seconds to ensure proper reagent mixing and incubated at 37 °C over 10 

minutes. Then, a 10.0 mM solution of palladium complexe (Pd-1) in water (100 μL, 1.00 μmol, 1.00 

equiv.) was added in one portion. The resulting solution was vortexed few seconds to ensure proper 

reagent mixing and incubated at 37 °C for 2 hours. The reaction was then quenched with a 570 mM 

solution of 3-mercaptopropionic acid in water (2.00 μL, 1.14 μmol, 1.14 equiv. per equiv. of palladium) 

and shaken at room temperature for 10 minutes. The reaction was analyzed by HPLC-MS. 

The yields are given over two steps by HPLC-UV. The yields were approximated as the ratio of 

Aprod/Atotal where Aprod = area in mAU of the product peak and Atotal = area in mAU of all peptides 

products (product, starting material, and side products if present).  
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Bioconjugate (7.32a) 

 

Following the general procedure, (para-methoxyphenyl)boronic acid (7.29a) (1.52 mg, 10.0 μmol, 10.0 

equiv.) afforded bioconjugate (7.32a) in 78% yield based on HPLC-UV (retention time 12.5 min).  

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C55H73N10O12
+ 1065.5404; Found 

1065.5393. 

MS/MS characterization:  

 

Sequence Type MF m/z Intensity Similarity 

YPFVE b5 C44H53N8O9(+1) 837.3907 100.64 0.85 

YPFVE a5 C43H53N8O8(+1) 809.3978 14.26 0.85 

YPFV b4 C39H46N7O6(+1) 708.3485 12.93 0.86 

YPF b3 C34H37N6O5(+1) 609.2802 9.43 0.87 

YPFV a4 C38H46N7O5(+1) 680.3536 5.89 0.88 

YPFVE b5 C44H51N8O8(+1) 819.3802 2.58 0.84 

YPFVEP b6 C49H60N9O10(+1) 934.4432 2.35 0.84 

PFVEPI y6 C35H53N6O9(+1) 701.3849 2.01 0.86 

YP a2 C24H28N5O3(+1) 434.2174 1.81 0.89 

YP b2 C25H28N5O4(+1) 462.2124 1.54 0.90 

YPFVE a5 C43H51N8O7(+1) 791.3868 1.11 0.80 

Y a1 C19H21N4O2(+1) 337.1651 0.96 0.88 

FVEPI y5 C30H46N5O8(+1) 604.3324 0.52 0.94 
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HPLC-UV chromatograms (214 nm) of crude of the reaction:  

 
Bioconjugate (7.32b) 

 
Following the general procedure, with 10.0 equiv of Pd-1, 20% DMSO and 4 hours of reaction time, 

Fluorescein boronic acid (7.29b) (4.66 mg, 10.0 μmol, 10.0 equiv.) afforded bioconjugate (7.32b) in 

30% yield based on HPLC-UV (retention time 13.3 min).  

HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + H]+ Calcd for C75H83N10O16
+ 1379.5983; Found 

1379.5978. 

MS/MS characterization:  

 
Sequence Type MF m/z Intensity Similarity 

YPFVE b5 C64H63N8O13(+1) 1151.4509 63.61 0.80 

YP b2 C45H38N5O8(+1) 776.2715 28.90 0.86 

YPFV b4 C59H56N7O10(+1) 1022.4083 11.65 0.84 

YPFVE b5 C64H61N8O12(+1) 1133.4403 4.79 0.82 

YPF b3 C54H47N6O9(+1) 923.3399 2.62 0.82 
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HPLC-UV chromatograms (214 nm) of crude of the reaction:  

 

9.7.5 Labelling/SPAAC/Suzuki 

Bioconjugate (7.37) 

 

To a solution of β-Casomorphin (7.7d) (864 μg, 1.00 μmol, 1.00 equiv) in 100 mM Tris buffer pH 9.0 

(490 μL), in a 1.5 mL Eppendorf Safe-Lock microcentrifuge tube, was added a 300 mM solution of N3-

EBX (EBX.20) (512 μg, 1.50 μmol, 1.50 equiv) in DMSO (10 μL). The 2.00 mM solution was shaken at 

37 °C for 24 h. No effort was made to exclude oxygen. The for reaction O-VBX formation was analyzed 

by HPLC-MS. Separately, a 0.5 mL Eppendorf Safe-Lock microcentrifuge tube was charged with boronic 

acid (7.29c) (3.78 mg, 10.0 μmol, 10.0 equiv.), Tris buffer (100 mM, pH 9.0, 290 μL) and DMSO (10 μL). 

The resulting mixture was shaken at 37 °C until complete dissolution. The 33.3 mM solution of phenyl 

boronic acid was then added to the crude containing the O-VBX of β-Casomorphin. The resulting 

solution was vortexed few seconds to ensure proper reagent mixing and incubated at 37 °C over 10 

minutes. Then, a 10.0 mM solution of palladium complexe (Pd-1) in water (100 μL, 1.00 μmol, 1.00 

equiv.) was added in one portion. The resulting solution was vortexed few seconds to ensure proper 

reagent mixing and incubated at 37 °C for 5 hours. Then, a 30.0 mM solution of cyclooctyne reagent 

(7.21) in DMSO (100 μL, 3.00 μmol, 3.00 equiv.) was added. The resulting mixture was shaken at room 

temperature for 2 hours. No effort was made to exclude oxygen. The reaction was analyzed by HPLC-

MS. The yield is given over three steps by HPLC-UV.  
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The yields were approximated as the ratio of Aprod/Atotal where Aprod = area in mAU of the product 

peak and Atotal = area in mAU of all peptides products (product, starting material, and side products 

if present).  

Following the procedure on β-Casomorphin (7.7d), Suzuki reaction with boronic acid (7.29c) and 

SPAAC with BCN (10a) afforded bioconjugate (7.37) in 71% yield based on HPLC-UV (retention time 

9.2 min). HRMS (ESI/QTOF) m/z: [M + H2]+2 Calcd for C82H117N15O17S+2 807.9231; Found 807.9191. 

MS/MS characterization:  

 

Sequence Type MF m/z Intensity Similarity 

YPFVE b5 C71H96N13O14S(+1) 693.8494 48.63 94% 

YPFVE b5 C71H96N13O14S(+1) 1386.692 28.7 96% 

YP b2 C52H71N10O9S(+1) 1011.512 13.04 92% 

YPFV b4 C66H89N12O11S(+1) 1257.649 9.76 92% 

FVEPI y5 C30H46N5O8(+1) 604.3341 4.22 88% 

YPFVEP b6 C76H103N14O15S(+1) 742.3758 3.44 89% 

YPF b3 C61H80N11O10S(+1) 1158.581 2.93 89% 

YPFV b4 C66H89N12O11S(+1) 629.3281 2.81 85% 

PI y2 C11H21N2O3(+1) 229.1547 2.51 90% 

EPI y3 C16H28N3O6(+1) 358.1973 2.44 84% 

YPF b3 C61H80N11O10S(+1) 579.7939 0.9 90% 

YPFVE a5 C70H96N13O13S(+1) 679.8519 0.81 85% 

 

HPLC-UV chromatograms (214 nm) of crude of the reaction:  
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HPLC-MS chromatograms of crude of the reaction:  

 

 

9.7.6 Cellular uptake experiments 

Wild-type Streptavidin (66 kDa) was a generous gift provided by Prof. Thomas R. Ward (University of 

Basel). HeLa MZ cells were kindly provided by ACCESS Geneva. Phosphate buffered saline (PBS, pH = 

7.4), DMEM (GlutaMAX, 4.5 g/L D-Glucose, with phenol red) medium, FluoroBrite DMEM (high D-

Glucose) medium, Penicillin-Streptomycin, Fetal Bovine Serum, TrypLE Express Enzyme and Pierce™ 

Coomassie Plus (Bradford) Assay Reagent were obtained from Thermo Fisher Scientific. Hoechst 33342 

(HOE, 10 mg/mL solution in water) was obtained from Invitrogen by Thermo Fisher Scientific. μ-Plate 

96-Well Black were obtained from Ibidi. MALDI MS analyses of functionalised streptavidin were 

performed with SA as a matrix using Bruker MALDI Autoflex Speed TOF/TOF. Fluorescence cellular 

imaging was performed using an IXM-C automated microscope from ImageXpress equipped with a 

Lumencor Aura III with 5 independently selectable solid-state light sources, bandpass filters and 5 

objectives (4x to 60x). Sample preparation and washing on μ-Plate 96-well black was performed using 

a Plate washer Biotek EL406®.  

Abbreviations: BTTAA: 2-(4-((Bis((1-(tert-butyl)-1H-1,2,3-triazol-4- yl)methyl)amino)methyl)-1H-1,2,3-

triazol-1-yl)acetic acid; DMEM: Dulbecco’s modified eagle medium; DMSO: Dimethyl sulfoxide; FBS: 

Fetal bovine serum; HOE: Hoechst 33342; MALDI: Matrix-assisted laser desorption/ionization; PBS: 

Phosphate buffered saline; SA: Sinapinic acid; TAMRA: 5-Carboxytetramethylrhodamine.  

The streptavidin mutants were expressed using an E. coli expression strain and purified subsequently.  
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Streptavidin monomer sequence:  

MASMTGGQQMGRDQAGITGTWYNQLGSTFIVTAGADGALTGTYESAVGNAESRYVLTGRYDSAPATDGSGTAL

GWTVAWKNNYRNAHSATTWSGQYVGGAEARINTQWLLTSGTTEANAWKSTLVGHDTFTKVKPSAASIDAAKKA

GVNNGNPLDAVQQ 

a. Synthesis of transporters 

 

The synthesis of TAMRA-biotin 7.55 was prepared according to the literature procedure.44 

Synthesis of transporter 7.49 and 7.51: 

 

To a solution of 2-(2-aminoethoxy)-N-(prop-2-yn-1-yl)acetamide 7.43 (362 mg, 1.06 mmol, 1.00 eq.) 

in dry DMF (5.30 mL) was added HATU (443 mg, 1.17 mmol, 1.10 eq.), followed by DIPEA (203 μL, 1.17 

mmol, 1.10 eq.). The mixture was stirred for 1 min, then propargylamine (81.4 μL, 1.27 mmol, 1.20 

eq.) was added, and the reaction was stirred for 1 h. At this point, the reaction was diluted with EtOAc, 

and washed with NaHCO3 (x3), 10% citric acid (x3), 5% LiCl (x2) and brine (x1). The organics were dried 

over Na2SO4, filtered, and concentrated in vacuo. Flash chromatography (0 to 10% MeOH in CH2Cl2) 

gave 7.45 (380 mg, 1.00 mmol, 95%) as a white foam. 1H NMR (300 MHz, CDCl3) δ 7.77 (d, J = 7.7 Hz, 

2H, ArH), 7.59 (d, J = 7.4 Hz, 2H, ArH), 7.41 (t, J = 7.1 Hz, 2H, ArH), 7.31 (td, J = 7.4, 1.3 Hz, 2H, ArH), 

6.81 (s, 1H, NH), 5.13 (s, 1H, NH), 4.45 (d, J = 6.7 Hz, 2H, CH2O), 4.22 (t, J = 6.7 Hz, 1H, CH), 4.07 (dd, J 

= 5.6, 2.6 Hz, 2H, CH2C), 4.01 – 3.95 (m, 2H, OCH2CO), 3.59 (t, J = 5.1 Hz, 2H, NCH2CH2O), 3.43 (q, J = 

5.5 Hz, 2H, NCH2CH2O), 2.19 (t, J = 2.6 Hz, 1H, CCH).  13C NMR (75 MHz, CDCl3) δ 169.1, 156.7, 144.0, 

141.5, 127.9, 128.0, 125.1, 120.2, 79.4, 71.8, 71.0, 70.5, 66.9, 47.4, 40.9, 28.6. LR-ESI-MS (+ve) m/z: 

401.2 [M+Na]+ 

 

7.45 (480 mg, 1.27 mmol, 1.00 eq.) was dissolved in 2 M dimethylamine in THF (6.34 mL) and stirred 

for 30 min. At this point, the reaction was concentrated in vacuo, and the product dissolved in a 

minimal volume of CH2Cl2. The product was then precipitated in pentane and filtered over a bed of 

                                                            
44 López-Andarias, J.; Saarbach, J.; Moreau, D.; Cheng, Y.; Derivery, E.; Laurent, Q.; González-Gaitán, M.; 
Winssinger, N.; Sakai, N.; Matile, S. J. Am. Chem. Soc. 2020, 142 (10), 4784–4792.  
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Na2SO4, washing with additional pentane. The product was isolated by washing the bed of Na2SO4 with 

CH2Cl2, and the precipitation procedure was repeated twice more. The product was then used in the 

next step without further purification. 7.47 (174 mg, 1.11 mmol, 88%) was obtained as a yellow oil. 1H 

NMR (300 MHz, MeOD) δ 4.02 (d, J = 2.5 Hz, 2H, CH2C), 4.00 (s, 2H, NH2), 3.57 (t, J = 5.1 Hz, 2H, 

NCH2CH2O), 2.88 (t, J = 5.1 Hz, 2H, NCH2CH2O), 2.59 (t, J = 2.6 Hz, 1H, CCH).13C NMR (75 MHz, MeOD) 

δ 172.2, 80.6, 73.4, 72.0, 71.1, 41.9, 28.9. LR-ESI-MS (+ve) m/z: 157.1 [M+H]+. 

 

To a solution of S33 (12.0 mg, 76.8 μmol, 1.00 eq.) in CH2Cl2 (384 μL) was added AspA-NHS S34 (19.0 

mg, 76.8 μmol, 1.00 eq.),45 and the solution was stirred at ambient temperature for 5 h. At this point, 

the crude mixture was loaded directly onto silica and purified by flash chromatography (0 to 40% 

MeCN in CH2Cl2), giving S29 (8.30 mg, 28.7 μmol, 37%) as a colourless oil. 1H NMR (400 MHz, CDCl3) δ 

6.71 (s, 1H, NH), 6.32 (s, 1H, NH), 4.12 (dd, J = 5.5, 2.6 Hz, 2H, CH2C), 4.01 (s, 2H, OCH2CO), 3.63 (dd, J 

= 5.7, 4.7 Hz, 2H, NCH2CH2O), 3.54 (td, J = 5.6, 4.4 Hz, 2H, NCH2CH2O), 3.46 – 3.34 (m, 4H, SCH2CHCH2S), 

3.34 – 3.24 (m, 1H, SCH2CHCH2S), 2.28 (t, J = 2.6 Hz, 1H, CCH). 13C NMR (101 MHz, CDCl3) δ 172.2, 

169.0, 79.4, 72.0, 70.5, 70.4, 52.6, 42.8, 39.6, 28.7. HR-ESI-MS (+ve) m/z: [M+Na]+ calc. for 

C11H16N2O3S2 311.0495; Found 311.0483. 

 

A solution of S33 (14.2 mg, 91.1 μmol, 1.20 eq.) and DIPEA (15.9 μL, 91.1 μmol, 1.20 eq.) was prepared 

in CH2Cl2 (759 μL) and added to a flask containing CTO-PNP ester S35 (35.2 mg, 75.9 μmol, 1.00 eq.).46 

The reaction was stirred for 4 h at ambient temperature, and the reaction was then concentrated in 

vacuo. The crude residue was redissolved in EtOAC, and washed with NaHCO3 (x3), 10% citric acid (x3), 

and brine. The combined organics were dried over Na2SO4, filtered, and concentrated in vacuo. Flash 

chromatography (0 to 50% EtOAc in CH2Cl2) gave S28 (25.0 mg, 51.6 μmol, 68%) as a colourless oil. 1H 

NMR (400 MHz, CDCl3) δ 6.78 (s, 1H, NH), 5.35 (t, J = 6.0 Hz, 1H, NH), 5.27 (q, J = 3.0 Hz, 1H, CHO), 4.35 

(dt, J = 10.7, 3.4 Hz, 1H, CHO), 4.11 (dd, J = 5.5, 2.6 Hz, 2H, CH2C), 4.00 (s, 2H, OCH2CO), 3.76 – 3.56 (m, 

3H, NCH2CH2O, SCH2C), 3.55 – 3.40 (m, 4H, NCH2CH2O, SO2CH2C), 3.35 (dd, J = 13.0, 3.8 Hz, 1H, SCH2C), 

2.27 (t, J = 2.6 Hz, 1H, CCH), 0.88 (s, 9H, CH3), 0.13 (d, J = 1.0 Hz, 6H, CH3). 13C NMR (101 MHz, CDCl3) 

                                                            
45 Aspa-NHS S35 was prepared according to the literature procedure: Sakai, N.; Lista, M.; Kel, O.; Sakurai, S.; 
Emery, D.; Mareda, J.; Vauthey, E.; Matile, S. J. Am. Chem. Soc. 2011, 133 (39), 15224–15227. 
46 CTO-PNP ester S34 was prepared according to the literature procedure: Kato, T.; Lim, B.; Cheng, Y.; Pham, A.-
T.; Maynard, J.; Moreau, D.; Poblador-Bahamonde, A. I.; Sakai, N.; Matile, S. JACS Au 2022, 2 (4), 839–852. 
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δ 168.9, 155.39, 79.3, 71.9, 71.8, 70.6, 70.3, 69.9, 67.1, 61.9, 40.8, 35.2, 28.6, 28.6, 25.6, 25.5, 17.9, -

4.9, -4.99. HR-ESI-MS (+ve) m/z: [M+Na]+ calc. for C18H32N2O7S2Si 503.1313; Found 503.1298. 

b. Functionalization and uptake experiments 

EBX functionalization of streptavidin 

 

Tyrosine functionalisation with EBX.20 was performed as per previously optimised conditions B. 

Samples were purified following functionalisation by passing through a desalting column (PD midiTrap 

G-25, cytiva), followed by concentration in a centrifugal cutoff filter (Amicon® Ultra 2 mL, 30K) prior 

to the subsequent reaction.  

SEC analysis of streptavidin monomer (z = 8): 

 

Suzuki coupling on Streptavidin 

 

Suzuki coupling on the freshly prepared streptavidin O-VBX conjugate (O-VBX.69) was performed 

according to a previously described procedure.47 To a solution of streptavidin O-VBX conjugate (O-

VBX.69) (100 μM, 1.0 equiv) in Tris buffer (100 mM, pH 9.0) was added a freshly prepared solution of 

4-(trifluoromethyl)phenylboronic acid 7.29d (25 mM, 50 equiv) in 9:1 Tris buffer (100 mM, pH 9.0) – 

DMSO, followed by addition of the palladium catalyst (Pd-1) in water (20 equiv). The reaction vessel 

was sealed and heated at 37 ºC for 1 hour whilst shaking at 750 rpm. At this point, the reaction was 

                                                            
47 Tessier, R.; Ceballos, J.; Guidotti, N.; Simonet-Davin, R.; Fierz, B.; Waser, J. Chem 2019, 5 (8), 2243–2263. 
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purified by desalting column (PD midiTrap G-25, cytiva) and concentrated in a centrifugal cutoff filter 

(Amicon® Ultra 2 mL, 30K) prior to the subsequent reaction. 

CuAAC functionalization  

 

To a solution of the previously prepared streptavidin conjugate 7.52 (100 μM in PBS pH 7.4, 1.00 equiv) 

was added the transporter-alkyne 7.49 or 7.51 (10 mM in DMSO, 30.0 equiv), followed by a pre-mixed 

solution of BTTAA ligand (50 mM in H2O, 40.0 equiv) and CuSO4 (20 mM in H2O, 10.0 equiv). Finally, a 

freshly prepared solution of sodium ascorbate (100 mM in water, 400.0 equiv) was added, the reaction 

vessel was sealed, and shaken at 37 ºC, 750 rpm for 1 hour. At this point, the functionalised protein 

was purified by first passing through a desalting column (PD midiTrap G-25, cytiva), then concentrating 

(3 times) in a centrifugal cutoff filter (Amicon® Ultra 2 mL, 30K). The concentrations of the resulting 

solutions were determined by Pierce Coomassie Plus assay (Thermo Scientific™).  

Biotin complexation 

The functionalised streptavidin samples (8 μM in PBS pH 7.4) were complexed with 2 equivalents of 

fluorescently labelled biotin 7.55 (2 mM in H2O) as previously reported,44 before concentration with a 

centrifugal cutoff filter (Amicon® Ultra 0.5 mL, 30K) to give 100 μM stock solutions in PBS buffer (pH 

7.4). All samples were filtered prior to uptake experiments.  
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MALDI-MS analysis of functionalised proteins 

 

Uptake experiments   

HeLa MZ cells were plated at a density of 8x104 cells/mL in FluoroBrite DMEM + 10% FBS on μ-Plate 

96-well Black ibiTreat sterile and incubated at 37ºC with 5% CO2 for 24 hours prior to performing 

uptake experiments. Then, the medium was removed and cells were washed with PBS (3 x 3 mL/well) 

and fresh FluoroBrite DMEM medium (4 x 150 μL/well) was added into the cells using a plate washer 

(Biotek EL406®), keeping a final volume of 135 μL/well. Functionalised streptavidin-biotin complexes 

were added to the wells as 10x stock solutions in PBS (15 μL) to give final concentrations of 10 μM. 

Cells were incubated with the functionalised proteins for 6 h at 37 ºC with 5% CO2, before again 

washing with FluoroBrite DMEM using the plate washer and incubating with a freshly prepared 

solution of Hoechst 33342 in PBS (15 μL) to give a final volume of 150 μL/well. After 25 minutes, the 

cells were washed and kept in DMEM FluoroBrite using a plate washer. For live cell imaging, samples 

were kept at 37 ºC with 5% CO2 during the microscope imaging. The distribution of fluorescence 

stained cells was analysed without fixing using an IXM-C automated microscope. 9 images per well 

were recorded using a 20x objective lens, and the fluorescent images were acquired with two 

channels, blue for Hoechst 33342 with 377/50 nm excitation filter and 477/60 nm emission filter, and 

red for TAMRA with 531/40 nm excitation filter and 593/40 nm emission filter. Experiments were 

performed in triplicate, and data were analysed following a reported procedure.48 

 

 

                                                            
48 Kato, T.; Lim, B.; Cheng, Y.; Pham, A.-T.; Maynard, J.; Moreau, D.; Poblador-Bahamonde, A. I.; Sakai, N.; Matile, 
S. Cyclic Thiosulfonates for Thiol-Mediated Uptake: Cascade Exchangers, Transporters, Inhibitors. JACS Au 2022, 
2 (4), 839–852. 
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Original SDCM images following 6 h incubation with functionalized streptavidin-biotin complexes 

 

Enlarged image of HeLa MZ cells following 6 h incubation with 10 μM 18 (7.58) 
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Enlarged image of HeLa MZ cells following 6 h incubation with 10 μM 19 (7.56)  

 

Enlarged image of HeLa MZ cells following 6 h incubation with 10 μM 20 (7.57) 
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9.7.7 Stability evaluation of O-VBX 

This structure being reported for the first time, some stability evaluation was performed. The 

degradation evolution was followed by HPLC-MS. 

a. Stability evaluation at low pH 

In a 1.5 mL Eppendorf Safe-Lock microcentrifuge tube, O-VBX of AFYA-NH2 (O-VBX.31) (1.85 mg, 2.00 

μmol) was dissolved in an acetic acid buffer (1.0 M, pH 4.0, 1000 µL) and shaken at room temperature. 

After 2 days, O-VBX of AFYA-NH2 (O-VBX.31) remained intact. 

b. Stability evaluation at high pH 

In a 1.5 mL Eppendorf Safe-Lock microcentrifuge tube, O-VBX of AFYA-NH2 (O-VBX.31) (1.85 mg, 2.00 

μmol) was dissolved in a CAPS buffer (10.0 mM, pH 11.0, 1000 µL) and shaken at room temperature. 

After 2 days, O-VBX of AFYA-NH2 (O-VBX.31) remained intact. 

c. Stability evaluation in presence of glutathione 

In a 1.5 mL Eppendorf Safe-Lock microcentrifuge tube, O-VBX of AFYA-NH2 (O-VBX.31) (1.85 mg, 2.00 

μmol) was dissolved in water (1000 µL). Then glutathione (0.614 mg, 2.00 µmol, 1.00 equiv) was added 

in one portion and the solution was shaken at room temperature. After 2 days, 95% of the O-VBX of 

AFYA-NH2 (O-VBX.31) remained intact. 

In a 1.5 mL Eppendorf Safe-Lock microcentrifuge tube, O-VBX of AFYA-NH2 (O-VBX.31) (1.85 mg, 2.00 

μmol) was dissolved in milliQ water (1000 µL). Then glutathione (6.14 mg, 20.0 µmol, 10.0 equiv) was 

added in one portion and the solution was shaken at room temperature. After 2 days, 90% of the O-

VBX of AFYA-NH2 (O-VBX.31) remained intact. 

d. Stability evaluation towards temperature 

In a 1.5 mL Eppendorf Safe-Lock microcentrifuge tube, O-VBX of AFYA-NH2 (O-VBX.31) (1.85 mg, 2.00 

μmol) was dissolved in milliQ water (1000 µL). The solution was sampled after 10 minutes shaking at 

37 °C, 50 °C, 80 °C and 100 °C. Only a minor degradation was noticed at 100 °C. 
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9.7.8 Other reactivities 

Synthesis of methyl (S)-2-((S)-2-(((benzyloxy)carbonyl)amino)propanamido)-3-(4-(((Z)-1-(3-oxo-1l3-

benzo[d][1,2]iodaoxol-1(3H)-yl)prop-1-en-2-yl)oxy)phenyl)propanoate (O-VBX.29) 

In a glass vial, Z-AY-OMe (7.1a, 0.400 g, 1.00 mmol, 1.00 equiv.) was dissolved in 12.5 mL of EtOH (0.08 

M). Cs2CO3 (32.6 mg, 0.100 mmol, 10 mol%) was added and the mixture stirred vigorously for 5 

minutes. Then EBX.1 was added in one portion (0.286 g, 1.00 mmol, 1.00 equiv.) and the reaction was 

left stirring for 16 hours. The reaction was stopped, the EtOH removed under reduced pressure and 

the crude purified via column chromatography using DCM:MeOH (20:1) as eluent. Z-AY-OMe O-VBX 

(O-VBX.29) was obtained as a white solid (0.583 g, 0.850 mmol, 85% yield).  

1H NMR (400 MHz, CDCl3) δ 8.42 (dd, J = 5.8, 3.3 Hz, 1H, ArH), 7.59 

(dtd, J = 13.3, 6.5, 3.5 Hz, 3H, ArH), 7.37 – 7.23 (m, 5H, ArH), 7.07 (d, J 

= 8.0 Hz, 2H, ArH), 6.92 (d, J = 7.8 Hz, 1H, NH), 6.86 – 6.75 (m, 2H, ArH), 

5.71 – 5.66 (m, 1H, vinylH), 5.63 (d, J = 7.6 Hz, 1H, CH), 5.07 (s, 2H, 

CH2), 4.80 – 4.73 (m, 1H, CH), 4.24 (t, J = 7.3 Hz, 1H), 3.69 (s, 3H, , 

OCH3), 3.16 (dd, J = 14.0, 5.5 Hz, 1H, CH2), 3.04 (dd, J = 14.0, 6.7 Hz, 

1H, CH2), 2.22 (d, J = 0.9 Hz, 3H, ArCH3), 1.35 (d, J = 7.0 Hz, 3H, CH3). 
13C NMR (101 MHz, CDCl3) δ 172.4, 171.6, 167.0, 166.8, 156.1, 152.7, 

136.4, 134.2, 133.9, 133.4, 133.1, 131.3, 130.8, 128.7, 128.3, 128.1, 

125.3, 120.4, 114.1, 77.4, 67.0, 53.4, 52.6, 50.8, 37.0, 20.1, 18.5. HRMS (ESI/QTOF) m/z: [M + H]+ Calcd 

for C31H32IN2O8
+ 687.1198; Found 687.1212. 

General procedure for the reaction of amino acids with O-VBX.1 reagent: 

 

In a round-bottom flask were added protected tyrosine (7.1, 0.100 mmol, 1.00 equiv.) and cesium 

carbonate (39.1 mg, 0.120 mmol, 1.20 equiv.). Anhydrous DME (1.00 mL, 0.1 M) was introduced at 0 

°C and the solution was stirred at room temperature for 10 min. O-VBX.1 (39.0 mg, 0.100 mmol, 1.00 

equiv.) was added to the reaction mixture under open air and the reaction mixture was stirred at room 

temperature for 16 hours. 

Ethyl (S)-2-acetamido-3-(4-((2-(p-tolyloxy)allyl)oxy)phenyl)propanoate (7.73a) 

 Starting from O-VBX.1 (0.118 mg, 0.300 mmol) and (S)-ethyl 2-

acetamido-3-(4-hydroxyphenyl)propanoate hydrate 7.1c (81.0 

mg, 0.300 mmol), ethyl (S)-2-acetamido-3-(4-((2-(p-

tolyloxy)allyl)oxy)phenyl)propanoate 7.73a (0.115 g, 0.289 

mmol, 96% yield) was obtained, as a colorless amorphous solid. 

Rf: 0.45 (DCM:MeOH 9:1). Mixture of rotamers not resolved yet. 
1H NMR (400 MHz, Acetonitrile-d3) δ 7.23 – 7.17 (m, 2H, ArH), 7.17 – 7.11 (m, 2H, ArH), 6.99 – 6.89 



 Chapter 9: Experimental Part 

378 
 

(m, 4H, ArH), 6.66 (d, J = 7.8 Hz, 1H, NH), 4.63 (s, 2H, OCH2CO), 4.58 – 4.50 (m, 2H, vinylH, ArCH2CHNH), 

4.13 (d, J = 2.1 Hz, 1H, vinylH), 4.09 (q, J = 7.1 Hz, 2H, OCH2CH3), 3.02 (dd, J = 13.9, 6.0 Hz, 1H, 

ArCH2CHNH), 2.95 – 2.85 (m, 1H, ArCH2CHNH), 2.31 (s, 3H, ArCH3), 1.85 (s, 3H, COCH3), 1.17 (t, J = 7.1 

Hz, 3H, OCH2CH3). 13C NMR (101 MHz, Acetonitrile-d3) δ 172.6, 170.6, 159.8, 158.3, 153.6, 135.1, 131.3, 

131.2, 130.5, 121.4, 115.7, 91.6, 68.3, 61.8, 54.9, 37.4, 22.7, 20.7, 14.4. IR ν 3332 (w), 2991 (w), 2931 

(w), 2866 (w), 2254 (w), 1737 (m), 1664 (m), 1614 (w), 1505 (s), 1442 (w), 1377 (w), 1221 (s), 1127 

(m), 1024 (w), 910 (m), 822 (m), 736 (s), 656 (w), 612 (w). HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for 

C23H27NNaO5
+ 420.1781; found 420.1781. [α]D

20 = + 46.8 (c = 1.00, CHCl3). 

Methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(4-((2-(p-tolyloxy)allyl)oxy)phenyl)propanoate (7.73b) 

Starting from O-VBX.1 (39.4 mg, 0.100 mmol) and Boc-Tyr-OMe 

(7.1d, 29.5 mg, 0.100 mmol), 7.73b (39.0 mg, 88.3 μmol, 88% yield) 

was obtained, as a colorless amorphous solid. Rf: 0.74 (DCM:MeOH 

99:1). 1H NMR (400 MHz, CDCl3) δ 7.14 (dq, J = 8.4, 1.9, 1.4 Hz, 2H, 

ArH), 7.08 – 7.02 (m, 2H, ArH), 6.99 – 6.94 (m, 2H, ArH), 6.94 – 6.89 

(m, 2H, ArH), 4.96 (d, J = 8.3 Hz, 1H, NH), 4.61 (d, J = 0.8 Hz, 2H, 

OCH2CO), 4.59 – 4.51 (m, 2H, , vinylH, NCHCO), 4.19 (d, J = 2.3 Hz, 

1H, vinylH), 3.71 (s, 3H, OCH3), 3.05 (td, J = 11.6, 9.5, 6.0 Hz, 2H, NCHCH2), 2.33 (s, 3H, ArCH3), 1.42 (s, 

9H, O(CH3)3. 
13C NMR (101 MHz, CDCl3) δ 172.6, 158.6, 157.7, 155.2, 152.7, 134.1, 130.4, 130.3, 128.7, 

120.8, 115.2, 90.5, 80.1, 67.8, 54.7, 52.3, 37.7, 28.5, 20.9. IR ν 3392 (w), 2979 (w), 1745 (m), 1715 (s), 

1651 (w), 1611 (w), 1508 (s), 1449 (w), 1365 (m), 1260 (m), 1222 (s), 1171 (s), 1109 (w), 1061 (m), 

1021 (m), 964 (w), 829 (m), 739 (s), 707 (m). HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for 

C25H31NNaO6
+ 464.2044; Found 464.2045. 

Methyl (S)-2-(((benzyloxy)carbonyl)amino)-3-(4-((2-(p-tolyloxy)allyl)oxy)phenyl)propanoate (7.73c) 

Starting from O-VBX.1 (39.4 mg, 0.100 mmol) and Cbz-Tyr-OMe 

7.1e (32.9 mg, 0.100 mmol), 7.73c (39.0 mg, 82.0 μmol, 82% yield) 

was obtained, as a colorless amorphous solid. Rf: 0.83 (DCM:MeOH 

99:1). 1H NMR (400 MHz, CDCl3) δ 7.34 (qd, J = 6.0, 5.0, 2.6 Hz, 5H, 

ArH), 7.19 – 7.12 (m, 2H, ArH), 7.04 – 6.99 (m, 2H, ArH), 6.99 – 6.94 

(m, 2H, ArH), 6.92 – 6.87 (m, 2H, ArH), 5.20 (d, J = 8.2 Hz, 1H, NH), 

5.16 – 5.04 (m, 2H, OCH2Ar), 4.68 – 4.57 (m, 3H, OCH2CO, 

NHCHCH2), 4.53 (dt, J = 2.1, 0.9 Hz, 1H, vinylH), 4.19 (d, J = 2.3 Hz, 1H, vinylH), 3.72 (s, 3H, OCH3), 3.14 

– 2.99 (m, 2H, NHCHCH2), 2.33 (s, 3H, ArCH3). 13C NMR (101 MHz, CDCl3) δ 172.2, 158.6, 157.8, 155.8, 

152.7, 136.4, 134.1, 130.4, 130.3, 128.7, 128.3, 128.3, 120.8, 115.3, 90.6, 67.8, 67.1, 55.0, 52.5, 37.6, 

20.9. 1 C is not resolved. IR ν 3410 (w), 2979 (w), 1744 (m), 1715 (s), 1652 (w), 1611 (w), 1508 (s), 1447 

(w), 1365 (m), 1223 (s), 1171 (s), 1109 (w), 1061 (m), 1021 (m), 964 (w), 839 (m), 739 (s). HRMS 

(ESI/QTOF) m/z: [M + Na]+ Calcd for C28H29NNaO6
+ 498.1887; Found 498.1886. 
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Methyl (S)-2-((S)-2-(((benzyloxy)carbonyl)amino)propanamido)-3-(4-((2-(p-

tolyloxy)allyl)oxy)phenyl)propanoate (7.73d) 

Starting from O-VBX.1 (39.4 mg, 0.100 mmol) and Z-AY-OMe 7.1a 

(40.0 mg, 0.100 mmol), 7.73d (21.7 mg, 39.7 μmol, 55% yield) was 

obtained, as a colorless amorphous solid. Rf: 0.40 (DCM:MeOH 

99:1). 1H NMR (400 MHz, CDCl3) δ 7.39 – 7.27 (m, 5H, ArH), 7.17 – 

7.12 (m, 2H, ArH), 7.00 (d, J = 8.2 Hz, 2H, ArH), 6.98 – 6.93 (m, 2H, 

ArH), 6.91 – 6.85 (m, 2H, ArH), 6.41 (d, J = 7.7 Hz, 1H, NH), 5.23 (d, J = 7.5 Hz, 1H, NH), 5.17 – 5.04 (m, 

2H, OCH2Ar), 4.81 (dt, J = 7.9, 5.8 Hz, 1H, CH), 4.60 – 4.55 (m, 2H, OCH2CO), 4.52 (dd, J = 2.2, 1.1 Hz, 

1H, vinylH), 4.26 – 4.16 (m, 2H, CH, vinylH), 3.72 (s, 3H, OCH3), 3.06 (qd, J = 14.0, 5.8 Hz, 2H, 

NHCHCH2Ar), 2.33 (s, 3H, ArCH3), 1.34 (d, J = 7.0 Hz, 3H, CHCH3). 13C NMR (101 MHz, CDCl3) δ 171.9, 

171.8, 158.6, 157.8, 156.0, 152.7, 136.3, 134.1, 130.4, 130.3, 128.7, 128.4, 128.2, 120.8, 115.2, 90.6, 

67.8, 67.2, 53.4, 52.5, 50.6, 37.1, 20.9, 18.5. 1 C is not resolved. HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd 

for C31H34N2NaO7
+ 569.2258; Found 569.2261. 

Dimethyl 3,3'-((prop-2-ene-1,2-diylbis(oxy))bis(4,1-phenylene))(2S,2'S)-bis(2-((S)-2-

(((benzyloxy)carbonyl)amino)propanamido)propanoate) (7.74) 

Starting from EBX.1 (28.6 mg, 0.100 mmol) 

and Z-AY-OMe 7.1a (40.0 mg, 0.100 mmol), 

7.74 (20.2 g, 24.0 μmol, 24% yield) was 

obtained, as a colorless amorphous solid. 1H 

NMR (400 MHz, CD3CN) δ 7.40 – 7.27 (m, 

10H, ArH), 7.18 (d, J = 8.1 Hz, 2H, ArH), 7.10 

(d, J = 8.3 Hz, 2H, ArH), 6.98 – 6.93 (m, 2H, 

ArH), 6.89 (d, J = 8.6 Hz, 4H, ArH, NH), 5.88 (s, 

2H, NH), 5.05 (t, J = 2.8 Hz, 4H, OCH2Ar), 4.69 – 4.53 (m, 5H, vinylH, CH, OCH2CO), 4.15 (d, J = 2.2 Hz, 

1H, vinylH), 4.07 (td, J = 7.4, 5.2 Hz, 2H, CH), 3.65 (s, 6H, OCH3), 3.08 (ddd, J = 21.4, 13.9, 5.4 Hz, 2H, 

NHCHCH2Ar), 2.94 (td, J = 14.1, 7.8 Hz, 2H, NHCHCH2Ar), 1.21 (t, J = 6.9 Hz, 6H, CHCH3). 13C NMR (101 

MHz, CD3CN) δ 173.2, 172.7, 172.6, 159.5, 158.2, 156.9, 154.8, 138.0, 133.9, 131.7, 131.4, 130.3, 129.4, 

128.9, 128.7, 121.4, 115.7, 92.4, 68.3, 67.1, 54.6, 54.4, 52.7, 52.7, 51.4, 37.3, 37.2 18.24. HRMS 

(ESI/QTOF) m/z: [M + Na]+ Calcd for C45H50N4NaO12
+ 861.3317; Found 861.3315. 

2-(p-tolyloxy)allyl (S)-2-((S)-2-(((benzyloxy)carbonyl)amino)propanamido)-3-(4-((2-(p-

tolyloxy)allyl)oxy)phenyl)propanoate (7.75) 

Starting from O-VBX.1 (39.4 mg, 0.100 mmol) and Z-AY-OH 

7.1b (38.6 mg, 0.100 mmol), 7.75 (15.0 mg, 22.1 μmol, 22% 

yield) was obtained, as a colorless amorphous solid. 1H NMR 
1H NMR (400 MHz, CDCl3) δ 7.39 – 7.28 (m, 5H, ArH), 7.17 – 

7.11 (m, 4H, ArH), 7.05 (d, J = 8.1 Hz, 2H, ArH), 6.98 – 6.91 

(m, 4H, ArH), 6.89 – 6.82 (m, 2H, ArH), 6.38 (d, J = 7.9 Hz, 1H, 

NH), 5.21 (d, J = 7.5 Hz, 1H, NH), 5.17 – 5.04 (m, 2H, CH2-Cbz), 

4.90 (dt, J = 8.1, 5.7 Hz, 1H, CHCH2Ar), 4.79 (dd, J = 12.8, 3.4 

Hz, 1H, OCH2C), 4.71 – 4.65 (m, 1H, OCH2C), 4.55 (d, J = 0.9 Hz, 2H, OCH2C), 4.50 (dq, J = 2.0, 1.0 Hz, 

1H, vinylH), 4.44 (t, J = 2.3 Hz, 1H, vinylH), 4.19 (td, J = 6.1, 5.5, 3.9 Hz, 3H, CHCH3, vinylH), 3.19 – 3.04 

(m, 2H, CHCH2Ar), 2.33 (s, 6H, ArCH3), 1.34 (d, J = 7.1 Hz, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 171.7, 
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170.8, 158.5, 157.7, 156.9, 155.8, 152.6, 152.4, 136.2, 134.2, 134.0, 130.4, 130.3, 130.2, 128.6, 128.2, 

128.1, 128.0, 120.7, 120.6, 120.6, 115.11, 92.3, 90.4, 67.6, 67.1, 64.8, 53.3, 50.4, 36.9, 20.8, 18.4. 

HRMS (ESI/QTOF) m/z: [M + Na]+ Calcd for C40H42N2NaO8
+ 701.2833; Found 701.2831. 

1-methyl 4-(2-(p-tolyloxy)allyl) ((benzyloxy)carbonyl)-L-aspartate (7.77) 

Starting from O-VBX.1 (39.4 mg, 0.100 mmol) and Z-Asp-OMe 7.76 

(28.1 mg, 0.100 mmol), 1-methyl 4-(2-(p-tolyloxy)allyl) 

((benzyloxy)carbonyl)-L-aspartate 7.77 (21.0 mg, 49.1 μmol, 49% 

yield) was obtained, as a colorless amorphous solid. 1H NMR (400 

MHz, CDCl3) δ 7.40 – 7.27 (m, 5H, ArH), 7.18 – 7.09 (m, 2H, ArH), 7.00 – 6.90 (m, 2H, ArH), 5.81 (d, J = 

8.6 Hz, 1H, NH), 5.12 (s, 2H, Cbz-CH2), 4.69 (s, 3H, NHCHCH2, OCH2), 4.40 (d, J = 2.4 Hz, 1H, vinylH), 

4.14 (d, J = 2.4 Hz, 1H, vinylH), 3.75 (s, 3H, OCH3), 3.14 (dd, J = 17.2, 4.5 Hz, 1H, CHCH2CO), 2.95 (dd, J 

= 17.2, 4.6 Hz, 1H, CHCH2CO), 2.32 (s, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 171.2, 170.4, 157.3, 156.1, 

152.4, 136.2, 134.3, 130.3, 128.6, 128.3, 128.2, 120.8, 91.8, 67.3, 64.5, 53.0, 50.4, 36.8, 20.9. HRMS 

(ESI/QTOF) m/z: [M + H]+ Calcd for C23H26NO7
+ 428.1704; Found 428.1712. 
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 Annexes 

10.1 NMR spectra of new compounds 
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10.1.1 EBXs 

(Pent-1-ynyl)-1,2-benziodoxol-3(1H)-one (EBX.2) 
1H NMR (400 MHz, Chloroform-d)  

 
13C NMR (101 MHz, Chloroform-d)  
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2-(6-(3-Oxo-1,2-benziodoxol-3(1H)-yl)hex-5-yn-1-yl)isoindoline-1,3-dione (EBX.9) 
1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 
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1-(3-cyclopropylprop-1-yn-1-yl)-1,2-benziodoxol-3(1H)-one (EBX.10) 

1H NMR (400 MHz, Methylene Chloride-d2) 

 
13C NMR (101 MHz, Methylene Chloride-d2) 
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2-Cyclopentylethynyl-1,2-benziodoxol-3(1H)-one (EBX.12) 

1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 
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2-Cyclohexylethynyl-1,2-benziodoxol-3(1H)-one (EBX.13) 

1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 
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5-Methoxy-propynyl-1,2-benziodoxol-3(1H)-one (9.10) 

1H NMR (400 MHz, Chloroform-d) 

 

13C NMR (101 MHz, Chloroform-d) 
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EBX.22 
1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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EBX.25 
1H NMR (400 MHz, DMSO) 

  
13C NMR (101 MHz, DMSO) 
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10.1.2 N- and O-VBXs 

(Z)-N-(1-prop-1-en-2-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-benziodoxol-3-

(1H)-one (N-VBX.1) 
1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 

  



 Chapter 10: Annexes 

392 
 

(Z)-N-(1-vin-2-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-benziodoxol-3-(1H)-one 

(N-VBX.2)  
1H NMR (400 MHz, CDCl3)  

 
13C NMR (101 MHz, DMSO) 
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(Z)-N-(1-pent-1-en-2-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-benziodoxol-3-

(1H)-one (N-VBX.3) 

1H NMR (400 MHz, CDCl3)  

 
13C NMR (101 MHz, DMSO) 
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(Z)-N-(5-chloro-1-pent-1-en-2-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-

benziodoxol-3-(1H)-one (N-VBX.4)  

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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(Z)-N-(8-(trimethylsilyl)oct-1-en-7-yn-2-yl)-N-(4-methoxyphenyl)-4-methylbenzene sulfonamide-

1,2-benziodoxol-3-(1H)-one (N-VBX.5) 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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(Z)-N-(1-vin-2-yl-2-cyclopropyl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-

benziodoxol-3-(1H)-one (N-VBX.6) 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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(Z)-N-(1-vin-2-yl-2-cyclopentyl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-

benziodoxol-3-(1H)-one (N-VBX.7) 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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(Z)-N-(1-vin-2-yl-2-cyclohexyl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide-1,2-

benziodoxol-3-(1H)-one (N-VBX.8) 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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(Z)-N-(3-(benzyloxy)-3-methylbut-1-en-2-yl)-N-(4-methoxyphenyl)-4-methylbenzene sulfonamide-

1,2-benziodoxol-3-(1H)-one (N-VBX.9) 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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(Z)-N-(1-prop-1-en-2-yl)-N-(4-methoxyphenyl)-methylsulfonamide-1,2-benziodoxol-3-(1H)-one (N-

VBX.11) 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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(Z)-N-(5-chloro-1-pent-1-en-2-yl)-N-(4-methoxyphenyl)-methylsulfonamide-1,2-benziodoxol -3-

(1H)-one (N-VBX.12) 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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(Z)-N-(1-prop-1-en-2-yl)-N-(4-methoxyphenyl)-4-nitrobenzenesulfonamide-1,2-benziodoxol-3-(1H)-

one (N-VBX.13) 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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(Z)-N-(1-vin-2-yl)-N-(4-methoxyphenyl)-4-nitrobenzenesulfonamide-1,2-benziodoxol-3-(1H)-one 

(N-VBX.14) 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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(Z)-(1-prop-1-en-2-yl-2-oxy)-4-methylbenzene-1,2-benziodoxol-3-(1H)-one (O-VBX.1) 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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 (Z)-(1-vinyl-2-oxy)-4-methylbenzene-1,2-benziodoxol-3-(1H)-one (O-VBX.2) 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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(Z)-(1-pent-1-en-2-yl-2-oxy)-4-methylbenzene-1,2-benziodoxol-3-(1H)-one (O-VBX.3) 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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(Z)-1-(7-hydroxy-2-(p-tolyloxy)hept-1-en-1-yl)-1,3-benziodoxol-3-(1H)-one (O-VBX.4) 

1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 
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(Z)-(5-chloro-1-pent-1-en-2-yl-2-oxy)-4-methylbenzene-1,2-benziodoxol-3-(1H)-one (O-VBX.5) 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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(Z)-1-(7-hydroxy-2-(p-tolyloxy)hept-1-en-1-yl)-1,3-benziodoxol-3-(1H)-one (O-VBX.6) 

1H NMR (400 MHz, Methanol-d4) 

 
13C NMR (101 MHz, Methanol-d4) 
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(Z)-1-(2-(p-tolyloxy)-8-(trimethylsilyl)oct-1-en-7-yn-1-yl)-1,3-benziodoxol-3-(1H)-one (O-VBX.7) 
1H NMR (400 MHz, Methylene Chloride-d2) 

 
13C NMR (101 MHz, Methylene Chloride-d2) 
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(Z)-2-(6-(3-Oxo-1,2-benziodoxol-3-(1H)-yl)-5-(p-tolyloxy)hex-5-en-1-yl)isoindoline-1,3-dione (O-

VBX.8) 

1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 
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(Z)-1-(2-cyclopropyl-2-(p-tolyloxy)vinyl)-1l3-benziodoxol-3(1H)-one (O-VBX.9) 

 1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 
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(Z)-1-(2-cyclohexyl-2-(p-tolyloxy)vinyl)-1,2-benziodoxol-3-(1H)-one (O-VBX.10) 

1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 
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(Z)-1-(3,3-dimethyl-2-(p-tolyloxy)but-1-en-1-yl)-1,2-benziodoxol-3-(1H)-one (O-VBX.11) 

1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 
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(Z)-1-(2-phenyl-2-(p-tolyloxy)vinyl)-1,2-benziodoxol-3-(1H)-one (O-VBX.12) 

1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 
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(Z)-1-(2-(2-iodophenoxy)prop-1-en-1-yl)-1,2-benziodoxol-3-(1H)-one (O-VBX.13) 

1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 

 

  



 Chapter 10: Annexes 

417 
 

(Z)-1-(2-(2-iodophenoxy)pent-1-en-1-yl)-1,2-benziodoxol-3-(1H)-one (O-VBX.14) 

1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 



 Chapter 10: Annexes 

418 
 

 (Z)-1-(2-(2-Iodophenoxy)oct-1-en-1-yl)-1,2-benziodoxol-3-(1H)-one (O-VBX.15) 

1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 
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(Z)-1-(2-(2,6-dichlorophenoxy)oct-1-en-1-yl)-1,3-benziodoxol-3(1H)-one (O-VBX.16) 

1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 
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(Z)-(1-prop-1-en-2-yl-2-oxy)-3,5-dibromobenzene-1,2-benziodoxol-3-(1H)-one (O-VBX.17) 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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(Z)-1-(2-(perfluorophenoxy)prop-1-en-1-yl)-1,3-benziodoxol-3-(1H)-one (O-VBX.18) 

1H NMR (400 MHz, Chloroform-d) 

  
13C NMR (101 MHz, Chloroform-d) 
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 (Z)-(1-pent-1-en-2-yl-2-oxy)-2,3,4,5-pentafluorobenzene-1,2-benziodoxol-3-(1H)-one (O-VBX.19) 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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(Z)-1-(2-(4-methoxyphenoxy)prop-1-en-1-yl)-1,2-benziodoxol-3-(1H)-one (O-VBX.20) 

1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 
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(Z)-1-(2-(4-Methoxyphenoxy)pent-1-en-1-yl)-1,2-benziodoxol-3-(1H)-one (O-VBX.21) 

1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 
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(Z)-N-(5-chloro-1-pent-1-en-2-yl)-N-Sulfaphenazole-1,2-benziodoxol-3-(1H)-one (N-VBX.15) 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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 (Z)-(1-prop-1-en-2-yl)-2-Tyrosine-1,2-benziodoxol-3-(1H)-one (O-VBX.22) 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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 (Z)-(5-chloro-1-pent-1-en-2-yl)-2-α-Tocopherol-1,2-benziodoxol-3-(1H)-one (O-VBX.23) 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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(Z)-(1-pent-1-en-2-yl)-2-Estradiol-1,2-benziodoxol-3-(1H)-one (O-VBX.24)  

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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(Z)-(1-prop-1-en-2-yl)-2-Capsaicin-1,2-benziodoxol-3-(1H)-one (O-VBX.25) 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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(Z)-N-(5-chloro-1-pent-1-en-2-yl)-N-Valsartan-1,2-benziodoxol-3-(1H)-one (N-VBX.16) 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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(Z)-5-Methoxy-1-(2-(4-methoxyphenoxy)prop-1-en-1-yl)-1,2-benziodoxol-3-(1H)-one (O-VBX.27) 

1H NMR (400 MHz, Methylene chloride-d2) 

 
13C NMR (101 MHz, Methylene chloride-d2) 
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 (Z)-1-(2-(p-tolyloxy)hex-1-en-1-yl)-3,3-bis(trifluoromethyl)-1,3-dihydro-1λ3-benzo[d][1,2]iodaoxole 

O-VBX'.1 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) 
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(Z)-1-(2-(p-tolyloxy)pent-1-en-1-yl)-3,3-bis(trifluoromethyl)-1,3-dihydro-1λ3-enzo[d][1,2]iodaoxole 

O-VBX'.2 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) 
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10.1.3 Reactivity 1 

(Z)-N-(1-methyl-4-(trimethylsilyl)but-1-en-3-yn-1-yl)-N-(4-methoxyphenyl) -4-methyl 
benzenesulfonamide (5.2) 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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(Z)-N-(buta-1,3-dien-1-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide (5.3a) 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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 (Z)-N-(Cyclopentylbuta-1,3-dien-1-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide  (5.3b) 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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 (Z)-N-(4-methoxyphenyl)-4-nitro-N-(1-phenylprop-1-en-2-yl)benzenesulfonamide (5.3c)  

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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(Z)-N-(1-cyclopropylhex-1-en-1-yl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide (5.3d) 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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(8R,9S,13S,14S,17S)-3-((Z)-hepta-1,3-dien-4-yloxy)-13-methyl-7,8,9,11,12,13,14,15,16,17-

decahydro-6H-cyclopenta[a]phenanthren-17-ol (5.3e) 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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(Z)-N-(1-cyclohexyl-2-(phenylthio)vinyl)-N-(4-methoxyphenyl)-4-methylbenzene- sulfonamide (5.7) 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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 (Z)-N-(1-cyclopentyl-2-iodovinyl)-N-(4-methoxyphenyl)-4-methylbenzenesulfonamide (5.4c) 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, DMSO) 
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(Z)-trimethyl(4-(p-tolyloxy)hept-3-en-1-yn-1-yl)silane 6.10 
1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) 
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(Z)-1-methoxy-4-(2-(p-tolyloxy)pent-1-en-1-yl)benzene 6.12 
1H NMR (400 MHz, CDCl3) 

 
 
13C NMR (101 MHz, CDCl3) 

  



 Chapter 10: Annexes 

444 
 

10.1.4 Reactivity 2 

4,4'-(prop-2-ene-1,2-diylbis(oxy))bis(methylbenzene) (5.14a) 

1H NMR (400 MHz, Chloroform-d) 

  
13C NMR (101 MHz, Chloroform-d) 
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1-iodo-4-((2-(p-tolyloxy)allyl)oxy)benzene (5.14b) 

1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 
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1-bromo-4-((2-(p-tolyloxy)allyl)oxy)benzene (5.14c) 

1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 
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1-Methoxy-4-((2-(p-tolyloxy)allyl)oxy)benzene (5.14d) 

1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 
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4,4,5,5-tetramethyl-2-(4-((2-(p-tolyloxy)allyl)oxy)phenyl)-1,3,2-dioxaborolane (5.14f) 

1H NMR (400 MHz, Methylene Chloride-d2) 

 
13C NMR (101 MHz, Chloroform-d) 
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1-Methoxy-3-((2-(p-tolyloxy)allyl)oxy)benzene (5.14g) 

1H NMR (400 MHz, Acetonitrile-d3) 

 
13C NMR (101 MHz, Acetonitrile-d3) 

 

  



 Chapter 10: Annexes 

450 
 

3-((2-(p-tolyloxy)allyl)oxy)aniline (5.14h) 

1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 
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Methyl 2-((2-(p-tolyloxy)allyl)oxy)benzoate (5.14i) 

1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 
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1-(3,5-di-tert-butyl-4-((2-(p-tolyloxy)allyl)oxy)phenyl)ethan-1-one (5.14j) 

1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 
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2-((2-(p-tolyloxy)allyl)oxy)naphthalene (5.14k) 

1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 
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Ethyl (S)-2-acetamido-3-(4-((2-(p-tolyloxy)allyl)oxy)phenyl)propanoate (5.14l) 

1H NMR (400 MHz, Acetonitrile-d3) 

  
13C NMR (101 MHz, Acetonitrile-d3) 
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(E)-N-(4-((3-(((8R,9S,13S,14S,17S)-17-Hydroxy-13-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-
6H-cyclopenta[a]phenanthren-3-yl)oxy)prop-1-en-2-yl)oxy)-3-methoxybenzyl)-8-methylnon-6-
enamide (5.14z) 

1H NMR (400 MHz, Acetonitrile-d3) 

 
13C NMR (101 MHz, Acetonitrile-d3)  
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4,4'-(pent-1-ene-2,3-diylbis(oxy))bis(methylbenzene) (5.14m) 

1H NMR (400 MHz, Acetonitrile-d3) 

 
13C NMR (101 MHz, Acetonitrile-d3) 
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 (E)-4,4'-(Oct-2-ene-1,2-diylbis(oxy))bis(methylbenzene) (5.14n) 

 1H NMR (400 MHz, Acetonitrile-d3) 

 
13C NMR (101 MHz, Acetonitrile-d3) 
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(E)-6,7-bis(p-tolyloxy)hept-5-en-1-ol (5.14o) 

1H NMR (400 MHz, Acetonitrile-d3) 

  
13C NMR (101 MHz, Acetonitrile-d3)  
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(E)-(7,8-bis(p-tolyloxy)oct-6-en-1-yn-1-yl)trimethylsilane (5.14p) 

1H NMR (400 MHz, Acetonitrile-d3) 

 
13C NMR (101 MHz, Acetonitrile-d3)  
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(E)-2-(5,6-bis(p-tolyloxy)hex-4-en-1-yl)isoindoline-1,3-dione (5.14q)  

1H NMR (400 MHz, Acetonitrile-d3) 

 
13C NMR (101 MHz, Acetonitrile-d3)  
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1-Iodo-2-((3-(p-tolyloxy)prop-1-en-2-yl)oxy)benzene (5.14r) 

1H NMR (400 MHz, Acetonitrile-d3) 

 
13C NMR (101 MHz, Acetonitrile-d3)  
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(E)-1-iodo-2-((1-(p-tolyloxy)pent-2-en-2-yl)oxy)benzene (5.14s)  

1H NMR (400 MHz, Acetonitrile-d3) 

 
13C NMR (101 MHz, Acetonitrile-d3)  
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 (E)-1-iodo-2-((1-(p-tolyloxy)oct-2-en-2-yl)oxy)benzene (5.14t)  

1H NMR (400 MHz, Acetonitrile-d3) 

 
13C NMR (101 MHz, Acetonitrile-d3)  
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1-Methoxy-4-((3-(p-tolyloxy)prop-1-en-2-yl)oxy)benzene (5.14u)  

1H NMR (400 MHz, Acetonitrile-d3) 

 
13C NMR (101 MHz, Acetonitrile-d3)  
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 (E)-1-Methoxy-4-((1-(p-tolyloxy)pent-2-en-2-yl)oxy)benzene (5.14v)  

1H NMR (400 MHz, Acetonitrile-d3) 

 
13C NMR (101 MHz, Acetonitrile-d3)  
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2-(p-tolyloxy)allyl 2-iodobenzoate (5.15a) 

 1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 
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2-(p-tolyloxy)pent-1-en-3-yl 2-iodobenzoate (5.15b) 

1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 
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(E)-2-(p-Tolyloxy)oct-2-en-1-yl 2-iodobenzoate (5.15c) 

1H NMR (400 MHz, Chloroform-d) 

 

13C NMR (101 MHz, Chloroform-d) 
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(E)-2-(p-tolyloxy)hexadec-2-en-1-yl 2-iodobenzoate (5.15d) 

1H NMR (400 MHz, Methylene Chloride-d2) 

 
13C NMR (101 MHz, Methylene Chloride-d2) 
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(E)-2-(p-tolyloxy)-8-(trimethylsilyl)oct-2-en-7-yn-1-yl 2-iodobenzoate (5.15e) 

1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 
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(E)-6-(1,3-Dioxoisoindolin-2-yl)-2-(p-tolyloxy)hex-2-en-1-yl 2-iodobenzoate (5.15f) 

1H NMR (400 MHz, Acetonitrile-d3) 

 
13C NMR (101 MHz, Acetonitrile-d3) 
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 (E)-2-(p-tolyloxy)octa-2,7-dien-1-yl 2-iodobenzoate (5.15g) 

1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 
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 (E)-5-chloro-2-(p-tolyloxy)pent-2-en-1-yl 2-iodobenzoate (5.15h) 

1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 

 

  



 Chapter 10: Annexes 

474 
 

2-(2-Iodophenoxy)allyl 2-iodobenzoate (5.15i) 

1H NMR (400 MHz, Acetonitrile-d3) 

 
13C NMR (101 MHz, Acetonitrile-d3)  
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(E)-2-(2-iodophenoxy)pent-2-en-1-yl 2-iodobenzoate (5.15j) 

1H NMR (400 MHz, Acetonitrile-d3) 

 
13C NMR (101 MHz, Acetonitrile-d3) 
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 (E)-2-(2-iodophenoxy)oct-2-en-1-yl 2-iodobenzoate (5.15k) 

1H NMR (400 MHz, Acetonitrile-d3) 

 
13C NMR (101 MHz, Acetonitrile-d3) 
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(E)-2-(3-bromophenoxy)-5-chloropent-2-en-1-yl 2-iodobenzoate (5.15l) 

 1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 
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2-(perfluorophenoxy)pent-1-en-3-yl 2-iodobenzoate (5.15m) 

1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 
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19F NMR (376 MHz, Chloroform-d) 
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(E)-2-(2-formylphenoxy)oct-2-en-1-yl 2-iodobenzoate (5.15n) 

1H NMR (400 MHz, Acetonitrile-d3) 

 
13C NMR (101 MHz, Acetonitrile-d3) 
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2-(4-Methoxyphenoxy)allyl 2-iodobenzoate (5.15o) 

1H NMR (400 MHz, Chloroform-d) 

 
13C NMR (101 MHz, Chloroform-d) 
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(E)-2-(4-Methoxyphenoxy)pent-2-en-1-yl 2-iodobenzoateiodobenzoate (5.15p) 

1H NMR (400 MHz, Acetonitrile-d3) 

 
13C NMR (101 MHz, Acetonitrile-d3) 
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N-(4-methoxyphenyl)-4-nitro-N-(2-(p-tolyloxy)allyl)benzenesulfonamide (5.17a) 

1H NMR (400 MHz, Methylene Chloride-d2) 

 
13C NMR (101 MHz, Methylene Chloride-d2) 
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2-methyl-2-(2-(p-tolyloxy)allyl)cyclopentane-1,3-dione (5.17b) 

1H NMR (400 MHz, Chloroform-d) 

 

13C NMR (101 MHz, Chloroform-d) 
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Ethyl 2-acetyl-2-methyl-4-(p-tolyloxy)pent-4-enoate (5.17c) 

1H NMR (400 MHz, Chloroform-d) 

 

13C NMR (101 MHz, Chloroform-d) 
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2-oxopentyl benzoate (5.46) 

1H NMR (400 MHz, Acetonitrile-d3) 

 
13C NMR (101 MHz, Acetonitrile-d3) 
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3-ethyl-2-(p-tolyloxy)-2-((p-tolyloxy)methyl)oxirane (5.47a) 

1H NMR (400 MHz, Acetonitrile-d3) 

 
13C NMR (101 MHz, Acetonitrile-d3) 
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3-ethyl-2-(4-methoxyphenoxy)-2-((p-tolyloxy)methyl)oxirane (5.47b) 

1H NMR (400 MHz, Acetonitrile-d3) 

 
13C NMR (101 MHz, Acetonitrile-d3) 
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2-oxo-1-(p-tolyloxy)pentan-3-yl 3-chlorobenzoate (5.48a) 

1H NMR (400 MHz, Acetonitrile-d3) 

 

13C NMR (101 MHz, Acetonitrile-d3) 
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2-oxo-3-(p-tolyloxy)propyl 3-chlorobenzoate (5.48b) 

1H NMR (400 MHz, Acetonitrile-d3) 

 
13C NMR (101 MHz, Acetonitrile-d3) 
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2-oxo-1-(p-tolyloxy)pentan-3-yl acetate (5.49) 

1H NMR (400 MHz, Methylene Chloride-d2) 

 
13C NMR (101 MHz, Methylene Chloride-d2) 
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2-((p-Tolyloxy)methyl)benzofuran (5.52) 

 1H NMR (400 MHz, Methylene Chloride-d2) 

 
13C NMR (101 MHz, Methylene Chloride-d2) 
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2-(p-Tolyloxy)allyl 2-iodo-5-methoxybenzoate (5.15t) 

1H NMR (400 MHz, Chloroform-d) 

  
13C NMR (101 MHz, Chloroform-d) 
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2-(4-Methoxyphenoxy)allyl 2-iodo-5-methoxybenzoate (5.15u) 

1H NMR (400 MHz, Chloroform-d) 

  
13C NMR (101 MHz, Chloroform-d) 
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(E)-5-(p-tolyloxy)hexa-3,5-dien-1-yl 2-iodobenzoate (5.41) 

1H NMR (400 MHz, Acetonitrile-d3) 

 
13C NMR (101 MHz, Acetonitrile-d3) 
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(E)-3-cyclopropyl-2-(p-tolyloxy)allyl 2-iodobenzoate (5.15v)  

1H NMR (400 MHz, Acetonitrile-d3) 

 
13C NMR (101 MHz, Acetonitrile-d3) 
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3-cyclopropyl-2-oxopropyl 2-iodobenzoate (5.42) 

1H NMR (400 MHz, Acetonitrile-d3) 

 
13C NMR (101 MHz, Acetonitrile-d3) 
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(E)-4,4'-(Pent-1-ene-2,3-diylbis(oxy))bis(methylbenzene) (6.6a)  
1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) 
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(E)-1-((1-methoxypent-2-en-2-yl)oxy)-4-methylbenzene (6.14a) 
1H NMR (400 MHz, CDCl3) 
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10.1.5 Bioconjugation 

AFYA-NH2 (7.2a) 
1H NMR (400 MHz, CD3OD) 

 
13C NMR (101 MHz, CD3OD) 
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ALYA-NH2 (7.2b)  
1H NMR (400 MHz, CD3OD) 

 
13C NMR (101 MHz, CD3OD) 
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AWYA-NH2 (7.2c) 
1H NMR (400 MHz, CD3OD) 

 
13C NMR (101 MHz, CD3OD) 
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ARYA-NH2 (7.2d) 
1H NMR (400 MHz, CD3OD) 

 
13C NMR (101 MHz, CD3OD) 
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AHYA-NH2 (7.2e) 
1H NMR (400 MHz, CD3OD) 

 
13C NMR (101 MHz, CD3OD) 
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AKYA-NH2 (7.2f)  

1H NMR (400 MHz, CD3OD) 

 
13C NMR (101 MHz, CD3OD) 
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ALYA-NH2 (7.2g) 
1H NMR (400 MHz, CD3OD) 

 
13C NMR (101 MHz, CD3OD) 
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ASYA-NH2 (7.2h)  

1H NMR (400 MHz, CD3OD) 

 
13C NMR (101 MHz, CD3OD) 
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AMYA-NH2 (7.2i)  

1H NMR (400 MHz, CD3OD) 

 
13C NMR (101 MHz, CD3OD) 
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ADYA-NH2 (7.2j)  

1H NMR (400 MHz, CD3OD) 

 
13C NMR (101 MHz, CD3OD) 
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ANYA-NH2 (7.2k)  

1H NMR (400 MHz, CD3OD) 

 
13C NMR (101 MHz, CD3OD) 
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AYLA-NH2 (7.2l)  

1H NMR (400 MHz, CD3OD) 

 
13C NMR (101 MHz, CD3OD) 



 Chapter 10: Annexes 

512 
 

YALA-NH2 (7.2m)  

1H NMR (400 MHz, CD3OD) 

 
13C NMR (101 MHz, CD3OD) 
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Ac-AFGY (7.2n)  

1H NMR (400 MHz, CD3OD) 

 
13C NMR (101 MHz, CD3OD) 
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O-VBX AFYA-NH2 (O-VBX.31) 
1H NMR (400 MHz, CD3OD) 

 
13C NMR (101 MHz, CD3OD) 
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O-VBX ALYA-NH2 (O-VBX.32) 
1H NMR (400 MHz, CD3OD) 

 
13C NMR (101 MHz, CD3OD) 
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O-VBX AWYA-NH2 (O-VBX.33) 
1H NMR (400 MHz, CD3OD) 

  
13C NMR (101 MHz, CD3OD) 

  



 Chapter 10: Annexes 

517 
 

N3-VBX (7.4) 
1H NMR (400 MHz, DMSO-d6) 

  
13C NMR (101 MHz, DMSO-d6) 
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O-VBX ARYA-NH2 (O-VBX.34) 
1H NMR (400 MHz, CD3OD) 

 
13C NMR (101 MHz, CD3OD) 
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O-VBX AHYA-NH2 (O-VBX.35) 
1H NMR (400 MHz, CD3OD) 

 
13C NMR (101 MHz, CD3OD) 
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O-VBX AKYA-NH2 (O-VBX.36) 
1H NMR (400 MHz, CD3OD) 

 
13C NMR (101 MHz, CD3OD) 
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O-VBX ACYA-NH2 (O-VBX.37) 
1H NMR (400 MHz, CD3OD) 

  
13C NMR (101 MHz, CD3OD) 
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O-VBX ASYA-NH2 (O-VBX.38) 
1H NMR (400 MHz, CD3OD) 

 
13C NMR (101 MHz, CD3OD) 
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O-VBX AMYA-NH2 (O-VBX.39) 
1H NMR (400 MHz, CD3OD) 

  
13C NMR (101 MHz, CD3OD) 
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O-VBX ADYA-NH2 (O-VBX.40) 
1H NMR (400 MHz, CD3OD) 

 
13C NMR (101 MHz, CD3OD) 
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O-VBX ANYA-NH2 (O-VBX.41) 
1H NMR (400 MHz, CD3OD) 

 
13C NMR (101 MHz, CD3OD) 
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O-VBX AYLA-NH2 (O-VBX.42) 
1H NMR (400 MHz, CD3OD) 

 
13C NMR (101 MHz, CD3OD) 
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O-VBX YALA-NH2 (O-VBX.43) 
1H NMR (400 MHz, CD3OD) 

 
13C NMR (101 MHz, CD3OD) 
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O-VBX Ac-AFGY (O-VBX.44) 
1H NMR (400 MHz, CD3OD) 

 
13C NMR (101 MHz, CD3OD) 
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BCN (7.22c) 
1H NMR (400 MHz, CD3OD) 

  
13C NMR (101 MHz, CD3OD) 
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SPAAC (7.26) 
1H NMR (400 MHz, CD3OD) 

 
13C NMR (101 MHz, CD3OD) 
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Suzuki (7.30) 
1H NMR (400 MHz, CD3OD) 

 

 
13C NMR (101 MHz, CD3OD) 
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Transporter (7.45) 

1H NMR (300 MHz, CDCl3) 

 
13C NMR (75 MHz, CDCl3) 
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Transporter (7.47) 

1H NMR (300 MHz, CD3OD) 

 
13C NMR (75 MHz, CD3OD) 
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Transporter (7.49) 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) 
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Transporter (7.51) 

1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) 
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Methyl (S)-2-((S)-2-(((benzyloxy)carbonyl)amino)propanamido)-3-(4-(((Z)-1-(3-oxo-1l3-
benzo[d][1,2]iodaoxol-1(3H)-yl)prop-1-en-2-yl)oxy)phenyl)propanoate (O-VBX.29) 

1H NMR (400 MHz, CDCl3) 

 

13C NMR (101 MHz, CDCl3) 
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Ethyl (S)-2-acetamido-3-(4-((2-(p-tolyloxy)allyl)oxy)phenyl)propanoate (7.73a) 

1H NMR (400 MHz, CDCl3) 

  
13C NMR (101 MHz, CDCl3) 
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Methyl (S)-2-((tert-butoxycarbonyl)amino)-3-(4-((2-(p-tolyloxy)allyl)oxy)phenyl)propanoate (7.73b) 
1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) 
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Methyl (S)-2-(((benzyloxy)carbonyl)amino)-3-(4-((2-(p-tolyloxy)allyl)oxy)phenyl)propanoate (7.73c) 
1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) 
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Methyl (S)-2-((S)-2-(((benzyloxy)carbonyl)amino)propanamido)-3-(4-((2-(p-

tolyloxy)allyl)oxy)phenyl)propanoate (7.73d) 
1H NMR (400 MHz, CDCl3) 

 

13C NMR (101 MHz, CDCl3) 
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Dimethyl 3,3'-((prop-2-ene-1,2-diylbis(oxy))bis(4,1-phenylene))(2S,2'S)-bis(2-((S)-2-
(((benzyloxy)carbonyl)amino)propanamido)propanoate) (7.74) 

1H NMR (400 MHz, Acetonitrile-d3) 

 

13C NMR (101 MHz, Acetonitrile-d3) 
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2-(p-tolyloxy)allyl (S)-2-((S)-2-(((benzyloxy)carbonyl)amino)propanamido)-3-(4-((2-(p-
tolyloxy)allyl)oxy)phenyl)propanoate (7.75) 

 1H NMR (400 MHz, CDCl3) 

 
13C NMR (101 MHz, CDCl3) 
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