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Abstract 

This thesis describes the development of metal-free transformations and 
mechanistic studies on the reactivity of two classes of hypervalent iodine 
reagents: diaryliodonium salts and vinylbenziodoxolones (VBX). Recently, 
they have been recognized as valuable synthetic reagents with broad 
applicability in organic synthesis. Moreover, hypervalent iodine reagents are 
non-toxic compounds and sustainable alternatives to heavy metals.  

In Chapter 1, an overview of hypervalent iodine(III) compounds is 
provided, with emphasis on the reagents that have been used in the thesis. 
First, the synthesis and general reactivity of diaryliodonium salts is described. 
Vinylbenziodoxolones are presented as a novel class of iodine(III) compounds 
that are powerful electrophilic vinylating reagents. Finally, a brief description 
of density functional theory and computational methods used in this thesis are 
outlined.  

The synthesis and applications of azobenzene-derived diaryliodonium salts 
is the topic of Chapter 2. The novel iodonium reagents were employed in 
chemoselective arylation reactions with a wide range of C, N, O and S-
nucleophiles under mild and metal-free conditions.  

In Chapter 3, a mild and transition metal-free vinylation of thiols and 
mercapto heterocycles using vinylbenziodoxolones reagents is presented. The 
method allows the synthesis of a wide variety of S-vinylated products with 
complete chemo-, regio- and stereoselectivity.  

In Chapter 4, the first mechanistic investigation of VBX vinylations is 
presented. By exploiting the use of NMR analysis, deuterium labelling and 
DFT calculations, the observed regio- and stereochemical outcome of the 
vinylations of sulfur and phosphorous nucleophiles with VBX reagents has 
been rationalized.  

A transition metal-free, photocatalyzed C-vinylation method using VBX 
reagents is described in Chapter 5. The reactions proceed under mild 
conditions and the method tolerates a series of functional groups that lead to 
straightforward access to corresponding alkenes in good to high yields with 
high stereoselectivity. 
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Populärvetenskaplig sammanfattning 

Kemi är vetenskapen som syftar till att undersöka egenskaperna hos atomer 
och molekyler. Organiska föreningar finns överallt i vår vardag, såsom i 
läkemedel, bränslen, plast, papper och textilier. Forskning inom organisk 
kemi spelar en viktig roll i samhället, och har starkt bidragit till utvecklingen 
av nya föreningar och nya sätt att producera industriellt relevanta föreningar 
på ett effektivare sätt.  
Hållbar kemi är en viktig del av lösningen på de eskalerande miljö- och 
klimatproblemen som finns i vår moderna värld. Många organiska kemister 
är därför fokuserade på utveckling av hållbara och miljövänliga metoder för 
att nå intressanta molekyler inom läkemedels- och kemi-industrin. 
Forskningen i denna avhandling är inriktad på att utveckla milda metoder, 
undvika överdriven användning av reagens samt begränsa användningen av 
tungmetaller och giftiga föreningar. Hypervalenta jodföreningar har visat sig 
vara effektiva för att nå dessa mål, och våra utvecklade metoder för att göra 
azobensener, som är viktiga föreningar inom materialkemi, presenteras i 
kapitel 2. I kapitel 3 och 5 beskrivs reaktiviteten hos en ny klass av 
hypervalenta jodföreningar som heter vinylbensjodoxoloner (VBX). 
Beräkningskemi är en väsentlig del av modern kemin, då den hjälper oss att 
få ökad förståelse för strukturen och reaktiviteten hos föreningar. Denna 
teknik används i kapitel 4 och 5 för att förklara och förutspå reaktiviteten hos 
VBX.  
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DIB    (Diacetoxyiodo)benzene  
DMP    Dess-Martin periodinane 
DPE    1,1-Diphenylethylene 
EAS    Electrophilic aromatic substitution 
EBX    Ethynylbenziodoxolone 
EDG    Electron-donating group 
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1 Introduction 

1.1 Hypervalent iodine chemistry  
 
The concept of hypervalency was introduced by Musher in 1969,[1] and refers 
to molecules containing elements of groups 15-18 bearing more than the 
canonical eight electrons in the valence shell. The first hypervalent iodine 
reagent was discovered in 1886 by Willgerodt and is called 
(dichloroiodo)benzene.[2] Upon oxidation, iodine can form bonds with two 
more ligands (L), thus achieving polyvalency with an oxidation state of +III. 
Furthermore, iodine can be oxidized to +V, which results in powerful 
oxidizing reagents, such as 2-iodoxybenzoic acid (IBX) and Dess-Martin 
periodinane (DMP).[3] 

Hypervalent iodine(III) reagents (HIR) have attracted great attention from 
the synthetic community as valuable and versatile reagents.[4] Benefits of 
using hypervalent iodine compounds include that they are low-toxic, 
inexpensive, easy to synthesize and bench-stable, and they have been used in 
a range of different transformations reactions. For example, iodine(III) 
reagents that contain two heteroatom ligands are often used as oxidants, like 
(diacetoxyiodo)benzene (DIB) and Koser’s reagent (HTIB, Figure 1a).[5] 
Iodonium salts are HIR that have two carbon ligands bound to iodine. They 
are often used as group transfer reagents to suitable nucleophiles and are able 
to transfer aryl, alkynyl, and vinyl functional groups (Figure 1b).[6] 
Diaryliodonium salts are well-investigated reagents in arylation reactions with 
suitable nucleophiles, and these salts are the topic of Chapter 2. 
 

 
Figure 1. a) Selected examples of oxidizing reagents. b) Examples of iodonium salts as group 

transfer reagents. 
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Among the cyclic iodine(III) compounds, the five-membered iodine-
oxygen heterocycles are known as benziodoxolone or benziodoxole (Figure 
2a, b).[7] Benziodoxol(on)es possess enhanced stability due to the rigid 
structure and tenable reactivity in comparison to acyclic iodonium salts.[7a] For 
example, Togni’s reagents[8] and ethynylbenziodoxolones (EBX)[9] have 
widely demonstrated this feature becoming the most popular reagents for 
transferring trifluoromethyl and alkynyl groups, respectively (Figure 2c).[10] 
The research in the Olofsson group focuses on the synthesis and development 
of sustainable methods by exploiting the use of vinylbenziodoxolones (VBX, 
Figure 2d), which is the main topic of this thesis (Chapters 3-5). 
 

 
Figure 2. Selected examples of common cyclic iodine(III) reagents. 

 
HIR reactivity has been explained based on molecular orbital theory and 

the hypervalent bond is defined as a linear 3-center 4-electron bond (3c-4e 
bond).[11] This bond is formed with two electrons from the doubly occupied 
5pz of the iodine, and two electrons from the ligands (Figure 3a). As a result, 
the two lower energy molecular orbitals, known as bonding and non-bonding, 
are filled. Due to the nodal plane in the non-bonding molecular orbital, a 
partial negative charge is located on the ligands and the iodine has a partial 
positive charge, which it makes electrophilic.[11b]  

Iodine(III) compounds are reported to be T-shaped,[12] [11b]where two 
ligands reside in the apical positions, while the two iodine lone pairs and an 
aryl group are in the equatorial positions, as shown in Figure 3b.  

 

  
Figure 3. a) A schematic molecular orbital diagram for the 3c-4e bond and b) hypervalent 

iodine reagent representation in its T-shape structure. 
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1.2 Diaryliodonium salts 
 

Diaryliodonium salts (diaryl-λ3-iodanes) are iodine(III) compounds 
bearing two aryl groups.[13] One of the aryl groups resides in the apical 
position with a suitable counterion (e.g., X= OTf, OTs, or BF4), while the 
other aryl moiety is in the equatorial position. The bond angle between the 
aryl groups and the counterion is almost 90°, and the Ph-I-X hypervalent 
bond angle is 180°. Therefore, the overall structure is T-shaped (Figure 4a). 
Symmetrical diaryliodonium salts have two identical ligands (R1 = R2) and are 
usually drawn with the counterion X bound to the iodine, as shown in Figure 
4b. Instead, unsymmetrical salts (R1 ¹ R2) are usually depicted with an ionic 
bond between the iodine and the counterion (Figure 4c),[14] due to the 
uncertainty of which one of the two aryl groups that participates in the 
hypervalent bond with the iodine and the counterion X. 
 

 
Figure 4. a) T-shape structure of general diaryliodonium salts; structure of b) symmetrical 

and c) unsymmetrical diaryliodonium salt. 

1.2.1 Synthesis of diaryliodonium salts  
 

The Olofsson group has developed several efficient one-pot procedures to 
synthesize diaryliodonium salts.[4,15] Symmetrical diaryliodonium salts are 
obtained starting from elemental iodine and arenes with 
meta-chloroperbenzoic acid (mCPBA) together with an acid, like 
trifluoromethanesulfonic acid (TfOH) or para-toluenesulfonic acid (TsOH) 
(Scheme 1a). The choice of the acid is important because it influences the 
reactivity as well as the counterion. In case of electron-rich arenes, milder 
conditions are required and TsOH is hence used instead of TfOH.[15c] This 
synthetic method is reported to proceed via the formation of a Koser’s 
intermediate (see Chapter 1.1, Figure 1a).[16] Symmetrical and unsymmetrical 
diaryliodonium salts are synthesized using the same procedure, except it is a 
requirement to start from an iodoarene (Scheme 1b). The less electron-rich 
aryl group should be introduced via the iodoarene to ensure sufficient 
reactivity and selectivity in the last step, where the arene performs an 
electrophilic aromatic substitution (EAS) on the iodine(III). Arylboronic acids 

I X

R1

R2

b) c)

R1 = R2

I

R1

R2

X

R1 ≠ R2

apical

equatorial XI

a)
R1

R2
T-shape



 4 

can be utilized as the nucleophilic coupling partner to control the 
regioselectivity, as well as to reach higher yields (Scheme 1c).  

 

 
Scheme 1. One-pot routes to diaryliodonium salts developed by the Olofsson group. 

1.2.2 General reactivity and chemoselectivity 
 

Arylations with diaryliodonium salts usually proceed by transfer of one of 
the ligands to a selected nucleophile which delivers the arylated product. This 
process is called ligand coupling (LC) and is the most common pathway 
exhibited by these hypervalent iodine reagents. The mechanism consists of 
initial ligand exchange between the nucleophile and the counterion of the 
diaryliodonium salts (Scheme 2). The ligand exchange can either occur via an 
associate mechanism (Scheme 2a) or dissociative mechanism (Scheme 2b). 
Subsequently, the arylated product and the aryl iodide are formed via the LC 
pathway between the nucleophile and the ligand in the equatorial position.[17] 
The hypervalent iodine is reduced to its monovalent state, and this step is the 
driving force of the reaction.[18] 

 

 
Scheme 2. Ligand exchange mechanisms: a) associative and b) dissociative. 
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LC has been extensively supported by experimental as well as 
computational studies[17b,19] and it will be one of the topics of this thesis 
(Chapter 2). However, other pathways are possible, e.g., aryne and radical 
mechanisms, which are not discussed in this thesis.[19c,20] 

As described in Chapter 1.2, diaryliodonium salts can be symmetric or 
unsymmetric (Scheme 3). Using symmetrical salts, only one product can form 
during the LC. Unsymmetrical diaryliodonium salts are often preferred over 
symmetrical salts due to their benefits in synthesis and applications. The 
drawback of these salts is that the LC can yield two different products in 
arylation reactions (Scheme 3). A chemoselective arylation is achieved when 
one aryl group is selectively transferred over the other one.[21] The 
chemoselectivity outcome of the reaction depends on both electronic and 
steric effects.[21b] 

 

 
Scheme 3. Chemoselectivity problem with unsymmetrical diaryliodonium salts. 

 
By carefully selecting the aryl groups, full chemoselectivity can be 

achieved where only the intended aryl group couples with the nucleophile. 
The non-transferable aryl (Ar) group is called the dummy group and should 
be more electron-donating or less sterically hindered compared to the other 
ligand. Common dummy groups used in metal-free arylations[21-22] are phenyl, 
anisyl, and 2,4,6-trimethoxyphenyl (TMP), while electron-poor or bulky 
groups are used in metal-catalyzed transformations.[23] 
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1.3 Vinylbenziodoxolones  
 

In 1996, Kitamura and co-workers synthetized a few examples of 
heteroatom-substituted alkenyl benziodoxolones starting from 
alkynyl(phenyl)iodonium salts.[24] In 2016, the Olofsson group developed a 
protocol to obtain a series of vinylbenziodoxolones (VBX).[25] The name 
vinylbenziodoxolone was also coined at that point, and since then the 
synthetic community has used VBX as electrophilic alkene synthons in many 
transformations.[26]  

The benziodoxolone structure has been investigated and it was found to 
have a higher stability compared to the acyclic analogue. This stability is due 
to the bridging of the apical and equatorial positions by a five-membered 
ring[27] and a better overlap of the lone pairs of the iodine with the p orbitals 
of the benzene ring.[7a,28] The distorted T-shape geometry of 
vinylbenziodoxolone was confirmed by X-ray, where the bond angle between 
the O9-I1-C10 is 165.8°, as previously reported for other benziodoxolones, 
like EBX reagents.[25,29] A covalent bond was observed between the iodine 
and the vinyl group with a distance of 2.10 Å, as well as between the iodine 
and the aryl group with 2.12 Å (Figure 5).[30] The carbon ligand in the 
hypervalent bond stabilizes the structure by delocalizing the two electrons of 
the non-bonding orbital into the adjacent p system. The bond length between 
the iodine and the carboxylate oxygen was found to be longer (2.51 Å, Figure 
5a) than in the corresponding alkynylbenziodoxolones (Figure 5c)[31] but 
similar to the arylbenziodoxolones (Figure 5b)[29b].  

 

 
Figure 5. Structure of a) VBX b) arylbenziodoxolone and b) EBX. 

1.3.1 Synthesis of vinylbenziodoxolones 
 

The first synthesis reported by the Olofsson group consists of a one-pot 
reaction from iodobenzoic acid via a triflic acid-mediated oxidation using 
mCPBA, followed by ligand exchange with a vinylboronic acid and a final 
base-promoted cyclization (Scheme 4).[30] A relatively small scope was 
obtained, and the reaction was mainly limited to aryl-substituted VBX.  
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Scheme 4. One-pot synthesis of VBX developed by the Olofsson group. 

 
In 2017, an alternative method was developed by the Nachtsheim group 

starting from hydroxybenziodoxolone and TMSOTf as an activation reagent, 
followed by a coupling reaction with vinylboronic acid (Scheme 5). The final 
step involved pyridine to enable the cyclization. The substrate scope and 
yields were not enhanced compared to Olofsson’s method, but the reaction 
was less sensitive to the boronic acid quality.[32] Later, the Waser group used 
this procedure to synthesize two core-substituted VBX derivatives, where the 
substituents were para to the iodine (Scheme 5).[33] 

 

 
Scheme 5. Synthesis of VBX starting from hydroxybenziodoxolone. 

 
In 2020, the Waser group reported a revised procedure starting from the 

acetoxybenziodoxolone, using BF3·OEt2 (Scheme 6).[34] This procedure 
allowed the synthesis of substituted VBX reagents in good to moderate yields, 
including substitution patterns such as alkenyl, thiophenes, dienes, and 
enynes. The scope was also extended to vinylbenziodoxoles (VBO) 
containing a hexafluoroisopropyl ligand backbone and alkyl substituents in 
the vinylic moiety in very good to excellent yields.  

 

 
Scheme 6. Synthesis of VBX starting from acetoxybenziodoxolones. 

 
However, the (Z)-isomer of VBX reagents remain a limitation. Previous 
reports on (Z)-vinyl(aryl)iodonium salts indicate isomerization and 
decomposition problems.[35] Indeed, isomerization in the synthesis of (Z)-
VBX was observed, where reactions with the (Z)-vinylboronic acid yielded 
the (E)-VBX.[30] 
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Recently, another class of VBX reagents, hetero-substituted 
vinylbenziodoxolones (X-VBX), have gained considerable attention. The first  
X-VBX were reported by the Kitamura group in 1996. Different N-VBX were 
obtained from Michael addition reaction of sodium azide into 
alkyl(phenyl)iodonium triflates.[24] More recently, the Waser group 
contributed with a protocol starting from ethynylbenziodoxolones (EBX) 
under mild conditions.[36] They reported a synthesis of hetero-VBX 
compounds where (Z)-enol ether and enamide-substituted benziodoxolones 
were obtained by stereoselective addition of phenols and sulfonamides to 
EBX (Scheme 7).[37] More procedures have since been developed to provide 
access to b-sulfur,[38] b-oxygen,[39] b-nitrogen,[37b] and b-chloro[40] -substituted 
VBX reagents based on Michael addition.  
 

 
Scheme 7. Synthesis of b-heteroatom-substituted VBX compounds starting from EBX. 

 
Since the first synthesis in 2016, several protocols have been reported, and 

many vinylbenziodoxolone derivatives can now be accessed. A large variety 
of functionalities, like alkyl, aryl, vinyl, and (hetero)aryl, are tolerated in the 
vinyl moiety as well many substituents are introduced in the core part.  

1.3.2 General reactivity 

The reactivity of vinylbenziodoxolones was expected to be similar to 
vinyl(aryl)iodonium salts as they share the same functional groups. These 
acyclic salts are less stable than the cyclic benziodoxolones, and their 
reactivity is difficult to control, often leading to product mixtures[41] both 
under metal-free[42] and metal-catalyzed conditions[43]. The Olofsson group 
has conducted a comparative study of the reactivity of VBX and acyclic 
vinyl(aryl)iodonium salt in the C-vinylation of nitrocyclohexane (Scheme 8). 
The vinylation of nitrocyclohexane with VBX delivered a mixture of internal 
and terminal alkenyl products in a 1:4 ratio using the reported conditions by 
the Ochiai group.[44] No arylated product could be observed, showing the 
complete chemoselectivity for the vinyl transfer.[30] Then, the reaction with 
VBX was slightly optimized to obtain 57% yield of the terminal alkene (14:1 
regioisomeric ratio observed) as a proof of principle.[25] This comparative 
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study clearly showed an opposite behaviour of VBX compared to acyclic 
vinyliodonium salts. 

 
Scheme 8. Reactivity of the a) vinyl(aryl)iodonium salt versus b) VBX. 

 
The reactivity of vinylbenziodoxolones has been explored in many 

applications under metal-free and metal-catalyzed conditions, as well as in 
photoredox catalysis.[26] To gain more understanding on the reactivity of 
vinylbenziodoxolones towards different nucleophiles, an intense investigation 
has been conducted, which is the topic of Chapter 4.  

1.3.3 Applications 
 

From 2016, VBX derivatives have been employed in metal-catalyzed and 
metal-free reactions and their use has also been explored in photoredox 
catalysis.[26] In 2017, Nachtsheim and co-workers reported the first metal-
catalyzed application of VBX using an iridium catalyst. They developed a 
unique and highly effective NH2-directed C−H alkenylation of 2-vinylanilines 
using VBX as electrophilic alkene-transfer reagent. This methodology 
allowed access to the corresponding 1,3-dienes in excellent yields with high 
to excellent (Z, E) stereoselectivity ratio for the addition of the styryl moiety 
to the exocyclic double bond (Scheme 9).[32]  

 

 
Scheme 9. IrIII-catalyzed C-H vinylation of 2-vinylanilines. 
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Recently, the Waser group reported the difunctionalization of thiirane and 
thiethanes with vinylbenziodoxolones in copper catalysis. It consisted of a 
ring-opening reaction of cyclohexane sulfide with Ph- and Cy-VBX to obtain 
vinyl thioethers (Scheme 10a). The atom economy of this transformation was 
increased because the iodobenzoate by-product was acting as nucleophile, 
which is not always easy to achieve with hypervalent iodine reagents.[33] Later, 
the same group reported a metal-catalyzed procedure to access allylic esters 
and ethers by a direct vinylation of diazo compounds with VBX derivatives 
using CuI catalysis. (Scheme 10b).[34] 

 

 
Scheme 10. Copper-catalyzed a) oxyvinylation of thiiranes and b) 1,1-oxyvinylation of diazo 

compounds using VBX reagents. 
 

Metal-free procedures with VBX reagents have also been reported by the 
Waser group in 2019. The study focused on the alkynylation of sulfenate 
anions with EBX and two examples using VBX reagents were reported to 
yield the (E)-vinyl sulfoxides under mild and metal-free conditions (Scheme 
11).[45] 
 

 
Scheme 11. Vinylation of sulfenate anions generated in situ from sulfoxides. 
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conditions. The protocol has a great functional group tolerance and both 
aromatic and aliphatic vinyl moieties could be transferred (Scheme 12).[46] 

  

 
Scheme 12. Vinylation reaction of phosphine oxides and H-phosphinates with VBX. 

 
Using photoredox catalysis, the Leonori group reported the first use of 

VBX reagents as electrophilic radical acceptors in the intramolecular imino-
vinylation of olefins mediated by acridinium dye. The method allowed to 
access polyfunctionalized nitrogen heterocycles in good yields (Scheme 
13a).[47] Later, the Waser group reported one example of Ph-VBX in a 
decarboxylation-fragmentation cascade of a cyclic oxime to obtain the alkene 
in moderate yields with varied E/Z ratios depending on the base used (Scheme 
13b).[48]  

 

 
Scheme 13. Photocatalyzed vinylations a) intramolecular imino-vinylation of olefins b) 

decarboxylation-fragmentation of cyclic oxime. 
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1.4 Density functional theory  
 
Density functional theory (DFT) is a tool that has rapidly gained popularity in 
the scientific community. DFT is a well-established quantum mechanical 
method for electronic structure calculations. 

The basic theory behind DFT is that the energy of a molecule can be 
determined from the electron density distribution ρ(𝐫) instead of a wave 
function. This theory originated from two theorems by Hohenberg and Kohn 
(HK).[49] The first theorem suggested that the energy of a quantum mechanical 
system can be calculated as functional of the electron density E = E[ρ!"]. The 
second theorem states the variational principle of the DFT theory. This means 
that taking any trial density ρ# integrated over space, it gives back the same 
number of electrons that were present in the system. So, the corresponding 
energy will be higher or equal to the exact energy of the system (eq. 1). 

 
E[ρ!(𝐫)] ≥ E[ρ(𝐫)]     (1) 

 
Applying the Born-Oppenheimer approximation, the energy of the ground 
state can be expressed as a linear combination of the kinetic energy of the 
electrons T[ρ(𝐫)], the potential energy derived from the attraction between 
nuclei and electrons V$%&!"[ρ(𝐫)] and from the electron-electron repulsion 
V!"&!"[ρ(𝐫)] (eq. 2). 
 

E[ρ(r)] = T[ρ(𝐫)] + V"#$%&[ρ(𝐫)] + 	V%&$%&[ρ(𝐫)]   (2) 
 

The potential energy E$%&!" can be easily expressed by the classical 
Coulomb’s law. The interelectronic repulsion E!"&!" is a more complex term, 
and it consists of the Coulomb contribution (J'(%"()*) and a non-classical 
contribution (E!+). While the Coulomb contribution is known, the main 
problem is to find the expressions for the exchange contribution. 
Kohn and Sham (KS) formulated a simple expression for the ground-state 
energy, which consists of the sum of single individual kinetic energies (eq. 3). 
  

E[ρ(𝐫)] = T"'[ρ(𝐫)] + V(%[ρ(𝐫)] + J[ρ(𝐫)] +	E)*[ρ(𝐫)]  (3) 
 

However, the last functional, Exc[ρ(r)] is still unknown. Therefore, 
approximations must be made, and considerable development has been made 
to find the accurate form of this functional. In this matter, the local density 
approximation (LDA) is the simplest and estimates E+' from the local density 
of a uniform gas. In the generalized gradient approximation (GGA), the 
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exchange and correlation energy are calculated with a combination of density 
and its gradient.  

1.4.1 Computational details  
 
All calculations in Chapter 4 and Chapter 5 were performed with Gaussian16 

computational package.[50] In Chapter 4, the Becke Three Parameter Lee-
Yang-Parr exchange-correlation functional with dispersion correction by 
Grimme (B3LYP-D3)[51] and the Minnesota functional, M06-2X,[52] were 
used. All geometries were optimized with a medium-sized mixed basis set 
consisting of 6-31G(d,p) for all atoms apart from iodine, for which LANL2DZ 
was used. The geometries were optimized considering implicit solvation 
(THF as solvent) using the polarizable continuum model (PCM)[53]. Single-
point calculations using a larger basis set, i.e., LANL2DZ basis set for iodine 
combined with 6-311+G(2d,2p) for the other atoms. Second, the Minnesota 
M06-2X functional was used with def2-SVP basis set for all atoms 
considering implicit solvation (THF as the solvent) using the polarizable 
continuum model (PCM)[53]. Energy corrections were applied on the 
optimized structures performing single-point calculations using M06-2X with 
a larger basis set, i.e., def2-TZVP for all atoms.  

In Chapter 5, the Minnesota functional M06-2X[52] was used as only 
functional with def2-SVP basis set for all atoms considering implicit solvation 
(THF as the solvent) using the polarizable continuum model (PCM)[53]. 
Single-point calculations were performed using a larger basis set, i.e., def2-
TZVP for all atoms. 
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1.5 Aim of the thesis  
 

The aim of this thesis is to explore the use of hypervalent iodine(III) 
compounds, such as diaryliodonium salts and vinylbenziodoxol(on)es, as 
functional-group transfer reagents in organic synthesis. 

The first project aimed to demonstrate the use of diaryliodonium salts as 
an ideal candidate to overcome the current limitation of ortho-
functionalizations of azobenzenes. After a series of azobenzene-derived 
diaryliodonium salts will be synthetized, their utility will be tested in 
arylations of a wide variety of nucleophiles.  

The discovery of vinylation methodology using VBX reagents was the 
focus of the second project. Indeed, we aimed to develop a mild and metal-
free vinylation of thiols and mercapto heterocycles with VBX by using 
equimolar amount of the reagents to increase the sustainability of the method. 
Furthermore, the electronic and steric influence of novel core-substituted 
VBX reagents will be tested on the S-vinylation reactions. 

The third project of this thesis aimed to elucidate the mechanistic pathways 
of VBX under metal-free conditions. Hence, the known reactivity of VBX 
towards S- and P-nucleophiles was utilized. Using experimental and 
theoretical studies, as well as NMR analysis, we aimed to rationalize the 
different regioselectivity obtained with these nucleophiles, as well as predict 
the reactivity with other nucleophile classes. 

The fourth project of this thesis focused on the development of a transition 
metal-free, photoredox-catalyzed vinylation reaction starting from 4-alkyl-
1,4-diihydropyridine (DHP) derivatives using VBX reagents. By developing 
this protocol, we aimed to access a wide range of alkenes and study the 
mechanism of this transformation. 
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2 Ortho-functionalization of azobenzenes via 
hypervalent iodine reagents (Paper I) 

2.1 Introduction  
 

Azobenzenes are organic compounds containing a nitrogen-nitrogen 
double bond (N=N), which can undergo a reversible trans/cis photochemical 
or thermal transformation.[54] Due to this unique property, azobenzenes are 
attracting considerable attention as powerful candidates for a variety of 
applications, such as switchable polymers[55], molecular photomechanics,[56] 
and biomedical applications.[57] Current research focuses on ortho-substituted 
azobenzenes to reach thermally stable (Z)-isomers, but also to achieve good 
absorption in the visible range of light, which enables to use them in many 
applications.[58] However, few methods to obtain ortho-functionalized 
azobenzenes exist.[59] As depicted in Figure 6, ortho-functionalized 
azobenzenes can be obtained from: a) substituted anilines[58b,58e,60] and further 
functionalized via nucleophilic substitution,[61] and b) transition metal-
catalyzed C-H activation.[58g,62] Moreover, there are few successful examples 
of cross-coupling methodologies to obtain ortho-functionalized azobenzenes. 
In these syntheses, the azobenzene moiety has been observed to take part in 
the coupling, thus rendering these methods unsuitable for the product of 
azobenzenes.[63]  

 

 
Figure 6. Synthesis routes to azobenzenes. 

To overcome the limitation of ortho-functionalizations of azobenzenes, a 
collaboration between the Staubitz group and the Olofsson group was 
initiated. The aim of this project is to develop the synthesis of azobenzene-
based diaryliodonium salts and show their utility in metal-free arylation 
reactions towards different nucleophiles.  

N
N

R1
R2

R1R2

N
N

R1

R1CH activationoxidative couplingNH2

R1

R2

a) b)



 16 

2.2 Synthesis of azobenzene-based diaryliodonium salts 
 

An initial screening of suitable conditions for the synthesis of azobenzene-
based diaryliodonium salts 3, from the simple ortho-iodoazobenzene 1a and 
benzene was performed. The standard one-pot procedure developed by the 
Olofsson group with mCPBA and TfOH failed,[15a,64] and 1a was recovered 
(Scheme 14a). Even increasing the equivalents of TfOH did not provide salt 
3a-OTf, and 1a could be detected in the crude mixture. Then, the one-pot 
method with phenyl boronic acid was tested but the corresponding iodonium 
salt 3a-BF4 was still not obtained (Scheme 14b).[65] From these results, it was 
clear that the oxidation step of the iodine(I) to iodine(III) was the critical step. 

 

 
Scheme 14. One-pot synthesis attempts from ortho-iodoazobenzene 1a. 

 
A stepwise synthesis of salt 3 via Koser’s reagent 4 was then performed. 

Indeed, the synthesis of 4a from 1a was successful and it was possible to 
isolate product 4a in 92% yield utilizing literature conditions (Scheme 15a). 
An anisole dummy ligand was introduced partly due to its more nucleophilic 
nature compared to benzene, but also to achieve a higher level of 
chemoselectivity in arylation reactions (Chapter 1.2.2).[21-22] After a small 
optimization,[66] 3b was successfully obtained in 85% yield (Scheme 15b). 
Next, a sequential one-pot reaction[67] was developed, with in situ formation 
of Koser’s reagent 4a, yielding salt 3b in 84% yield (Scheme 15c). As a final 
point of this optimization, the efficiency of the developed sequential one-pot 
procedure was exemplified as the stepwise synthesis via isolation of 4a, which 
delivered 3b in 78% overall yield.[66]  
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Scheme 15. a) Synthesis of Koser's reagent 4a; b) synthesis of salt 3b from 4a; c) sequential 

one-pot procedure with in situ formation of 4a. 
 

The developed methodology was applied to a series of substituted ortho-
iodoazobenzenes using anisole (2a) as the coupling partner, which delivered 
azobenzene-based diaryliodonium salts 3b-g in good to high yields (Scheme 
16). The use of either an in situ anion exchange of 3b with triflic acid or 
workup with NaOTf produced the corresponding triflate salt 3b’ in 88% 
yield.[66,67b] Electron-withdrawing and electron-donating substituents were 
well tolerated on the para-azo aryl moiety, as exemplified by bromo-
substituted product 3c and methyl-substituted product 3d, which were 
obtained in 84% and 88% yields respectively. Furthermore, a methyl group 
on the iodo-substituted aryl group was also tolerated and 3e was isolated in 
good yield. Mesityl or 2,4,6-trimethoxyphenyl (TMP) dummy ligands were 
utilized in the synthesis to provide iodonium salts 3f and 3g in 33% and 76% 
yield respectively. All products were easily isolated through precipitation in 
diethyl ether and were selectively obtained as the (E)-isomer. In the interest 
of reproducibility, it was found crucial to store the oily crude material in the 
freezer overnight prior to filtration.[66,68] 
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Scheme 16. Scope of ortho-azobenzene(aryl)iodonium salts 3. [a] After workup with NaOTf. 

[b] TFE as only solvent for both steps.  
 

Moreover, the double functionalization of 1e could be obtained by 
increasing the equivalents of TsOH, mCPBA and anisole, which provided the 
bis(diaryliodonium) salt 3h in 56% yield (Scheme 17). 
 

 
Scheme 17. Synthesis of bis-iodinated diaryliodonium salt 3h. 

 
A single crystal of the (E)-isomer of 3b was grown and X-ray diffraction 

analysis was performed in collaboration with the Staubitz group (Figure 7). 
As expected, the classical T-shape geometry of the iodine(III) was observed 
in salt 3b.[12,69] Interestingly, the X-ray structure of 3b also shows an 
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(I1), with a bond length of 2.616 Å. Moreover, the tosylate counterion is 
coordinating perpendicular to the iodine with a long bond distance of 3.566 
Å. Similar interactions were also reported in other type of iodine(III) reagents 
developed by the Nachtsheim group.[70] 
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Figure 7. X-Ray crystal structure of the (E)-isomer of 3b with selected bond lengths.  

 
Furthermore, the group of Staubitz investigated the influence of the 

hypervalent iodine moiety on the photo-switching behaviour by 1H-NMR and 
UV/vis spectroscopy. Indeed, the photo-switching properties of the 
azobenzene in the salt 3b were retained and the isomerization between (E)- 
and (Z)-isomer was reversible.[66,68] 

 

2.3 Applications in metal-free arylation reactions 
 

To demonstrate the utility of the novel diaryliodonium salt 3b, well- 
established methods for metal-free arylations of O-, S-, C- and N-nucleophiles 
were utilized to obtain a wide range of ortho-substituted azobenzene products.  

Using a reported protocol,[71] a series of oxygen nucleophiles were arylated 
using 3b and products 5a-5d were obtained in good to high yields (Scheme 
18). The reaction of phenol and 3b delivered the azobenzene-functionalized 
diaryl ether 5a. With this result in hand, a similar procedure was used in the 
arylation of benzoic acid and acetic acid to obtain the aryl esters 5b and 5c, in 
79% and 70% respectively. Additionally, 5c could be hydrolyzed under mild 
conditions into 2-hydroxyazobenezene 5d in 81% yield, which has excellent 
features as a structural motif in pharmaceutical and material science.[72] 
Finally, the synthesis of 5d was also feasible through the hydroxylation of 3b 
with hydrogen peroxide in moderate yield.[73] All products were obtained as 
(E)-isomers.  
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Scheme 18. Metal-free arylations of O-nucleophiles with salt 3b. 

 
Two sulfur nucleophiles and one carbon nucleophile were arylated using 

literature conditions[74] to obtain interesting products 5e-5g (Scheme 19a). 
The S-arylation with a mercaptothiazole derivative delivered the heterocyclic 
azobenzene product 5e in excellent yield. The arylation of a benzyl-protected 
thioamide with 3b proved to be more challenging and thioimidate 5f was 
obtained in only 21% yield. Under the latter conditions, it was observed that 
salt 3b was decomposing and other side products were observed in the 
reaction crude, which remained uncharacterized. Finally, the C-arylation of 
methyl 2-nitropropanoate could be performed to provide the sterically 
congested product 5g in 45% yield. Other C-nucleophiles were tested, but 
these either resulted in no product, or many side products, which were difficult 
to characterize (Scheme 19b). 

 

 
Scheme 19. a) Metal-free arylations of S- and C-nucleophiles with salt 3b and b) other C-

nucleophiles tested, which were unsuccessful.  
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proceeded smoothly to give the tertiary amide 5h in 79% yield. On the other 
hand, primary amines proved to be challenging substrates, as most of 3b 
decomposed leading to poor yields. The best result was obtained with 1-
amine-3-phenyl propane, which produced 5i in 22% yield. Finally, arylation 
of sodium nitrite delivered 2-nitroazobenzene (5j) in 63% yield, which can be 
used as intermediate to obtain triazoles and N-oxides.[76] 

 

 
Scheme 20. Metal-free arylations of N-nucleophiles with salt 3b. 

O-arylation methodologies[71,77] were used to access more advanced ortho-
functionalized azobenzene products which are important in supramolecular 
chemistry, material science[60,78] and biological chemistry[79] (Scheme 21). 
First, the arylation of phenol with bis(diaryl)iodonium salt 3h led to the ortho-
diphenoxylated azobenzene 5k in 57% yield. Next, estrone was arylated with 
3b to produce diaryl ether 5l in good yield, while the arylation of protected 
ribose delivered the arylated product 5m in 44% yield within 30 minutes 
reaction time at room temperature. When the acetyl-protected cholic acid was 
employed in the arylation, ester 5n was obtained in moderate yield, due to 
competing arylation of the acetate to give side product 5c. The latter was 
obtained in 20% yield due to the basic conditions, which caused hydrolysis of 
the acetate protective group.[66] Finally, O-arylation of oleic acid produced the 
functionalized azobenzene ester 5o in moderate yield due to other side-
reactions occurring in this synthesis. 
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Scheme 21. O-Arylations to provide complex ortho-substituted azobenzenes a) with salt 3h 

and b) with salt 3b. 

2.4 Conclusion  

A one-pot synthesis of unsymmetrical diaryliodonium salts starting from 
ortho-iodoazobenzenes and arenes has been developed via in situ formation 
of the [hydroxyl(tosyloxy)iodo]arene. The protocol allowed the synthesis of 
azobenzene-based diaryliodonium salts, bearing electron-withdrawing and 
electron-donating substituents. This also includes salts with mesityl and TMP 
dummy groups and bis(diaryliodonium salts) derived from ortho-
azobenzenes. The structure of salt 3b has been elucidated by X-ray analysis 
and a hypervalent bond was observed between the nitrogen of the azobenzene 
and the iodine(III) center, while the tosylate is coordinating perpendicular to 
the iodine. Photo-switching properties have been investigated to gain more 
understanding on the influence of the hypervalent bond. UV/vis analysis 
showed that the isomerization between the (E)- and (Z)-isomer is reversible. 

The utility of these novel ortho-azobenzene salts has been shown in 
transition metal-free O-, S-, C- and N-arylations reactions. Indeed, a range of 
ortho-functionalized compounds has been obtained in moderate to high 
yields. More complex structures could be arylated, like estrone, protected 
ribose, cholic acid ester and oleic acid, which showed the utility of these salts 
to access relevant compounds. 
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3 Electrophilic vinylation of thiols under mild 
and transition metal-free conditions (Paper 
II) 

3.1 Introduction  
 

Organosulfur compounds have gained immense medicinal value as they 
are beneficial to human health.[80] In particular, vinyl sulfides are present in 
many natural products[81] and biologically active compounds[82] (Figure 8). 
Due to their pharmaceutical relevance, it is highly important to exploit new 
methods to construct functionalized vinyl sulfides. Moreover, vinyl sulfides 
are reported to be valuable starting materials in organic synthesis, as 
precursors for of aldehydes[83] and ketones[84]. In addition, they are used in 
Heck reaction,[85] as enolates equivalents[86] and in Michael addition 
reactions[87]. Numerous methods for the synthesis of vinyl sulfides have been 
developed using transition-metal complexes, such Pd,[88] Rh,[89] Ir,[90] Ni,[91] 
Cu,[92] via hydrothiolation of alkynes. Despite the utility of these methods, 
they often required expensive metal catalysts and ligands, as well as harsh 
conditions and long reaction time. Whereas metal-free methods generally 
proceed under mild and metal-free conditions, diastero- or regioisomeric 
mixtures are obtained.[93] 
 

 
Figure 8. Examples of natural and biologically active vinyl sulfides. 
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Iodonium salts and benziodoxol(on)e reagents have emerged as suitable 
alternative electrophilic coupling partners for the formation of C-C and C-
heteroatom bonds. Few examples exploiting the use of HIR to functionalize 
S-nucleophiles have been reported to date. The first example of vinylation of 
PhSNa with a cyclohexenyliodonium salt was reported by Ochiai and co-
workers in 1988.[94] Later, the same group developed a high-yielding method 
to access (Z)-vinylsulfides starting from thioamides and 2-mercapto 
heterocycles under mild conditions (Scheme 22).[43a] They proposed that the 
reaction proceeds via vinylic SN2 mechanism and an inverted product 
configuration was observed starting from (E)-b-vinyliodonium salts.  

 

 
Scheme 22. Vinylation of thioamides and 2-mercapto heterocycles with (E)-b-vinyliodonium 

salts developed by Ochiai and co-workers.[43a]  
 

Among benziodoxolones, EBX has been used in a practical and highly 
efficient alkynylation of thiols by the group of Waser. In this contest, VBX 
was never explored and the first vinylation based on this reagent was reported 
by the Olofsson group. The study aimed to test the reactivity of 
vinylbenziodoxolone in the vinylation of nitrocyclohexane and indeed, high 
levels of regioselectivity was obtained with VBX compared to acyclic vinyl 
salts (Chapter 1.3.2, Scheme 8).[30] Thus, it was envisioned that VBX reagents 
could be employed to gain high selectivity in the vinylation reactions of sulfur 
nucleophiles, like thiols and mercaptothiazoles. 
 

3.2 Optimization of reaction conditions 
 

Thiophenol (6a) was selected as model substrate for the optimization of the 
reaction with VBX 7a. As starting point of the optimization, the similar 
conditions of the thio-alkynylation with EBX developed by the Waser group 
were employed.[36] Therefore, 6a was treated with VBX 7a in THF with TMG 
as base for 15 hours at room temperature and 68% yield of the internal vinyl 
sulfide 8a and 18% of the disulfide 9 were obtained (Table 1, entry 1). An 
excess of 7a could suppress the formation of 9, but in the interest of atom 
economy equimolar amounts of reagents were used. A screening of solvents 
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was performed: toluene resulted in a lower yield but better a E/Z ratio 
compared to THF, while 2-methyltetrahydrofurane (2-MeTHF) produced 
worse results (entries 2 and 3). Therefore, the optimization was carried out 
with THF as the solvent.  

Despite the substrate being a weak nucleophile, a control reaction was 
performed without base. In this case, the reaction provided the product in 54% 
yield with an excellent E/Z ratio (entry 4). Other organic and inorganic bases 
were also investigated (entries 5-8), and tBuOK was found to give the highest 
yield. Next, shortened reaction time was investigated, which delivered 8a in 
72% yield after 6 h (entry 9) and similar yield and E/Z ratios after 2 h (entry 
10).  

 
Table 1. Screening of the reaction conditions for the vinylation of thiophenol (6a)  
 

 
 

Entry Solvent  Base Time (h) Yield of 8a 
(%)[a] 

E/Z 
ratio[a] 

Yield of 9 
(%)[a] 

1 THF TMG 15 68 15:1 18 
2 Toluene TMG 15 53 >20:1 34 
3 2-MeTHF TMG 15 38 11:1 31 
4 THF - 15 54 20:1 30 
5 THF NaHCO3 15 36 9:1 30 
6 THF KOH 15 31 9:1 31 
7 THF DBU 15 49 16:1 30 
8 THF tBuOK 15 75 10:1 18 
9 THF tBuOK 6 72 13:1 18 
10 THF tBuOK 2 75 10:1 8 
11 THF tBuOK 2 76,[b] [72][c] >20:1 13 
12 THF tBuOK 2 87[b,d] [81][c] >20:1 7 
13 Toluene tBuOK 2 80[b] 13:1 - 

Reaction conditions: thiophenol (6a) (0.3 mmol) and base were dissolved in the solvent, 
followed by the addition of VBX 7a. [a] 1H-NMR yield calculated using 1,3,5-
trimethoxybenzene (TMB) as internal standard. [b] Addition of 7a followed by the base. [c] 
Isolated yield. [d] Anhydrous and degassed solvent.  
 

Next, the importance of the base as well as the addition order (entries 11-
13) was examined. The addition of VBX before the base produced 8a in 76% 
NMR yield and an increased E/Z of >20:1 (entry 11). Finally, the use of 
anhydrous and degassed THF was investigated. Delightfully, 8a was obtained 
in 81% isolated yield with complete regio- and chemoselectivity towards the 
(E)-product (>20:1) and only 7% yield of the disulfide was detected (entry 
12). Using toluene with the conditions of entry 11 resulted in 80% 1H-NMR 
yield of 8a, but the isomeric ratio decreased to 13:1 (entry 13). With the 
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optimized conditions in hand (entry 12), a series of core-substituted VBX 
reagents were employed. 

 

3.3 Substrate scope 

3.3.1 Core-substituted VBX reagents  
 

Previous investigations with core-substituted EBX indicate that the 
reactivity can be influenced by substituents in the core of the reagent.[95] 
Therefore, substituents (R) in the aryl moiety bearing the iodine center of 
VBX reagents were introduced to investigate the influence of electronic and 
steric factors in this transformation. A series of novel core-substituted VBX 
derivatives were synthesized using a reported procedure (Scheme 23).[32] 

Electron-withdrawing groups in the para-position, such as nitro (7b) and 
bromo (7d), as well as electron-donating groups, such as para-methoxy (7e) 
were introduced in the core of the VBX. Next, the ortho-position could be 
functionalized by introducing an electron-withdrawing nitro substituent (7c) 
and an electron-donating methyl group (7f). Finally, hypervalent iodine 
reagent 7g was successfully synthesized with two methyl groups in meta- and 
para-position to the iodine, named Me2-VBX.  

 

 
Scheme 23. Synthesis of core-substituted VBX derivatives. 
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produce diaryl sulfide 10 (entries 2 and 3). These results are consistent with 
the chemoselectivity trends observed for diaryliodonium salts, where the 
EWG is preferably transferred.[21] While 7b gave 40% of 10, the ortho-nitro 
VBX 7c afforded the diaryl sulfide 10 in lower yield. A less electron-
withdrawing group as para-bromo (7d) gave a better result and the product 
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was obtained in moderate yield while the E/Z ratio decreased to 11:1 (entry 
4). In case of para-methoxy VBX 7e, the reaction proceeded in 75% yield and 
an excellent E/Z ratio (entry 5). A slightly lower yield was observed with 
ortho-Me VBX 7f, probably due to steric hindrance (entry 6). 

 
Table 2. Influence of substituents on the benziodoxolone core. 
 

 
 

Entry 7 R Yield of 8a (%)[a] E/Z 
ratio 

Yield of 10 (%) 

1 7a H 87 >20:1 0 
2 7b p-NO2 11 >20:1 40 
3 7c o-NO2 9 >20:1 18 
4 7d p-Br 67 11:1 0 
5 7e p-OMe 75 >20:1 0 
6 7f o-Me 68 >20:1 0 
7 7g m,p-Me2 90 >20:1 0 
8 11 

 
20 1:1 0 

 Reaction conditions of entry 12, Table 1. [a] 1H-NMR yield calculated using 1,3,5-
trimethoxybenzene (TMB) as internal standard. 

 
Finally, Me2-VBX 7g was used and 8a was isolated in 90% yield with high 

diastereoselectivity (entry 7). A simple basic extraction instead of purification 
by column chromatography was enough to isolate the pure product. However, 
the synthesis of 7g requires a more expensive precursor than 7a. Therefore, 
VBX 7a was employed for the substrate scope, while the efficiency of Me2-
VBX 7g was evaluated with selected thiols (Chapter 3.3.4, Scheme 30). 
Finally, an experimental control was conducted with the vinyliodonium salt 
11 and product 8a was obtained in poor yield and E/Z ratio (entry 8).  
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substituents could be vinylated, yielding products 8a–k in good yields with 
excellent E/Z ratio (Scheme 24). A decreased E/Z ratio of 16:1 was observed 
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thiophenols required an increased reaction temperature, and 50 ˚C for 2 hours 
proved to be a good strategy for an efficient vinylation to obtain 8g. Halide 
substituents were also tolerated in the ortho-, para- and meta-positions (8h-
8k). Both linear and cyclic aliphatic thiols were vinylated under these 
optimized conditions to afford (E)-thioethers 8l-8q with complete 
stereoselectivity. This procedure worked well even with sterically demanding 
substituents like 2-methyl-2-propanethiol to afford 8o in a moderate yield.  
 

 
Scheme 24. Scope of thiols vinylation with 7a with E/Z ratio >20:1 unless specified. 

Reactions were performed with 6 (0.3 mmol, 1.0 equiv) and VBX 7a (0.33 mmol, 1.1 equiv) 
before addition of tBuOK (0.3 mmol, 1.0 equiv). [a] E/Z 16:1; [b] At 50 ˚C. 

 
Then, more challenging substrates were explored. Allyl, furanyl, and 

pyridyl substituents were well tolerated and products 8r-8t were obtained in 
moderate to good yields with complete (E)-selectivity (Scheme 25). 
Furthermore, benzene-1,4-dithiol and 1,2-ethanedithiol were doubly 
vinylated with two equivalents of VBX, providing products 8u and 8v. 
Interestingly, unprotected hydroxy- and amino groups could also be tolerated. 
2-Mercaptoethan-1-ol and cysteine ethyl ester gave products 8w and 8x in 
moderate yields and complete (E)-selectivity. Amino thiophenols were 
vinylated to provide 8y and 8z under modified conditions. In these two cases, 
the reactions required an excess of VBX (1.5 equivalents) at 50 ̊ C for 2 hours. 
The high functional group tolerance of this method was further demonstrated 
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thio-b-D-glucose tetraacetate was vinylated to give 8ab in good yield. Despite 
the broad substrate scope of this procedure, limitations were observed when 
using unprotected cysteine and 1-thio-b-D-glucose, yielding the vinylated 
products only in poor yields.  

 

 
Scheme 25. Scope of thiols vinylation with VBX. [a] E/Z 5:1; [b] with 2.1 equiv of 7a and 2.0 

equiv of base; [c] 1.5 equiv of 7a at 50 °C; [d] with 2.0 equiv base. 
 

Finally, the vinylation of a silyl-protected thiol was investigated to allow 
for facile functionalization of complex substrates. In situ-deprotection of 12 
with tetrabutylammonium fluoride solution (TBAF) and subsequent 
vinylation with VBX 7a, produced 8a in 76% yield with complete (E)-
selectivity (Scheme 26). 

 

 
Scheme 26. In situ-deprotection of silyl-protected thiophenol and vinylation with VBX 7a. 
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3.3.3 Scope with mercaptothiazoles 
 

Mercapto heterocycles 13 were also explored with VBX 7a under the 
optimized conditions (Table 1, entry 12). However, only traces of the desired 
product 14a was obtained. A small screening of bases, solvents, temperatures, 
and time was performed.[66] The best reaction conditions were found by 
exchanging the solvent to toluene and increasing the temperature (80 ˚C for 2 
hours). Therefore, product 14a was produced in 45% yield with E/Z ratio of 
10:1 with retention of the configuration from (E)-VBX. A small series of 
mercaptothiazoles could be vinylated and products 14a-14c could be obtained 
in moderate yields and high to excellent stereoselectivity (E/Z 10:1 to 20:1,  
Scheme 27). Finally, the methodology was also applied to mercaptooxazole 
(X=O) to give 14d in low yield and poor E/Z ratio (Scheme 27). 

 

 
Scheme 27. S-Vinylation of mercaptothiazoles and oxazole with VBX 7a. 

 

3.3.4 Scope with vinyl-substituted VBX reagents  
 

To show the feasibility of transferring other vinyl groups, a set of vinyl-
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para-methyl-substituted VBX 7h. Conversely, para-methoxy-substituted 
VBX 7j delivered product 8ae with a 4:1 E/Z ratio. When cyclohexyl-
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occurring under the reaction conditions. 
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Scheme 28. Synthesis of vinyl sulfides using thiophenol 6a with VBX reagents 7h-7l. 

 
In the interest to access (Z)-isomer products, the synthesis of (Z)-

stereoisomer of 7a was tried. Unfortunately, attempts to obtain this (Z)-isomer 
were unsuccessful.  
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Scheme 29. S-vinylation of thiols with hetero-substituted VBX reagents 7n-7q. [a] 1H-NMR 

yield calculated using 1,3,5-trimethoxybenzene (TMB) as the internal standard. 
 

To improve the reactivity of hetero-VBX 7p, the corresponding Me2-
substituted derivative 7r was synthetized and delivered the thioenamide 8aj 
in 59% yield with complete (Z)-selectivity (Scheme 30). In addition, the Me2-
VBX backbone 7g was investigated as an alternative reagent to the 
unsubstituted VBX 7a with selected thiols in (E)-selective vinylations 
(Scheme 30). VBX 7g provided the vinylated product 8a in a higher yield 
(90% versus 87%) and high E/Z ratio. The same trend was observed for an 
aliphatic thiol, as 8l was obtained in excellent yield with VBX 7g (97% versus 
77%), without needs of further purification.  

 

 
Scheme 30. S-vinylation with Me2-VBX 7r and 7f. 
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3.4 Preliminary mechanistic investigation 
 

A preliminary mechanistic study was conducted to inspect if the reaction 
could proceed through a radical or aryne pathways (Table 3). First, the radical 
scavengers (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) and 1,1-
diphenylethylene (DPE) were added to the reactions. In the presence of 
different equivalents of TEMPO, 8a was obtained in lower yields and E/Z 
ratios (entries 2 and 3). However, TEMPO has been reported to have complex 
reactivity with hypervalent iodine reagents, as this radical scavenger can 
compete with the nucleophile in the reaction mixture.[8,96] Therefore, DPE was 
employed as radical scavenger and the yield of 8a was not affected, while 
slightly lower E/Z ratios were observed (compare entries 4 and 5 with entry 
1). Finally, furan was added as an aryne trap, which would react via a [4+2] 
cycloaddition. However, no Diels-Alder adduct was observed in the 1H-NMR 
spectrum of the crude reaction. 
 
Table 3. Preliminary mechanistic experiments on the vinylation reaction with 
thiophenol 6a and VBX 7a and additives. 
 

 
 

Entry  Additive Additive (equiv) Yield of 8a (%)[a] E/Z ratio 
1 - - 87 >20:1 
2 TEMPO 1.0 57 14:1 
3 TEMPO 3.0 36 10:1 
4 DPE 1.0 82 15:1 
5 DPE 3.0 72 14:1 
6 Furan 5.0 80 18:1 

[a] 1H-NMR yield calculated using 1,3,5-trimethoxybenzene (TMB) as the internal standard. 
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3.5 Conclusion  
 

In conclusion, a transition metal-free vinylation of thiols with 
vinylbenziodoxolones (VBX) has been developed. A set of aliphatic and 
aromatic thiols were vinylated, providing (E)-vinyl sulfides with complete 
chemo- and regioselectivity, as well as excellent stereoselectivity. Moreover, 
the reactions proceeded under mild conditions without an excess of substrates 
or reagents. The protocol demonstrated a great functional group tolerance, and 
it can be applied to more complex systems. In fact, the ACE inhibitor 
Captopril, cysteine, and thio-b-D-glucose were vinylated in good yields as 
well as complete chemoselectivity. Novel vinyl- and core-substituted VBX 
reagents were prepared, and improved reactivity was discovered when using 
Me2-VBX 7g. Even though the (Z)-vinylboronic acid could be obtained, the 
(E)-VBX was the only product obtained after performing the synthesis. These 
reagents might be unreachable based on previous reports on 
vinyl(aryl)iodonium salts, indicating isomerization and/or decomposition 
problems.[35b,43a]Furthermore, mercapto heterocycles could be vinylated under 
slightly different conditions, resulting in opposite stereoselectivity compared 
to previously reported reactions using vinyliodonium salts.[43a] The observed 
regioselectivity of the S-vinylation was interesting, as the C-vinylation of 
nitrocyclohexane with VBX 7a gave a terminal alkene as the major product 
(Chapter 1.3.2, Scheme 8).[30] The high (E)-stereoselectivity is in contrast to 
reactions with acyclic vinyliodonium salts and preliminary mechanistic 
investigations showed that the reaction does not proceed via radical or aryne 
pathways. To gain more understanding on the reaction mechanism, an intense 
mechanistic investigation by NMR analysis, deuterium labelling and DFT 
calculations has been conducted and it is discussed in detail in Chapter 4.  
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4 Explaining regio-divergent vinylations with 
vinylbenziodoxolones (Paper III) 

4.1 Introduction 
 

Vinylbenziodoxolones have recently been identified as efficient 
hypervalent iodine(III) reagents for electrophilic vinylations under metal-free 
conditions.[26,46,97] The vinylation reactions with VBX provided different 
regio- and stereochemistry depending on the nucleophile utilized (Scheme 
31). Indeed, the S-vinylation of thiols produces internal alkenes, while 
phosphine oxides and similar P-nucleophiles give terminal alkenes. 
Additionally, a mixture of terminal and internal alkenes has been reported in 
the C-vinylation of nitrocyclohexane with VBX, with the preferential 
formation of the terminal product.[30] 

 

 
Scheme 31. Metal-free vinylations of S-, P- and C-nucleophiles with VBX. 
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should increase the utility of vinylbenziodoxolones in vinylations with other 
types of nucleophiles.  

The reactivity of VBX can be compared to the reactivity of acyclic 
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intermediates, whilst a Michael type addition has been reported as less 
favourable pathway.[18,35a,41a,98] EBX chemistry has been intensively 
investigated by the group of Waser.[36-37,95a,99] By exploiting the use of carbon 
labelling and DFT calculations, the group revealed the possibility of a 
concerted a-addition or b-addition pathway in alkynylations with EBX.[37a,100] 
Moreover, vinylidene carbene formation, as well as ligand coupling pathway 
or Michael type addition (b-addition) has been proposed in reactions with 
EBX.[37a,100] Therefore, these pathways can be proposed for the vinylation 
reactions with VBX as the starting point of investigation (Scheme 32). 

 

 
Scheme 32. Proposed pathways for vinylations with nucleophiles. 

 
This project aimed to investigate these pathways in the sulfur and 

phosphorous vinylations with VBX by exploiting the use of NMR analysis, 
deuterium labelling and DFT calculations.  
 

4.2 Mechanistic investigation of S-vinylation of thiols  

4.2.1 Proposed mechanistic pathways 
 

The reported vinylation of thiols with VBX (Chapter 3) led to the internal 
alkene 8a with complete chemo-, regio- and stereoselectivity (E/Z ratio 
>20:1). Based on experimental observations and literature reports on 
diaryliodonium salts[41a] and EBX[37a,100-101] three pathways have been 
evaluated (Scheme 33). The reaction starts with the deprotonation of 
thiophenol (6a) by the base to obtain the thiophenolate. Then, a four 
coordinated I-S intermediate A can be proposed and the reaction proceeds via 
a direct ligand coupling (LC) mechanism (pathway Ia), or via release of the 
carboxylate ligand to form intermediate B (pathway Ib) prior to LC. 
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Alternatively, a direct nucleophilic attack on the a- or b-carbon of the vinyl 
moiety could take place, although the selectivity towards the (E)- or the (Z)-
product can be compromised. The a-addition (pathway II) leads to 
intermediate C, which after rotation of the C-C bond gives intermediate D. 
This could give product (E)-8a after b-elimination. In pathway III, b-addition 
gives intermediate E, which can either undergo 1,2-shift (pathway IIIa) or 
proceed via carbene formation (pathway IIIb). The 1,2-shift pathway consists 
of a migration of the phenyl or the sulfur group to produce 8a. Instead, the 
carbene pathway is a stepwise elimination of iodobenzoate to form carbene F, 
followed by a 1,2-shift to produce (E)-8a. 

 

 
Scheme 33. Proposed pathways for S-vinylation with VBX 7a. 

 

4.2.2 NMR analysis and deuterium labelling  
 

First, the reactions were set up in an NMR tube using THF-d8 to provide 
support for mechanism.[102] When thiophenol was mixed with tBuOK in an 
NMR tube, signals of the thiophenolate compound were observed. The 
product immediately formed after addition of VBX. Similarly, an NMR 
experiment was performed in the absence of base to detect any coordination 
between 6a and VBX. This experiment would support the formation of 
intermediate A, where the sulfur atom of the thiophenol coordinates to the 
iodine center of the vinylbenziodoxolone. Unfortunately, a coordination 
between the sulfur and the iodine could not be detected. Instead, the reaction 
immediately started after addition of the base and peaks of the thiophenolate 
and product were observed. 
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Due to the inconclusive results of the NMR analysis, deuterium labelling 
was performed (Scheme 34). Following the a-attack or ligand coupling 
pathways, product 8a-D is expected to form, where the deuterium is retained 
in the same position as in reagent 7a-D. Instead, a b-attack could provide 
intermediate (E)-D, which delivers two different products depending on 
which functional group migrates. If the sulfur moiety migrates to the a-
position of 7a-D, product 8a-D is expected. On the other hand, if phenyl 
migration occurs, then product 8b-D should be obtained. 

 

 
Scheme 34. Expected products from the deuterium labelling. 

 
Labelled VBX reagents 7a-D and 7a-D2 were synthetized in moderate 

yields following reported procedures by the Nachtsheim[32] and Olofsson[25] 
groups. The deuterium incorporation in reagents 7a-D and 7a-D2 was 
confirmed and calculated by NMR analysis. To facilitate the NMR analysis, 
thiophenol 6c was employed as the model substrate (Scheme 35). Indeed, the 
reaction of 6c with VBX 7a-D lead to product 8c-D in 63% yield and E/Z ratio 
>20:1, together with the disulfide side product 9c in 11% (Scheme 35). The 
configuration of 8c-D was confirmed by 1D and 2D NMR analysis.[102] 
Moreover, the reaction with VBX 7a-D2 delivered product 8c-D2 in moderate 
yield with unreacted starting material and side product 9c. 

 

 
Scheme 35. Deuterium labelling studies. 
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The deuterium labelling experiments obtained did not help to discriminate 
between the pathways proposed (Scheme 33). Indeed, the reaction could 
proceed via ligand coupling (pathway I) or a-addition (pathway II) and the 
b-attack (pathway III) with subsequent groups migration could not be 
excluded. In addition, carbene formation via intermediate F (pathway IIIa) 
needs to be considered. Therefore, DFT calculations were performed on all 
pathways.  

4.2.3 DFT calculations 
 

DFT calculations were performed at the M06-2X level of theory (Chapter 
1.4.1).[52] A low energy profile was found for ligand coupling (pathway I) and 
it is presented in detail in Chapter 4.2.3.1. The a-addition pathway could not 
be located, as intermediate C always converged to intermediate A. Finally, 
the b-addition involving the sulfur migration was found to be high in energy 
and therefore, it could be excluded.[102] Finally, pathway III involving the 
carbene intermediate F was found to be high in energy and therefore this 
pathway is excluded too.[102] Moreover, the energy profiles were calculated 
for o-Me-VBX 7f and Me2-VBX 7g to investigate any electronic influence on 
the vinylation. 

4.2.3.1 Pathway I: ligand coupling 
 

Due to the pKa difference in DMSO between thiophenol (6a, 10) and 
tBuOK (17), calculation of the deprotonation of thiophenol by tBuOK was 
considered unnecessary.[103] A low energy profile was found starting from 
intermediate A' (0.1 kcal/mol), in which a long sulfur-iodine (S-I) bond and 
S-Ca bond distances were observed (3.04 and 3.17 Å respectively). In 
addition, the S-I-Caryl angle is distorted to 167.2˚ instead of the 180˚ angle that 
is usually observed in ligand couplings with diaryliodonium salts. The 
reaction proceeds via transition state TS1 (18.2 kcal/mol), where the sulfur is 
already shifted to the a-carbon of the vinyl moiety and the angle of S-I-Cipso 
is 141.9˚. From the transition state TS1, the vinylated product 8a is formed 
together with iodobenzoate.  
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Figure 9. Reaction free energy profile [M06-2X(PCM)/def2-TZVP//M06-2X(PCM)/def2-

SVP in implicit THF solvent] for thiophenolate with VBX 7a. 
 

The energy profiles were also computed for o-Me-VBX 7f and Me2-VBX 
7g (Figure 10). In the case of 7f, the geometries were found to be slightly 
different from 7a because of the ortho-methyl group. In fact, intermediate A'-
7f was found to be at -1.4 kcal/mol, which is lower than intermediate A'. 
Finally, TS1-7f was found with an energy barrier of 15.1 kcal/mol. Instead, 
the computed geometries for 7g were found to be like the unsubstituted VBX 
7a. Intermediate A'-7g (-1.0 kcal/mol) was found to be lower compared to A' 
and the energy of transition state TS1-7g was similar to TS1 18.1 versus 18.2 
kcal/mol respectively.  

 
Figure 10. Reaction free energy profiles [M06-2X(PCM)/def2-TZVP//M06-2X(PCM)/def2-

SVP in implicit THF solvent] for thiophenolate with 7f and 7g. 
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In conclusion, the calculated energy barrier of vinylation of thiophenol 
with VBX via TS1 (18.2 kcal/mol) correlated well with the short reaction time. 
The connectivities between TS1 and A', as well as between TS1 and (E)-8a 
were verified by intrinsic reaction coordinate (IRC). Moreover, the three 
energy profiles of 7a, 7f, and 7g are too similar to draw conclusions due to the 
small energy differences between the three transition states (TS1, TS1-7f and 
TS1-7g). The experimentally observed improvement with 7g can be 
rationalized by suppressing the side reaction to the disulfide. The two methyl 
groups may make the iodine less electrophilic, producing a less oxidative 
reagent. In the case of 7f, a prolonged reaction time was required, therefore 
other reasons need to be considered, such as solubility or steric problems.  

 

4.3 Mechanistic investigation of P-vinylation of 
phosphine oxides 

4.3.1 Proposed mechanistic pathways 
 

The vinylation of P-nucleophiles led exclusively to terminal alkenes 16 
(Scheme 32), and preliminary mechanistic studies revealed that a radical 
pathway was unlikely.[46] Moreover, a ligand coupling mechanism can be 
ruled out, as this would lead to the internal alkene product. Based on previous 
literature on P-functionalizations with vinyl-[104] and alkynyl-iodonium 
salts,[105] as well as EBX regents,[37a,100] five pathways were proposed (Scheme 
37).[106]  

In pathway IV, the reaction starts with the deprotonation of phosphine 
oxide 15a by the base and subsequent a-attack on the vinyl-carbon of VBX 
to give intermediate G. From this intermediate, product 16a is formed after a 
double 1,2 shift via carbene H (Scheme 37a). In pathway V, the deprotonated 
phosphine oxide 15a attacks the b-carbon of the VBX via phospha-Michael-
type addition to produce the anionic intermediate I, which can give 16a via 
three alternative mechanisms. It could decompose to carbene J, due to high 
leaving group ability of the iodine(III) moiety. After a concerted 1,2-hydride 
shift, the terminal alkene 16a is formed (Scheme 37a). Alternatively, 
intermediate I could undergo a concerted 1,2-hydride shift and subsequent 
elimination step to yield product 16a (Scheme 37a). Moreover, the protonated 
base can protonate the a-position of intermediate I to give intermediate K, 
which leads to 16a after b-elimination assisted by the base. Pathway VI only 
differs from pathway V in that a four-coordinated I–P intermediate L forms 
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prior to intramolecular Michael-type addition to give intermediate I (Scheme 
37a). 

Phosphine oxide 15a exists in equilibrium with the more reactive and 
nucleophilic phosphinous acid 15a’,[107] which can participate in Michael 
addition under basic conditions (Scheme 37b).[106a,108] Pathway VII depicts 
the formation of intermediate M after deprotonation of 15a’, which can give 
intermediate I via Michael-type addition (Scheme 37b). Pathway VIII starts 
by formation of a weakly bound I–O coordinated intermediate N. This species 
could either undergo simultaneous deprotonation and b-attack to I or undergo 
a (3+2) cycloaddition to intermediate K, followed by base-mediated b-
elimination to 16a (Scheme 37b). 

 

 
Scheme 36. Possible mechanistic pathways for P-vinylation with 7a of a) phosphine oxide 

15a and b) phosphinous acid 15a’. 
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4.3.2 NMR analysis and deuterium labelling  
 

First, 1H NMR analysis was utilized to provide support for the operative 
pathway.[102] When DBU and 15a were mixed, the recorded spectra showed 
no adduct between these two species. Immediately after the addition of VBX 
(7a), the reaction started and signals of product 16a were observed in the 
spectra. In addition, upfield signals (around 4-5 ppm) were observed, which 
might indicate the formation of an intermediate. These signals disappeared 
from the spectrum after 5 min. The interpretation of this possible intermediate 
was difficult to understand at the early stage of this analysis. When 7a and 
15a were mixed, no reaction was observed. After addition of DBU, the 
product is immediately formed and the upfield signals were also observed 
again.  

To gain more understanding of the mechanism, deuterium-labelled VBX 
reagents 7a-D and 7a-D2 were utilized (Scheme 37). The reaction of 15a with 
7a-D delivered monodeuterated product 16a-D in a 7:1 Z:E mixture as the 
only vinylated products (Scheme 37a). To verify these results and simplify 
the NMR analysis, the reaction was also repeated with p-methoxy-substituted 
phosphine oxide 15b and 7a-D.[102] When the double-deuterated VBX 7a-D2 
was reacted with 15a, a 1:1 mixture of 16a-D isomers and no double-
deuterated products were observed (Scheme 37b). Finally, deuterated 
phosphine oxide 15a-D was used with 7a and 16a was obtained as the major 
product, with some deuterated product 16a-D, as the (E)-isomer (Scheme 
37c). 
 

 
Scheme 37. Deuterium labelling experiments using: a) 7a-D, b) 7a-D2 and c) 15a-D. 
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When the reaction between 15a and 7a-D2 was performed with shorter 
reaction time (1 h instead of 2 h) product 16a-D was still formed, but also 17-
D2 was identified and isolated in 13% yield (Scheme 38a). This product was 
confirmed by 1D and 2D NMR analysis.[102] This finding was highly 
unexpected, as iodine(III) compounds with alkyl ligands are generally 
unstable.[5] The isolation of 17-D2 strongly supports the formation of 
intermediate K (Scheme 36). Product 17-D2 was submitted to reaction 
conditions using 1.0 equivalent of DBU and as expected, product 16a-D was 
obtained in 88% yield with Z:E ratio of 1:3 (Scheme 38b). A kinetic NMR 
study of reactions between 15a with 7a was also carried out, which led to the 
observation of the corresponding intermediate 17-H2 in minor amounts.[102] 
 

 
Scheme 38. a) Isolation of compound 17-D2 and b) conversion of 17-D2 to product 16a-D. 
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Scheme 39. Crossover experiment with 7a-D2 and VBX 7h. 
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Scheme 40. Stereochemistry analysis of phosphine oxide 15a with 7a-D. 

 
Based on the results obtained from the deuterium labelling (Scheme 37-

39), the five pathways in Scheme 36 were evaluated. Pathway IV and V 
involving the formation of carbenes H or J could be excluded, as these 
intermediates would deliver the product bearing both deuterium atoms in the 
same position. For the same reason, the concerted hydride shift and 
subsequent elimination from the anion intermediate I is excluded (pathway 
V). The results obtained strongly indicate that the base is involved in the 
protonation, which aligns well with pathways V-VIII proceeding through 
intermediates I and K (Scheme 36). 

4.3.3 DFT calculations  
 

DFT calculations were performed at the M06-2X[52] level of theory 
(Chapter 1.4.1) of pathways IV-VIII (Scheme 36). Even though the formation 
of carbene H (pathway IV) or J, as well as the 1,2-shift with subsequent 
elimination from intermediate I (pathway V, VI, VII, VIII), could be 
excluded based on the deuterium experiments, DFT calculations of all 
pathways were carried out. However, the energy profiles of the carbene 
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intermediate I to the product were found high in energy, which does not 
correlate with the experimental observations.[102] A direct (3+2) cycloaddition 
from intermediate N to intermediate K (pathway VIII) revealed a high 
transition state and therefore, this pathway could be excluded.[102] Finally, 
pathways V-VIII proceeding through intermediates I and K aligns well with 
the results obtained from the deuterium experiments and DFT calculations are 
presented below for these pathways.  
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4.3.3.1 Pathways V and VII: b-attack 
 

The reaction starts with deprotonation of the phosphine oxide by base via 
transition state TS0, which was found with an energy of 20.0 kcal/mol (Figure 
11). Subsequently, intermediate M’ was formed with a coordination of the 
oxygen atom of 15a to the iodine center via halogen bonding. Attempts to 
locate intermediate L (pathway VI, Scheme 36) were in vain and no 
coordination of the phosphorous atom to the iodine center was observed. The 
reaction continues with P-b-carbon bond formation through transition state 
TS1 (26.9 kcal/mol), to form intermediate I’, which it was found with an 
energy of 7.1 kcal/mol.  

When the energy profile was calculated starting from the phosphinous acid 
(pathways VII and VIII, Scheme 36), deprotonation and I-O coordination to 
yield intermediate M could not be localized. Instead, intermediate N’ was 
found (9.2 kcal/mol), where a direct I-O coordination and a hydrogen bond 
between the DBU and the OH moiety of 15a’ were observed (Figure 11). 
Then, the P-b-carbon bond is formed with simultaneous deprotonation of the 
phosphinous acid (15a’) by DBU via transition state TS1’. The energy of this 
transition state was found to be lower in energy (20.5 kcal/mol) compared to 
TS1 (26.9 kcal/mol). After phosphorous-carbon bond formation via the lower 
transition state TS1’, intermediate I’ is formed. 

 

 
Figure 11. Reaction free energy profile in THF using M06-2X(PCM)/def2-TZVP//B3LYP-
D3(PCM)/6-31g(d,p)+LANL2DZ for b-attack of the phosphine oxide (black pathway) and 

phosphinous acid (green pathway). 
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From intermediate I’, three possible pathways could deliver product 16a: 
carbene formation and subsequent 1,2-shift; 1,2 hydride shift and elimination; 
and protonation followed by b-elimination. The routes proceeding through a 
1,2-shift are not supported by the deuterium labelling experiments (Chapter 
4.3.2), and hence only the third pathway was considered. In the structure of 
intermediate I’, the +DBU-H is coordinating to the a-carbon of the vinyl 
moiety from above the plane. Moreover, it was envisioned that the base could 
also protonate the a-position from below the plane to give intermediate I’-
below (Figure 12). While intermediate I’ was found with an energy of 7.1 
kcal/mol, intermediate I’-below was higher in energy (12.4 kcal/mol). From 
these intermediates, both transition states were calculated. Indeed, transition 
state TS2 was found with an energy of 6.9 kcal/mol, while the energy of TS2-
below is 12.8 kcal/mol. Hence, the protonation from above via TS2 is 
favoured, and gives rise to intermediate syn-K’ (-6.4 kcal/mol), where the b-
proton and the iodine(III) have a syn relationship (Figure 12). 
 

 
Figure 12. Reaction free energy profile in THF using M06-2X(PCM)/def2-TZVP//B3LYP-

D3(PCM)/6-31g(d,p)+LANL2DZ for b-attack of the phosphine oxide. 
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much lower energy of 6.9 kcal/mol, supporting that the b-elimination step 
takes place via an E2 mechanism (Figure 13). 
 

 
Figure 13. Reaction free energy profile in THF using M06-2X(PCM)/def2-TZVP//B3LYP-

D3(PCM)/6-31g(d,p)+LANL2DZ for b-attack of the phosphine oxide. 
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Figure 14. Free-energy profile of P-vinylation with VBX 7a. 

 

4.4 Conclusion  
 

The combination of experimental and theoretical studies of the transition 
metal-free vinylations of S- and P-nucleophiles with VBX 7a revealed two 
different pathways leading either to the internal or the terminal alkene. The S-
vinylation of thiols proceeds through deprotonation followed by ligand 
coupling to obtain the observed internal alkenes with retention of the (E)-
configuration (Figure 9). In the case of P-vinylation, the mechanism proceeds 
by isomerization to the phosphinous acid (Figure 11). Initial coordination of 
the phosphinous acid to the VBX is suggested, followed by a simultaneous 
deprotonation and Michael-type addition to give an anionic intermediate. 
Finally, the terminal alkene 16a is formed through a base-assisted protonation 
to K’ and E2 elimination (Figure 13). The double-deuterated form 17-D2 
could be isolated and strongly supports the proposed pathway via formation 
of intermediate K’. 
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vinylations with VBX reagents under metal-free conditions is predicted, 
where 5-membered TS are preferred when they can form. By exploiting the 
use of ambident nucleophiles such as phosphine oxides and nitroalkanes, 
terminal alkenes are obtained. Instead, monodent or strong nucleophiles, like 
deprotonated sulfur compounds, will provide internal alkenes through ligand 
coupling. 
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5 Photoredox-catalyzed stereoselective 
vinylation reactions with 
vinylbenziodoxol(on)es (Paper IV) 

5.1 Introduction 
 

Visible-light induced photoredox catalysis has emerged as one of most 
versatile tools in modern organic chemistry.[109] In photoredox-catalyzed 
procedures, metal photocatalysts or organic dyes can efficiently covert light 
into chemical energy, allowing the activation of organic substrates via single-
electron transfer (SET).[110] This strategy allows to access a large variety of 
synthetically relevant reactions under mild conditions.[111] 

Hypervalent iodine compounds, such as benziodoxolones, benziodoxoles 
and diaryliodonium salts have been used as efficient and suitable coupling 
partners in photoredox catalysis. Among benziodoxolones, EBXs have been 
intensively used as alkynylating reagent in photochemical 
transformations.[112] In 2014, the first photochemical protocol based on EBX 
was reported by Chen and co-workers in the alkynylation of 
organotrifluoroborates. Subsequently, many more procedures of alkynylation 
reactions have been developed with EBX.[112] 

To the contrary, VBX and the corresponding VBO reagents have been 
poorly explored under photoredox conditions. Firstly, the use of VBX was 
explored by the Leonori group, who reported seven examples of imino-
vinylations using VBX derivatives to access nitrogen heterocycles.[47] Later, 
the Waser group used a vinylbenziodoxolone in the fragmentation-vinylation 
cascade of cyclic oximes to form alkenes, but their use was limited to two 
examples.[48] 

The aim of this project was to combine photoredox catalysis with VBX 
reagents and an alkyl radical precursor to develop a transition metal-free and 
stereoselective approach to access olefins. Given the difficulty in forming 
alkyl radicals directly from aldehydes,[113] 1,4-dihydropyridine (DHP) 
derivatives have been extensively utilized as a suitable alternative due to their 
one-step synthesis from aldehydes and facile formation of radical 
intermediates under photoredox-catalyzed conditions.[114]  
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This project was led by Dr. Kumar Bhaskar Pal and his results on 
optimization and substrate scope are briefly summarized below. My 
contributions on the mechanistic investigations exploiting the use of 
deuterium labelling and DFT calculations are discussed in more detail.  

5.2 Optimization and selected substrate scope  
 
The optimization of the reaction was performed using 4-cyclohexyl-1,4-

dihydropyridine (18a) as the alkyl radical precursor and VBX 7a. Based on 
literature reports, a summary of the performed optimization is presented 
(Table 4).[115] First, photocatalysts were screened, and  transition metal-based 
photocatalysts like Ir(dFppy)3 gave poor yield and low E/Z ratio of product 
20a (entry 1). With the aim to avoid the use of transition metals in this 
protocol, a series of organic photocatalysts such as Mes-Acr(BF4) and Rose 
Bengal were utilized, which greatly improved the E/Z ratio(entries 2-3). A 
better yield was obtained with 4CzPN and, product 20a was obtained in 46% 
yield with complete (E)-selectivity (entry 4).  

 
Table 4. Selected entries from optimization of vinylation of 18a.  

 
Entry Solvent  Base Photocatalyst Yield of 

20a (%)[a] 
E/Z ratio 

1 MeCN - Ir(dFppy)3 36 3:1 
2 MeCN - Mes-Acr(BF4) 39 >20:1 
3 MeCN - Rose bengal 38 >20:1 
4 MeCN - 4CzPN 46 >20:1 
5 DMF - 4CzPN 63 >20:1 
6 DCM - 4CzPN 72 9:1 
7 THF - 4CzPN 24 11:1 
8 MeCN/H2O (4:1) - 4CzPN 63 >20:1 
9 MeCN/H2O (4:1) K2CO3 4CzPN 74 >20:1 
10 MeCN/H2O (4:1) Na2HPO4 4CzPN 67 >20:1 
11 MeCN/H2O (4:1) NaOAc 4CzPN 84 (74)[b] >20:1 
12 MeCN/H2O (4:1) NaOAc 4CzPN 60[c] >20:1 

[a] 1H-NMR yield calculated using TMB as internal standard. [b] Isolated yield. [c] Reaction 
performed using VBO 19a instead of VBX 7a. 
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Next, a solvent screen showed that DMF and DCM produced 20a in good 
yields with (E)-selectivity (entries 5 and 6). Instead, poor yield of 20a as well 
as low E/Z ratio was found using THF (entry 7). Finally, a mixture of 
MeCN/H2O gave product 20a in good yield and high E/Z ratio (entry 8). A 
series of bases were then evaluated, and reactions in presence of K2CO3 
delivered 20a in 74% yield (entry 9), while Na2HPO4 gave a slightly lower 
yield (entry 10). The use of NaOAc resulted in 84% NMR yield and 74% 
isolated yield of 20a with retention of the (E)-configuration (entry 11). 
Finally, VBO 19a was tested as an alternative vinyl source for this 
transformation. Indeed, 19a provided product 20a was obtained in 60% yield 
and complete (E)-selectivity (entry 12). 

With the optimized reaction conditions in hand (Table 4, entry 11), the 
scope of alkyl DHPs was evaluated and was found to include more than 25 
examples.[116] Only a few selected examples are presented in Scheme 41. 
Cyclic substrates 20a-20c were successfully synthetized in good to high yields 
with complete (E)-selectivity using VBX 7a. However, 7a was less efficient 
with acyclic DHP derivatives and product 20d was obtained in higher yield 
with VBO 19a (52% versus 15% yield). Finally, product 20e was synthesized 
in excellent yield and high (E)-selectivity using VBX 19a. 
 

 
Scheme 41. Selected examples of vinylations of alkyl-DHPs derivatives 18 with VBX 7a and 

VBO 19a.  
 

To further demonstrate the utility of this method, a series of substituted 
VBO reagents 19 were employed with 18e. Indeed, olefins 20f-20i could be 
efficiently vinylated with high stereoselectivity (Scheme 42). In all cases, 
retention of the alkene configuration was observed. The trisubstituted 
products 20h and 20i further demonstrate the applicability of the developed 
method. For product 20i, O-VBX 7h was found to be slightly more efficient 
than O-VBO 19e (34% versus 29% yield).  
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Scheme 42. Selected examples of vinylations of DHP 18e with VBO 19b-e.  

 
Thus, the scope was continued with Z-configurated VBX reagents and a 

series of Z-configured O- and N-VBX (7h-k) were tested with DHP 18f 
(Scheme 43). The hydroxyl moiety did not interfere with the vinylation, and 
Z-alkenes 20j-20m were obtained in moderate to good yields with Z/E ratios 
>20:1. Both electron-donating and electron-withdrawing substituents on (Z)-
O-VBX were tolerated under these conditions, yielding (Z)-alkenes 20j and 
20k. Finally, a series of N-VBX reagents were employed and Z-alkenes 20l 
and 20m were obtained in 74% and 55% yield, respectively. In all cases, the 
(Z)-configuration was retained, as confirmed by 1D and 2D NMR analysis of 
all products.[115] 

 

 
Scheme 43. Selected examples of vinylations of DHP 18f with VBX 7o and 7t-7v. 
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5.3 Mechanistic study  
 

The reaction mechanism of the developed vinylation methodology was 
investigated using VBX 7a and DHP 18e (Table 5). First a series of control 
experiments were performed and compared with the results under the 
optimized conditions (entry 1). When the reaction was carried out in the 
absence of photocatalyst 4CzPN, only traces of product 20e were detected 
(entry 2), while no product was observed in absence of the blue LED strip 
(entry 3). From these results, it was clear that the reaction is only efficient in 
presence of photocatalyst and blue LED strip.  
 
Table 5. Control experiments of the vinylation of DHP 18e with VBX 7a.  
 

 
Entry  Deviations Yield of 20e (%)[a] 

1 none 70 
2 without 4CzPN traces 
3 without blue LED strip n.d. 

[a] 1H-NMR yield calculated using TMB as internal standard. 
 

Next, a radical trap experiment with 3.0 equivalents of TEMPO was 
conducted to detect a possible radical intermediate (Scheme 44). In this case, 
product 20e was not obtained and the TEMPO-adduct product 21 was detected 
by high resolution mass spectrometry (HRMS). The formation of product 21 
strongly supports the radical nature of this transformation.  

 

 
Scheme 44. Radical trap experiment of vinylation of DHP 18e with VBX 7a.  
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deuterium was retained in the same position as in reagent 7a-D, which was 
confirmed by using 1D and 2D NMR analysis.[115]  
 

 
Scheme 45. Deuterium experiment with VBX 7a-D and DHP 18e. 

 
Alkyl-DHPs are often used as alkyl radical precursors in photoredox 

catalytic processes, and their reactivity has been intensively investigated.[117] 
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three possible mechanisms for this transformation are depicted in Scheme 46. 
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Scheme 46. Proposed mechanism for the vinylation of DHP 18 with VBX 7a. 

 
 Preliminary DFT calculations were performed at the M06-2X[52] level of 

theory (Chapter 1.4.1) on the three proposed pathways. 4-Cyclohexyl-1,4-
dihydropyridine (18a) and VBX 7a were chosen as the model substrates for 
this investigation. First, the free energy profile was computed for the 
concerted radical coupling (pathway I) and intermediate I0 was found with an 
energy of 2.3 kcal/mol. This intermediate I0 resembles the intermediate found 
in the mechanism of the S-vinylation of thiols (Figure 9, Chapter 4.2.3.1). In 
fact, the cyclohexyl radical is already shifted to the a-carbon of the vinyl 
moiety. Then, the reaction proceeds via transition state TS1 (12.7 kcal/mol), 
which leads directly to the vinylated product 20a in a stereospecific fashion 
(Scheme 47).  

The a-addition pathway was then calculated but the same energy profile as 
the concerted radical coupling was obtained and  attempts to locate 
intermediate Ia were in vain. 
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Scheme 47. Reaction free energy profiles in MeCN using M06-2X(PCM)/def2-TZVP//M06-

2X(PCM)/def2-SVP for the concerted radical coupling pathway. 
 

The free energy profile was computed for the b-addition pathway staring 
from intermediate I0 (Scheme 48). After formation of the C-Cb bond via 
transition state TS2 with an energy of 13.7 kcal/mol, the radical intermediate 
I1 was found (-8.7 kcal/mol).  

 

 
Scheme 48. Reaction free energy profiles in MeCN using M06-2X(PCM)/def2-TZVP//M06-

2X(PCM)/def2-SVP for the b-addition pathway. 
 

Fr
ee

 E
ne

rg
y 

(k
ca

l/m
ol

)

I0

2.3

TS1

12.7

20a

-37.5

I

O

O
Ph

Ph

+

I

O

O

II

0.0

I

O

O
Ph

I

O

O
Ph

Fr
ee

 E
ne

rg
y 

(k
ca

l/m
ol

)

I

O

O
Ph

I

O

O
Ph

I

O

OI0

2.3

TS2

13.7

I1

-8.7

0.0

I

O

O
Ph



 60 

From intermediate I1, transition state TS3 (4.6 kcal/mol) was obtained, where 
the phenyl migrates to the a-position of the vinyl moiety to provide the 
intermediate I2 with an energy of 1.7 kcal/mol (Scheme 49). Finally, product 
20a and the iodanyl radical III is delivered via transition state TS4, which was 
located with an energy of 6.4 kcal/mol. 
 

 
Scheme 49. Reaction free energy profiles in MeCN using M06-2X(PCM)/def2-TZVP//M06-

2X(PCM)/def2-SVP for the b-addition pathway. 
 

The energies calculated for both the concerted radical coupling and b-
addition pathways, are very close to each other in energy, which indicates that 
the reaction may proceed via both pathways. However, the b-pathway could 
be excluded based on the deuterium labelled experiment results (Scheme 45). 
In fact, the reaction between the mono-deuterated VBX 7a-D and DHP 18e 
only delivered product 20e-D, where the deuterium is retained in the same 
position as the reagent 7a-D (Scheme 50). In case of the b-pathway, the 
migration of the phenyl group to the a-position of the vinyl moiety would 
deliver product 20e-D’. However, product 20e-D’ was not observed, which 
suggests that the radical mechanism does not proceed via b-addition but via 
concerted radical addition.  
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Scheme 50. Expected products from the deuterium labelling. 

 

5.4 Conclusion 
 

In conclusion, a photoredox-catalyzed vinylation method has been 
developed by exploiting the use of VBX reagents with 4-alkyl-1,4-DHPs. The 
reactions were performed under mild conditions, also avoiding the use of a 
transition metal-based photocatalyst. A variety of functional groups were well 
tolerated, leading to straightforward access to a range of alkenes in good to 
high yields with high stereoselectivity. The application of this method was 
further demonstrated in the stereoselective synthesis of trisubstituted 
enamides and enol ethers. The developed protocol can find broad application 
in the synthesis of di- and tri-substituted alkenes and late-stage modifications 
of pharmaceutically important organic molecules. Preliminary mechanistic 
investigations suggest that the reaction proceeds via formation of an alkyl 
radical intermediate, which then reacts stereospecifically with the VBX 
through a concerted radical coupling. 
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6 Concluding remarks 

In the present thesis, the synthesis, reactivity, and applications of the 
hypervalent iodine reagents diaryliodonium salts and vinylbenziodoxol(on)es 
have been explored.  

The second chapter presents the synthesis of novel diaryliodonium salts based 
on azobenzenes, and their applications in metal-free arylations of different 
nucleophiles. The method allowed to overcome the current limitation in ortho-
functionalizations of azobenzenes.  

The third chapter describes a high-yielding method for the S-vinylation of 
aromatic and aliphatic thiols as well as mercaptothiazoles with VBX. The 
method proceeded without the use of transition metals and under mild 
conditions without excess reagents. Furthermore, the method allowed to 
obtain products with complete chemo- and regioselectivity, as well as high 
stereoselectivity. Finally, it has been shown that novel core-substituted VBX 
reagents influence the S-vinylation. 

The first experimental and theorical study of metal-free vinylations with VBX 
is presented in the fourth chapter. The observed regio- and stereochemical 
outcome in the vinylations of sulfur and phosphorous nucleophiles has been 
rationalized by NMR analysis, deuterium labelling and DFT calculations. The 
S-vinylation with VBX proceeds via deprotonation of thiophenol followed by 
ligand coupling to yield the internal alkene. To the contrary, the P-vinylation 
consists of a phospha-Michael-type addition followed by a base-assisted 
protonation and E2 elimination to give the terminal alkene.  

In the fifth chapter, a transition metal-free photoredox-catalyzed vinylation of 
DHPs derivatives with VBX is discussed. The method showed a great 
tolerance for a variety of functional groups, which allows the synthesis of 
alkenes in good yields with high stereoselectivity. Preliminary mechanistic 
investigation showed that the reaction goes via concerted radical coupling.  
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I. Ester Maria Di Tommaso performed the synthesis and application of 
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the manuscript and supporting information. 
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Appendix C – Experimental data Chapter 3-
5 

Full experimental data and supporting information for Chapter 3 can be 
found at: 
 
https://doi.org/10.1002/anie.202002936 
 
 
Full experimental data and supporting information for Chapter 4 can be 
found at: 
 
https://doi.org/10.1002/anie.202206347 
 
 
Full experimental data and supporting information for Chapter 5 can be 
found at: 
 
https://doi.org/10.26434/chemrxiv-2023-582t7 
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