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Abstract
Diaryliodonium salts are versatile reagents that are utilised for several transformations in organic chemistry. They are
mainly used in transition metal-free arylations of C-, N-, O- as well as S-nucleophiles and show a high efficiency in
transition metal catalysed reactions due to their high activity towards oxidative addition. Furthermore, diaryliodonium salts
are considered as low toxic reagents that can be synthesised in one-pot procedures.

In Chapter 1 the term hypervalent iodine is introduced along with structure, reactivity and synthesis of diaryliodonium
salts. To understand later research topics nucleophilic aromatic substitution, including electronic and structural factors that
influence reactivity and selectivity are described. Furthermore, sustainability in organic chemistry is discussed through
selected examples along with discussions about the principles of green chemistry.

In Chapter 2 we present a strategy for the synthesis of novel functionalised diaryliodonium salts that would not be
possible to synthesise under the acidic and oxidative state-of-the-art conditions. The incorporation of these functionalities
is done via SNAr utilising amines, phenols and anilines as nucleophiles, enabling the synthesis of more than 50 novel
functionalised iodonium salts. In Chapter 3, reactivity studies give insight into competing functionalities in these reagents
as well as downstream diversifications to show the applicability of the novel products.

Diaryliodonium salts are typically synthesised in non-sustainable solvents such as dichloromethane. In Chapter 4 we
show that it is possible to form these reagents in the more sustainable solvent ethyl acetate. A plethora of salts are presented
with useful ligands for synthesis using these compounds. To prove the robustness of the method three large-scale reactions
are performed and their sustainability assessed by E-factors.

Finally, in Chapter 5 we present a one-pot functionalisation of arenes and iodoarenes by combining our method for the
synthesis of iodonium salts in ethyl acetate with a consecutive arylation of sodium thiocyanate, potassium ethyl xanthate
and sodium nitrite, avoiding the isolation of an iodine(III) intermediate.
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Abstract 

Diaryliodonium salts are versatile reagents that are utilised for several transformations in 

organic chemistry. They are mainly used in transition metal-free arylations of C-, N-, O- as 

well as S-nucleophiles and show a high efficiency in transition metal catalysed reactions 

due to their high activity towards oxidative addition. Furthermore, diaryliodonium salts are 

considered as low toxic reagents that can be synthesised in one-pot procedures. 

In Chapter 1 the term hypervalent iodine is introduced along with structure, reactivity and 

synthesis of diaryliodonium salts. To understand later research topics nucleophilic aromatic 

substitution, including electronic and structural factors that influence reactivity and 

selectivity are described. Furthermore, sustainability in organic chemistry is discussed 

through selected examples along with discussions about the principles of green chemistry. 

In Chapter 2 we present a strategy for the synthesis of novel functionalised diaryliodonium 

salts that would not be possible to synthesise under the acidic and oxidative state-of-the-art 

conditions. The incorporation of these functionalities is done via SNAr utilising amines, 

phenols and anilines as nucleophiles, enabling the synthesis of more than 50 novel 

functionalised iodonium salts. In Chapter 3, reactivity studies give insight into competing 

functionalities in these reagents as well as downstream diversifications to show the 

applicability of the novel products. 

Diaryliodonium salts are typically synthesised in non-sustainable solvents such as 

dichloromethane. In Chapter 4 we show that it is possible to form these reagents in the more 

sustainable solvent ethyl acetate. A plethora of salts are presented with useful ligands for 

synthesis using these compounds. To prove the robustness of the method three large-scale 

reactions are performed and their sustainability assessed by E-factors. 

Finally, in Chapter 5 we present a one-pot functionalisation of arenes and iodoarenes by 

combining our method for the synthesis of iodonium salts in ethyl acetate with a 

consecutive arylation of sodium thiocyanate, potassium ethyl xanthate and sodium nitrite, 

avoiding the isolation of an iodine(III) intermediate. 

  



 

II 
 

Populärvetenskapplig sammanfattning 

Allt omkring oss, inklusive vi själva, består av atomer. Atomer liknar små sfärer som kan 

kopplas samman och bilda strukturer av varierande storlek; dessa strukturer kallas 

molekyler. Beroende på sin sammansättning kan molekylerna uppvisa vitt skilda 

egenskaper: de kan vara livsnödvändiga som vatten eller fungera som läkemedel mot 

sjukdomar, men de kan också vara skadliga för människor och miljö. 

Kemi handlar om att framställa sådana molekyler genom att avsiktligt koppla samman olika 

atomer via kemiska reaktioner. Ett betydande problem är dock att många av dessa 

reaktioner traditionellt har utförts på sätt som är mycket skadliga för miljön. 

Denna doktorsavhandling fokuserar på molekyler som heter diaryljodoniumsalter. Dessa 

kan användas för att göra sådana reaktioner mindre skadliga och därmed säkrare för miljön. 

En stor del av arbetet går ut på att framställa nya diaryljodoniumsalter genom en process 

som kallas ”nukleofil aromatisk substitution.” I denna reaktion kan enskilda atomer ersättas 

av större, komplexa molekylgrupper. De resulterande diaryljodoniumsalterna kan sedan 

användas i reaktioner som annars skulle kräva dyra och miljöskadliga sällsynta 

jordartsmetaller. 

Lösningsmedel utgör oftast den största delen av de kemikalier som används i kemiska 

reaktioner, vilket gör deras egenskaper avgörande för att uppnå en mer hållbar process. En 

stor utmaning vid framställningen av diaryljodoniumsalter är beroendet av giftiga, 

halogenerade lösningsmedel. För att komma till rätta med detta problem beskriver 

avhandlingen en metod för att framställa diaryljodoniumsalter i etylacetat, som är ett 

giftfritt och hållbart lösningsmedel. Metoden har även kombinerats med en ytterligare 

reaktion, utan att diaryliodoniumsalterna behöver isoleras under tiden. Detta sparar resurser 

och gör reaktionen mer hållbar. 
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Populärwissenschaftliche Zusammenfassung 

Alles um uns herum, einschließlich uns selbst, besteht aus Atomen. Atome sind wie kleine 

Kugeln, die aneinanderhängen können und je nach Anzahl größere oder kleinere Strukturen 

bilden. Diese Strukturen nennt man Moleküle. Je nach Zusammensetzung können diese 

Moleküle verschiedene Eigenschaften haben. Sie können wie Wasser essentiell für das 

Leben sein, als Medikament Krankheiten bekämpfen, aber auch schädlich sein für Mensch 

und Umwelt. 

Die Chemie beschäftigt sich mit der Herstellung solcher Moleküle, indem verschiedene 

Atome in Reaktionen geplant zusammengeknüpft werden. Das Problem ist jedoch, dass das 

Durchführen vieler dieser Reaktionen traditionell auf eine sehr umweltschädliche Art und 

Weise betrieben wird. 

In dieser Doktorarbeit geht es um sogenannte Diaryliodoniumsalze, bei denen es sich um 

Moleküle handelt, die eingesetzt werden können, um solche Reaktionen weniger schädlich 

und damit sicherer für die Umwelt zu machen. Ein Großteil dieser Arbeit handelt von der 

Herstellung von neuartigen Diaryliodoniumsalzen mit Hilfe einer Reaktion, die 

„nukleophile aromatische Substitution“ genannt wird. In dieser Reaktion können einzelne 

Atome mit größeren und komplexen Molekülen ausgetauscht werden. Diese neu 

hergestellten Diaryliodoniumsalze können dann in Reaktionen verwendet werden, die sonst 

mit teuren und umweltschädlichen Seltenerdmetallen durchgeführt werden. 

Des Weiteren macht im Regelfall in chemischen Reaktionen das Lösungsmittel den 

Großteil aller eingesetzten Chemikalien aus. Dadurch sind die Eigenschaften des 

Lösungsmittels für einen nachhaltigeren Prozess besonders wichtig. Ein großes Problem 

bei der Herstellung der Diaryliodoniumsalze ist jedoch, dass dafür giftige und nicht 

nachhaltige Lösungsmittel erforderlich sind. Um das Problem zu lösen, wurde in dieser 

Arbeit auch eine Methode entwickelt, um Diaryliodoniumsalze in einem ungiftigen und 

nachhaltigen Lösungsmittel herzustellen. Diese Methode wurde zudem mit einer weiteren 

Reaktion kombiniert, ohne dass die Diaryliodoniumsalze zwischendurch isoliert werden 

müssen. Dadurch werden Ressourcen gespart und die Reaktion nachhaltiger. 
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Abbreviations 

Abbreviations are used with standards of the subject.* Additional abbreviations in this 

thesis are listed below. 

3c-4e 3-Centre 4-electron 

Anisyl 4-Methoxyphenyl 

CPME Cyclopentyl methyl ether 

DMEDA N,N′-Dimethylethylendiamine 

DMIX 3,5-Dimethylisoxazol-4-yl 

dtbpy 4,4′-Di-tert-butyl-2,2′-bipyridyl 

EAS Electrophilic aromatic substitution 

EDG Electron-donating group 

EWG Electron-withdrawing group 

HFIP Hexafluoroisopropanol 

mCBA meta-Chlorobenzoic acid 

mCPBA meta-Chloroperbenzoic acid 

MIDA N-Methyliminodiacetic acid 

OTf Trifluoromethanesulfonate (triflate) 

OTs para-Toluenesulfonate (tosylate) 

Oxone® Potassium peroxysulfate-potassium sulfate-potassium bisulfate 

PFAS Per- and polyfluoroalkyl substances 

Selectfluor® 1-(Chloromethyl)-4-fluoro-1,4-diazabicyclo[2.2.2]octane-1,4-
diium ditetrafluoroborate 

SNAr Nucleophilic aromatic substitution 

TFE Trifluoroethanol 

TfOH Trifluoromethansulfonic acid (triflic acid) 

TMB 1,3,5-Trimethoxybenzene 

TMP 1,3,5-Trimethoxyphenyl 

TNT 2,4,6-Trinitrotoluene 

TsOH para-Toluenesulfonic acid (tosic acid) 

VOC Volatile organic compounds 

 
* Journal of Medicinal Chemistry   
(https://pubsapp.acs.org/paragonplus/submission/jmcmar/jmcmar_abbreviations.pdf) 
accessed: August 05, 2026. 
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1 Introduction 

1.1 Hypervalent iodine 

Iodine bears the electronic configuration [Kr] 4d10 5p5 5s2 and possesses a low first 

ionisation energy of 1008.4 kJ/mol,[1] which results in a relatively facile first oxidation. 

Common oxidation states of iodine in compounds are −I, +I, +III, +V, +VII, where the 

latter three states are hypervalent.[2] The term hypervalency applies mainly to elements 

from group 15-18 of the periodic table, which are able to break the octet-rule by being 

surrounded by more than eight electrons in their valence shell.[2] This is made possible by 

3-centre 4-electron (3c-4e) bonds that enable more ligands to bind to the iodine centre. A 

3c-4e bond originates from two p-orbitals, one from each ligand, which are combined with 

the p-orbital of the central atom. The result is three linear molecular orbitals (MOs): a 

bonding (Ψ), non-bonding (Ψnb) and anti-bonding (Ψ*, Figure 1, A). After filling the MOs 

with four electrons according to the Pauli principle, the Ψnb is then fully occupied. Since in 

the Ψnb a node is located at the central atom, representing no electron density, it makes the 

central atom electrophilic.[3]  

In iodine(III) compounds, a T-shaped structure is observed. Two ligands L1 and L2 (Figure 

1, B) are located in the hypervalent bond (also referred as apical position) and the third 

ligand L3 in equatorial position, 90° to the hypervalent bond. The same symmetry is 

observed in diaryliodonium salts, where one aryl ligand and the counter ion are in the 

hypervalent bond (Figure 1, C).[4]  

When the aryl ligands are not identical, diaryliodonium salts are unsymmetric and depicted 

as ionic structures since the counter ion can be located in the hypervalent bond with either 

ligand Ar1 or Ar2. On the contrary, if both ligands are equivalent, iodonium salts are 

symmetric and depicted with a covalent bond to the counter ion. In solution, it is suggested 

that both conformers exist in an interchanging equilibrium.[4] 

 

Figure 1: Hypervalency and structure of iodine(III) compounds. 
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1.2 Reactivity of diaryliodonium salts 

1.2.1 Ligand exchange 

Due to the oxidation state +3 in diaryliodonium salts and its concomitant high 

electrophilicity, nucleophiles can attack the iodine centre. It was calculated for 

diaryliodonium salts and other iodine(III) reagents that nucleophiles will attack the σ*-

orbital of an aryl ligand iodine bond (Figure 2). Since iodonium salts bear two aryl ligands, 

two of these sites exist, which are referred to as σ-holes in the literature.[5–7] 

 

Figure 2: Structure of a diaryliodonium salt with its σ-holes. 

In solution, nucleophiles react with iodonium salts via ligand exchange.[8,9] The interaction 

with nucleophiles can occur via an associative or dissociative pathway (Scheme 1). In an 

associative pathway (A), the nucleophile attacks the iodine(III) centre forming a negatively 

charged square planar intermediate, followed by liberation of the counterion. In the 

dissociative pathway (B) the counterion leaves in the first step, forming a positively 

charged species, followed by attack of the nucleophile.[10] 

 

Scheme 1: Ligand exchange pathways of diaryliodonium salts.  
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1.2.2 Ligand coupling 

Diaryliodonium salts are metal-free arylation reagents, where one aryl ligand is transferred 

onto a nucleophile while liberating stochiometric amounts of iodoarene (Scheme 2).[11] This 

proceeds via, firstly, ligand exchange forming an intermediate where one aryl ligand and 

the nucleophile are in apical position and the other aryl ligand is in equatorial position. This 

intermediate undergoes ligand coupling, which produces the product and liberates an 

iodoarene by reduction of iodine(III) to iodine(I).[11–13] 

 

Scheme 2: Mechanism for an arylation of a nucleophile with a diaryliodonium salt. 

When symmetric iodonium salts are used in ligand coupling reactions, the transfer of either 

aryl ligand results in identical outcomes (Scheme 3, A). On the contrary, when 

unsymmetric iodonium salts are used, two different products can be formed (Scheme 3, B). 

In both cases however, the iodine(III) will be reduced to iodine(I) and leaves bound to the 

un-transferred ligand, which is referred to as the dummy ligand.[12] The choice of the 

dummy ligand is important to control the resultant chemoselectivity that arises from having 

two different aryl ligands.  

 

Scheme 3: Arylation of a nucleophile utilising symmetric or unsymmetric iodonium salts. 
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1.2.3 Electronic effects in ligand coupling 

It is commonly observed that in unsymmetrical iodonium salts, the more electron deficient 

aryl ligand is coupled with the nucleophile, whereas the more electron rich aryl ligand acts 

as the dummy ligand.[13–15] The mechanism of ligand coupling explains which aryl ligand 

gets transferred (Scheme 4).[16] After ligand exchange with a nucleophile, two 

interchanging species (AEWG and AEDG) lay in a Curtin-Hammett controlled equilibrium.[10] 

In the transition state, the aryl ligand in equatorial position interacts with the nucleophile, 

building up a negative polarisation in the ligand (TSEWG and TSEDG). Due to the electron 

withdrawing substituent, this negative polarisation is better stabilised in TSEWG, which 

leads to a lower energy barrier and therefore favoured formation of coupling 

product PEWG.[13] 

 

Scheme 4: Chemoselectivity in ligand coupling. 

1.2.4 Steric effects in ligand coupling 

Steric effects can also determine the chemoselectivity in ligand coupling. There are several 

reports in the literature, which identify aryl ligands bearing ortho-substituents being 

transferred as opposed to the less sterically hindered ligand.[13,15,17] This phenomenon is 

called the ortho-effect (Scheme 5). In APh, the less sterically congested ligand is located in 

equatorial position, whereas in AAr, it is the sterically congested ortho-substituted ligand. 

In TSPh, this results in a steric clash between the ortho-substituents and the lone pairs at 

the iodine.[13,18] In contrast, TSAr shows no steric clash, resulting in a lower transition state 
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energy, and is therefore the preferred pathway, forming the favoured ligand coupling 

product PAr. Depending on the nucleophile, an anti-ortho-effect can be observed, where the 

less sterically congested aryl ligand is transferred.[13] This occurs for bulky nucleophiles, 

such as sterically hindered carbon-[10,15] and boron-nucleophiles,[15,19] as well as substituted 

pyrazoles,[20] which could lead to steric hindrance in TSAr of the nucleophile with the ortho-

substituents of the aryl ligand. 

 

Scheme 5: Ortho-effect in ligand coupling. 

1.2.5 Other reactivities 

By treatment with strong bases, diaryliodonium salts can be deprotonated in the ortho-

position (Scheme 6).[9] This results in an elimination where an iodoarene is liberated with 

formation of an aryne. The latter can undergo further transformations, either by addition of 

a nucleophile,[21] which can result in a mixture of regioisomers for R ≠ H.[22] It can also be 

trapped with dienes such as furan to form a Diels-Alder adduct.[23–26] 

 

Scheme 6: Iodonium salts as aryne precursors. 
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Iodonium salts can also be used in transition metal catalysis due to the high affinity of 

transition metals, commonly palladium[27–29] and copper,[30–32] to insert oxidatively into a 

ligand-iodine bond.[33] The energy barrier for oxidative addition of iodonium salts is even 

lower than for iodoarenes, which enables milder conditions for coupling reactions.[34] 

Chemoselectivity can be steered by the choice of an appropriate dummy ligand. Due to the 

size of transition metals, they typically insert into the ligand-iodine bond that is less 

sterically congested.[35] Ortho-substituents on an aryl ligand can force the metal-complex 

to insert into the less hindered aryl ligand-iodine bond to form an aryl-metal complex, 

(Scheme 7) that can undergo further transformation such as transmetalation or C–H 

activation.[33] 

 

Scheme 7: Iodonium salts in metal catalysis. 

1.3 Synthesis of diaryliodonium salts 

Readily available and cheap starting materials are vital for a methodology to be useful, 

especially for syntheses in the chemical industry. Since only a few diaryliodonium salts are 

commercially available, it is of interest to develop easy and reliable synthetic methods. The 

first diaryliodonium salt synthesis was published in 1894 by Hartmann and Meyer starting 

from the iodine(III) reagent iodosylbenzene,[36] which was further developed by Beringer 

and co-workers.[37,38] However, reliability and poor yields still made the access to these 

reagents difficult.  

Our group has pioneered the development of robust and efficient syntheses of 

diaryliodonium salts, resulting in methodologies requiring mild conditions from 

commercially available reagents.[39–41] Iodoarenes can be oxidised with mCPBA in presence 

of a strong acid such as triflic acid (TfOH) or para-toluenesulfonic acid (TsOH). The acid 

activates the oxidant to facilitate iodine oxidation (Scheme 8, A). The iodine(III) 

intermediate then reacts in an electrophilic aromatic substitution (EAS) with an arene to 

form the iodonium salt. The counterion is provided by the acid used in the oxidation step. 

This method allows the synthesis of symmetric and unsymmetric iodonium salts starting 

from both electron deficient and electron rich iodoarenes.[39]   
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The nucleophilicity of the added arene is an important consideration in this reaction because 

it needs to be nucleophilic enough to attack the iodine(III) intermediate. The arene can 

therefore be designed to be electron rich to facilitate the EAS, and to act as dummy ligand 

in metal-free applications. Since electron-rich dummy ligands are required for achieving 

high chemoselectivity in metal-free applications, there is strong alignment with this 

synthetic strategy.  

If the arene is not nucleophilic enough or the electronics of the arene would lead to an 

undesired carbon of the arene being bound to iodine, an alternative approach is necessary. 

Arylboronic acids can be used instead to increase the nucleophilicity of electron poor arenes 

or to control the constitution in the final product (Scheme 8, B). In this procedure, the Lewis 

acid boron trifluoride is used instead of a Brønsted acid.[40] This approach can deliver 

symmetric and unsymmetric iodonium salts with both electron deficient and electron rich 

aryl ligands. In approach C, elemental iodine is used as the source of iodine together with 

an arene.[39,42] 

I
OTf

Ar2

mCPBA (1.1 equiv)
TfOH (2-3 equiv)

Ar2

Ar1

+ I2

mCPBA (3-4 equiv)
TfOH (4-5 equiv)

I
BF4

Ar2

mCPBA (1.1 equiv)
BF3∙OEt2 (2-3 equiv)

Ar2

Ar1

I OTf

A)

B)

C)

+
DCM, 0 °C rt
10 min - 16 h

Ar1 I

Ar1 I

B(OH)2

+
DCM, 0 °C rt

45 min

DCM, 0 °C rt
10 min - 22 h

Ar1

Ar1

Ar1

 

Scheme 8: Synthetic pathways for iodonium salts. 

1.4 Nucleophilic aromatic substitution 

The nucleophilic aromatic substitution (SNAr) reaction is one of the most important 

reactions in synthetic organic chemistry, especially in medicinal chemistry, where it was 

the second most used reaction in 2014.[43] In SNAr reactions, an electron deficient arene 

with a leaving group (LG) is substituted with a nucleophile (Scheme 9).  

There are two possible mechanisms: a stepwise mechanism (Scheme 9, A) forming a 
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Meisenheimer-complex intermediate, and a concerted mechanism (Scheme 9, B) where the 

nucleophile approaches the arene simultaneously as the leaving group leaves. An 

intermediate is favoured, if the Meisenheimer-complex energy surface is lower in energy 

than the concerted pathway (A).[44–46] In this case, the first transition state (TS1) is lower 

than the second transition state (TS2), which makes the liberation of the leaving group and 

the resulting re-aromatisation the rate determining step.[47] However, a reaction only 

proceeds through this mechanism if the substrate bears very strong EWGs such as NO2 

groups in combination with fluoro-substituents to stabilise the delocalised negative charge 

in the Meisenheimer-complex (Int). In case of less electron poor arenes and leaving groups 

with lower electronegativity, such as bromide or chloride, the concerted mechanism B will 

be favoured. A computational study by Jacobsen and co-workers reveals that most SNAr 

reactions conducted in the pharmaceutical industry in fact proceed through concerted 

mechanism B.[48] 

 

Scheme 9: Mechanisms of SNAr with energy profiles. 

1.5 Sustainable chemistry 

Green chemistry is a field of chemistry where guidelines are followed to make a process 

less dangerous. This can be achieved by the use of less toxic or hazardous reagents and 

solvents, utilising renewable feedstocks, and the implementation of metrics to understand 

to what extent a reaction or process is sustainable.[49] Due to the threat of global warming, 

stronger awareness has been placed on how we utilise our resources and what changes are 
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required in our practices and methods. Overall, the attention of chemists turned to 

discovering new technologies and transformations that aimed to produce less CO2-

emissions, and less toxic and hazardous waste. In the 1980s, concerns of pollution by such 

chemicals grew, which especially affected the fine chemical industry.[50] The synthesis of 

phloroglucinol, a versatile platform chemical with applications for example as building 

block in pharmaceutical chemistry,[51] organic materials[52] or plant culture media,[53] is an 

example of these unsustainable traditional practices (Scheme 10). Oxidation of the 

hazardous and explosive trinitrotoluene (TNT) by K2Cr2O7, a toxic chromium(VI) 

compound, in H2SO4 delivers trinitrobenzoic acid (Scheme 10).[50,54] Bechamp reduction 

and decarboxylation lead to triaminobenzene, which then undergoes hydrolysis with 

aqueous HCl giving phloroglucinol. Although the target compound is produced in 90% 

yield over three steps it is far from being a green and sustainable process. Besides the target 

product, stoichiometric chromium containing waste and other inorganic salts are formed, 

which account for 40 kg of toxic waste per 1 kg of phloroglucinol. Since the disposal of 

such waste became costlier than the value of the product, alternative synthetic routes had 

to be found.[50] 

 

Scheme 10: Synthesis of phloroglucinol. 

1.5.1 Atom economy 

In 1991, Barry Trost proposed a metric to assess organic reactions by looking at the 

molecular weight of the reagents and the product.[55] This would allow a quick and easy 

way to identify the economy of a reaction. The so-called atom economy (AE) describes in 

percentage the molecular weight of the desired product divided by the sum of molecular 

weights of all reagents (Equation 1). This relation indicates how much of the reagents end 

up in the product, where at higher percentages more atoms of the reagents are found in the 

product. 

𝐴𝐸 =
𝑀(𝑃𝑟𝑜𝑑𝑢𝑐𝑡)

∑𝑀(𝑅𝑒𝑎𝑔𝑒𝑛𝑡𝑠)
× 100 (1) 
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This can be showcased based on reaction A and B in Scheme 11. In A, benzaldehyde gets 

hydrogenated with hydrogen gas in presence of a catalyst to form benzyl alcohol. Since all 

atoms of all reagents end up in benzyl alcohol, the sum of molecular weights of the reagents 

are equal to the product, which results in an AE of 100%. The catalyst is regenerated, 

remains untouched in the reaction and is therefore not to be considered in this calculation. 

In case B, styrene becomes epoxidised with peracetic acid, forming styrene oxide as desired 

product and acetic acid as by-product. Using Equation 1 for this reaction gives an AE of 

67%. 

 

Scheme 11: Synthesis and AE of benzyl alcohol and styrene oxide 

1.5.2 E-factor 

In 1992, another metric was introduced that gives better insight into the total waste 

formation of a reaction.[56] The so-called environmental factor (E-factor) is defined as mass 

of produced waste per mass of produced product (Equation 2), which means the more waste 

produced, the higher the E-factor. Therefore, an ideal E-factor of 0 is desired by no waste 

production at all. This, however, is only possible in theory due to the inevitable use of 

solvents in reactions and purifications. 

𝐸 − 𝑓𝑎𝑐𝑡𝑜𝑟 =
𝑚(𝑊𝑎𝑠𝑡𝑒)

𝑚(𝑃𝑟𝑜𝑑𝑢𝑐𝑡)
(2) 

In Table 1, typical E-factor values are shown for different industry segments.[57] Whereas 

in oil refining, which focuses on separation of crude oil with minimal waste formation, 

E-factors of <0.1 are common, higher E-factors are found in segments where more chemical 

steps are necessary to synthesise target compounds.  
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Table 1: E-factors in different industry segments. 

Industry segment E-factor 

Oil refining <0.1 

Bulk chemicals <1 – 5 

Fine chemicals 5 – 50 

Pharmaceuticals 25 – >100 

 

The E-factor gives a very good overview of a running process since the total mass used for 

the reaction is considered, but it is difficult, maybe impossible, to assess reactions 

beforehand. Here AE can be a quick and easy tool to assess the sustainability of reactions 

even without performing any experiment compared to E-factor calculations. 

1.5.3 The 12 Principles of Green Chemistry 

Obviously, both metrics atom economy and E-factor lack important information to indicate 

how green and sustainable a process is. Toxicology of reagents and waste as well as their 

impact on the environment are missing in both metrics. Whilst the E-factor accounts for all 

waste produced in a process, which also includes excess reagents, AE completely ignores 

not only excess of reagents but also reactants that formally do not appear in the equations 

such as catalyst, solvents and chemicals used for purification. A rather qualitative approach 

for the analysis of sustainability in organic chemistry was initiated in 1998 by Paul Anastas 

and John Warner. They published guidelines for chemists, called “The 12 Principles of 

Green Chemistry” that summarise the most important factors, which make chemistry less 

dangerous and more sustainable (Table 2).[49] Both E-factor and AE are part of the 12 

principles for example: in principle 1 “Prevention” the formation of waste should be 

reduced as much as possible, or principle 3 “Atom economy”. Other principles such as 

principles 3-5 clearly aim towards properties of chemicals, making chemistry more benign. 
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Table 2: The 12 Principles of Green Chemistry. 

1. Prevention 7. Use of Renewable Feedstocks 

2. Atom Economy 8. Reduce Derivatives 

3. Less Hazardous Chemical Syntheses 9. Catalysis 

4. Designing Safer Chemicals 10. Design for Degradation 

5. Safer Solvents and Auxiliaries 11. Real-time analysis for Pollution Prevention 

6. Design for Energy Efficiency 12. Inherently Safer Chemistry for Accident Prevention 

 

In 2025, the “Stockholm declaration on chemistry for the future” was launched with by 

now more than 2000 signatories recognising the urgent need of action towards greener and 

more sustainable chemistry. The chemists declare in five sections that in the future 

chemistry must change on all levels: research, industry, teaching and governmental policies 

to ensure human well-being in the world now and for all coming generations.[58] 

1.6 Aim of the thesis  

The aim of this thesis is to study the synthesis and applications of diaryliodonium salts, as 

well as developing more sustainable methods with the use of these hypervalent iodine 

reagents. 

In the first project (Chapter 2 and 3) we aimed to develop a synthetic route to heteroatom-

functionalised Ar2IX. Due to the strong oxidising and acidic conditions used in standard 

synthetic routes to diaryliodonium salts, functional groups that are prone to react under these 

harsh conditions are not compatible. Our strategy was to utilise the new reactivity of 

activated fluoro-substituted iodonium salts to incorporate nucleophiles via an SNAr 

reaction.  

In the second project (Chapter 4) we aimed for a more sustainable synthesis of 

diaryliodonium salts, replacing the most common reaction solvent dichloromethane (DCM) 

with a greener solvent. We wanted to develop the first one-pot synthesis of 3,5-

dimethylisoxazol-4-yl (DMIX) iodonium salts from iodo-DMIX (DMIX-I). 

The aim of the third project (Chapter 5) was to combine our developed one-pot synthesis 

of iodonium salts with the arylation of alkali metal salts in the same solvent.   
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2 SNAr-Functionalization of diaryliodonium salts 

(Paper I) 

2.1 Introduction 

The synthesis of diaryliodonium salts usually proceeds under acidic conditions with an 

oxidant, which is most commonly mCPBA (see Scheme 8).[12] These conditions are not 

compatible with all functional groups, especially not when they are prone to acidic and 

oxidative conditions. To solve this issue DiMagno and co-workers developed a milder 

procedure without Brønsted acid (Scheme 12).[59] Selectfluor® was utilised as oxidant to 

produce (diacetoxyiodo)arenes in presence of trimethylsilyl acetate (TMSOAc). Reactions 

with potassium 4-methoxyphenyltrifluoroborate and trimethylsilyl triflate (TMSOTf) 

delivered iodonium triflates bearing several functional groups that would not be stable 

under common conditions. The amount of TMSOTf is individual for each substrate 

depending on the conversion of iodoarene to diacetate. This was analysed for each reaction 

by 1H-NMR of aliquotes of the reaction mixture. Scheme 12 depicts a selected scope of 

salts synthesised via this method. The first example shows that very electron rich arenes 

are tolerated as well as tert-butyloxycarbonyl (Boc)-protective groups. In the second 

example amide-substituted iodoarene successfully reacted but the product was only 

obtained in 30% yield, and unprotected heteroatom-substituents are absent in the scope. 

Finally, a bicyclic substrate containing a double bond was used, giving the product in 65% 

yield. 
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Scheme 12: Synthesis of functionalised diaryliodonium salts via Selectfluor® oxidation of iodoarenes. a The 

in situ formed diacetate was analysed by 1H-NMR and the amount of TMSOTf adjusted for each substrate. 

Our group recently developed a new method for atom efficient diarylations of nucleophiles 

where both aryl ligands of the iodonium salt get incorporated in the product, which is 

facilitated by fluoro-substituted iodonium salts (Scheme 13). These reagents show a 

different reactivity than common iodonium salts. Primary amines, anilines, ammonia, 

water,[60] potassium ethyl xanthate[61] and malonates[62] react by replacing the fluoride in an 

SNAr reaction to form an SNAr intermediate, instead of the usual ligand exchange pathway. 

The intermediate is usually not stable under the reaction conditions and undergoes 

intramolecular arylation by the transfer of aryl ligand Ar2 onto the nucleophile (Scheme 

13). Instead of the formation of stochiometric iodoarene waste, both the iodine and the 

second arene Ar2 end up in the product to form highly functionalised products with 

excellent atom economy. Isolation of the SNAr intermediate was possible when water or 

potassium ethyl xanthate were used as nucleophiles.[60,61] 

 

Scheme 13: Diarylation of nucleophiles with fluoro-substituted iodonium salts. 
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When cyclic amines were used as nucleophile, it proved to be easy to isolate the respective 

SNAr intermediates (Scheme 14).[63] Furthermore, these novel ortho-functionalised 

iodonium salts can be transformed into diarylammonium salts via intramolecular arylation. 

In the presence of another nucleophile a deconstructive ring opening of the piperidine 

moiety takes place, forming complex and highly functionalised diarylamines.[63] 

 

Scheme 14: Synthesis of diarylamines via deconstructive functionalisation. 

Hence, in this chapter we envisioned to explore further substitution patterns, which make a 

diarylation impossible and allow for the synthesis of functionalised diaryliodonium salts. 

To prevent a diarylation to occur we designed iodonium salts with the fluoro-substituent in 

other positions than ortho. Furthermore, we envisioned the use of nucleophiles that cannot 

undergo diarylation, even in ortho-position, due to valency of the heteroatom. 

2.2 Synthesis of fluoro-substituted diaryliodonium salts 

Fluoro-substituted iodonium salts 1 were synthesised in a two-step procedure starting from 

fluoroarenes that were iodinated under conditions developed by Olah and co-workers.[64] 

In this protocol N-iodosuccinimide (NIS) was used as an electrophilic source of iodine, 

which is activated by triflic acid. The iodonium salts 1 were then synthesised from the 

previously prepared fluoroiodoarenes by oxidation under slightly modified conditions 

developed in our group using mCPBA as oxidant in presence of TfOH followed by EAS 

(Scheme 15).[41,65] 
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Scheme 15: Iodination-iodonium salt synthesis sequence. Given yields are only for the second step. a Water 

(3 eqiuv) was added before addition of anisole. b BF3∙OEt2 was used instead of TfOH and 

4-methoxyphenylboronic acid was used instead of anisole. c 5 equiv DMIX and 4 equiv of TfOH were used 

and the reaction time was 4 d. d Iodoarene was synthesised via Sandmeyer reaction from the corresponding 

aniline.[66] e Readily synthesised iodonium salt from the group was used. 

2.3 Amine nucleophiles 

A preliminary result by a previous co-worker, David Bulfield, showed a successful SNAr 

reaction of fluoro-substituted iodonium salt 1a with 3-phenylpropylamine in combination 

with MgSO4 as additive (Scheme 16). The reaction gave the desired product 2a, although 

the yield was only 45%. 

 

Scheme 16: Preliminary result of SNAr reaction on fluoro-substituted iodonium salt 1a. 

To improve the yield of the SNAr functionalisation of iodonium salts, optimised conditions 

of a previous work of our group were applied, which utilised K2CO3 instead of MgSO4.[63] 

To our satisfaction, these conditions (Table 3, entry 1) proved to be very efficient for the 
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substitution by the primary amine 3-phenylpropylamine and 86% formation of product 2a 

was observed. Using MgSO4 as an additive increased the yield slightly (entry 2), and 

performing the reaction at room temperature instead of 40 °C improved the yield to 95% 

(entry 3). Conducting the reaction under inert atmosphere or open to air did not reveal any 

changes in reaction outcome (entry 4). Furthermore, the importance of the base for the 

reaction was investigated. When no additional base was used, this resulted in a significant 

decrease of yield (entry 5). It is plausible that the amine nucleophile can also act as a base 

by trapping the liberated HF under formation of an ammonium salt. However, when the pH 

value becomes too low in the mixture, the amine loses its nucleophilic potency and cannot 

attack the aromatic ring. Additionally, the ammonium salt may precipitate out of solution 

and cannot react further. Lastly, the reaction time was reduced to evaluate how long it takes 

to achieve full conversion. However, the reaction had not finished after 1 h since the yield 

was only 69% with lower consumption of the nucleophile (entry 6). We found that with 

more challenging nucleophiles it proved beneficial for the reaction to use a slight excess of 

1.1 equiv of nucleophile. These conditions are referred to as Method A in the following 

sections. 

Table 3: Optimisation studies with 3-phenylpropylamine. 

 

Entry Additive (equiv) t (h) T (°C) Atmosphere Yield 2a (%)a 

1 K2CO3 (1.0) 2 40 inert 86 

2 K2CO3 (1.0) + MgSO4 (3) 2 40 inert 92 

3 K2CO3 (1.0) 2 rt inert 95 

4 K2CO3 (1.0) 2 rt open to air 96 (92) 

5 - 2 rt open to air 65 

6 K2CO3 (1.0) 1 rt open to air 69 
a Yields are based on 1H-NMR using 1,3,5-trimethoxybenzene (TMB) as internal standard. Isolated yields 

are given in parentheses. 

Next, the scope of primary amine substitution was evaluated (Scheme 17). Method A 

proved to be very efficient for different dummy ligands on iodonium salt 1 with model 
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substrate 3-phenylpropylamine as nucleophile, giving the SNAr products 2a-2d in good to 

excellent yields (78-92%). L-Phenylalanine methyl ester products 2e and 2f could be 

isolated in excellent yields under slightly modified conditions with an excess of the 

corresponding iodonium salts 1a and 1b. The excess of iodonium salt allows the reaction 

to reach full conversion of the nucleophile, which was necessary to isolate the product due 

to very similar Rf values of L-phenylalanine methyl ester and products 2e and 2f. Amines 

with aliphatic substituents such as amylamine, cyclopropylamine and cycloheptylamine 

worked excellently under the reaction conditions (2g-2i) and we were pleased to see that 

even ammonia could be used as nucleophile by obtaining aniline 2j in 96% yield. 

Propargylamine, (R)-1-methylbenzylamine and geranylamine provided products 2k-2m in 

good to excellent yields (82-93%) and ambiphilic aminoethanol showed full 

chemoselectivity by reacting only with the amine site giving 2n in 96% yield. Due to the 

importance of highly valuable pharmaceutical late-stage functionalisations, a cinchonine 

derivative was evaluated with only 1 equiv of nucleophile and, to our satisfaction, 

product 2o was obtained in 76% yield. 
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Scheme 17: Substrate scope of primary amines. a 2 h reaction time. b 1.0 equiv nucleophile used. c 1.5 equiv 

iodonium salt 1a used, yield based on nucleophile. d 5 equiv of ammonia (0.4 M in dioxane) used. 

The scope of amines was expanded to include secondary amines using Method A  

(Scheme 18, entry 4 using 1.1 equiv of nucleophile). Whilst pyrrolidine as nucleophile 

provided product 2p in 71% yield, reactions with piperidine illustrated that the reaction 

tolerated a number of different dummy ligands and counterions to produce 2q-2s in good 

yields. The synthesis of 2s was done on gram scale starting from 2.68 g (5 mmol) of starting 

material. Additionally, heteroatoms incorporated into the cyclic nucleophile were tolerated 

well, giving 2t and 2u in 78% and 79% yield respectively. Additionally, the ring size could 

be increased to 7-membered rings by using azepane with product 2v obtained in 75% yield. 
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In our previous study on diarylations using ortho-fluoro-substituted iodonium salts, acyclic 

secondary amines underwent an unknown pathway, which resulted in the reductive 

cleavage of the carbon-iodine(III) bond.[63] However, the reaction of di-n-butylamine with 

para-fluoro salt 1a produced 2w in 82% yield with no reductively formed side product 

observed. 

 

Scheme 18: Substrate scope of secondary amines. 

2.4 Aniline nucleophiles 

Due to the importance of anilines in the chemical industries,[67] we wanted to explore 

whether they could be used in this reaction. Anilines proved to be an efficient nucleophile 

for double arylations of activated ortho-fluoro-substituted iodonium salts using pyridine as 

solvent and MgSO4 as additive.[60] While pyridine also acts as base, it is proposed that 

MgSO4 helps to trap the fluoride liberated in the reaction. 

With Method A, utilized for aliphatic amines before, it was possible to obtain good results 

for very electron rich anilines. However, electron deficient or sterically hindered anilines 

produced poor yields. To find a methodology that allows for a broader range of anilines, 

further optimisations were carried out with iodonium salt 1b. The choice of an anisyl (4-

methoxyphenyl) dummy ligand was crucial to ensure the right chemoselectivity for metal-

free applications of these salts.[68] The reason for this is that the SNAr products bear an 

electron donating substituent on the ligand, which is supposed to be transferred. A phenyl 
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dummy would not be electron rich enough to force the functionalised ligand to become 

coupled with the nucleophile under transition metal-free conditions. 

4-Bromoaniline was used as the nucleophile since this substrate proved to be completely 

inefficient using Method A. Only 3% of product 3a could be observed whilst there was 

91% conversion of 1b (Table 4, entry 1). Increasing the reaction temperature to 40 °C did 

not improve the yield significantly (entry 2). However, by using more polar solvent 

dimethylformamide (DMF) and MgSO4 as additive at 40 °C, a better yield was obtained 

(entry 3). Therefore, despite the sustainability problems that arise from the use of pyridine 

regarding to incineration, biotreatment and air impact according to the GSK solvent 

sustainability guide,[69] its use as solvent was investigated and led to an increase of yield to 

51% (entry 4). In absence of MgSO4 the yield decreased to 40% (entry 5). Further 

improvement was observed by increasing the equivalents of aniline from 1.1 to 2 equiv, 

giving 3a in 62% yield (entry 6). After screening equivalents, a strong temperature 

dependence was observed. An increase in temperature from 40 to 60 °C led to significant 

drop in yield (entry 7). On the contrary, a decrease to room temperature yielded 70% of 3a 

(entry 8). In entry 9, K2CO3 was used instead of MgSO4, which led to lower yield of 3a. 

This reveals the necessity of MgSO4 as an additive in this reaction. 
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Table 4: Optimisation of SNAr reaction with anilines using 4-bromoaniline. 

 

Entry Solvent Aniline (equiv) Additive (equiv) T (°C) Yield 3a (%)a 

1 Toluene 1.1 K2CO3 (1.0) rt 3 

2 Toluene 1.1 K2CO3 (1.0) 40 9 

3 DMF 1.1 MgSO4 (3) 40 41 

4 Pyridine 1.1 MgSO4 (3) 40 51 

5 Pyridine 1.1 - 40 40 

6 Pyridine 2 MgSO4 (3) 40 62 

7 Pyridine 2 MgSO4 (3) 60 53 

8 Pyridine 2 MgSO4 (3) rt 70 (70) 

9 Pyridine 2 K2CO3 (1.0) rt 40 
a Yields are based on 1H-NMR using TMB as internal standard. Isolated yields are given in parentheses. 

It was observed that in all reactions with pyridine, almost full conversion of 1b was 

observed despite not attaining quantitative yields of 3a. Therefore, a stability test was 

conducted with iodonium salt 1b without nucleophile under the conditions of entry 6 

(Table 4). Indeed, no starting material could be observed after the reaction due to 

decomposition with 58% of formed iodoanisole (Scheme 19). 

 

Scheme 19: Stability test of iodonium salt 1b. 

A plausible explanation could be that an SNAr reaction of pyridine replaces the fluoro-

substituent forming intermediate I (Figure 3), which is reported for 2,4-

dinitrochlorobenzene and pyridine.[70] However, intermediate I could not be detected in the 

NMR-spectrum and the mass was not found in mass spectrometry. 
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Figure 3: Structure of assumed intermediate I. 

With Method B (see Table 4, entry 8) in hand, we demonstrated that inactivated anilines 

can be used for the SNAr reaction, such as the model substrate 4-bromoaniline and aniline 

giving 3a and 3b in 70% and 91%, respectively (Scheme 20, Method B). Additionally, N-

methyl-p-anisidine proved to be efficient using Method B, whereas under the conditions of 

Method A, only traces of 3c were observed. Whilst N-methyl-p-anisidine gave 3c in 76% 

NMR-yield, aminoglutethimide (Cytadren®) produced 3d in 61% yield. Product 3a could 

not be separated from an unknown impurity and thus the NMR-yield is given based on 

TMB as internal standard. Sterically congested ortho-methylaniline resulted in 83% yield 

of 3e. Very electron rich anilines like 4-methoxyaniline and 3,4-dimethylaniline reacted 

efficiently and provided the desired products 3f and 3g in 65% and 63% yield via 

Method A. Unfortunately, Method B fails for very electron poor anilines, such as 4-

nitroaniline and 2-aminopyridine. Perhaps, the latter may react with the aromatic nitrogen 

to a side-product similar to I (Figure 3). 
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Scheme 20: Substrate scope of anilines. a Yield is based on 1H-NMR using TMB as internal standard. 

2.5 Phenol nucleophiles 

Next, we aimed to expand the scope to phenoxy-substituted diaryliodonium salts. Whilst 

using Method A led to successful substitutions with some phenols, the scope was very poor. 

The reactions under these conditions were hard to reproduce, which led us to further 

optimise the conditions. The optimisation for phenol substitution with iodonium salt 1b 

was then carried out. Eugenol was used as model substrate in this optimisation study since 

it proved to be rather challenging using Method A, with only 32% of product 4e formed 

together with a large amount of iodoanisole (Table 5, entry 1). The latter is probably formed 

due to reductive decomposition of the iodonium salt. Varying the equivalents of eugenol 

(entries 2, 3) or increasing the equivalents of K2CO3 (entry 4) proved to be unproductive. 
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Using tBuOK instead, not only decreased the yield of 4e, but it also led to the formation of 

significantly more iodoanisole (entry 5). The use of the organic base triethylamine 

improved the yield to 44% (entry 6). Whilst the use of 2 equiv of eugenol resulted in 66% 

yield (entry 7), 2 equiv of triethylamine reduced the yield (entry 8). Using 2 equiv of both 

eugenol and triethylamine did not improve the yield significantly (entry 9). Since eugenol 

proved to be a rather challenging substrate, probably due to steric hindrance of the ortho-

methoxy group, 66% yield was deemed good enough to explore the scope of the reaction 

with the conditions from entry 7. 

Table 5: Optimisation of reaction conditions for phenol nucleophiles with eugenol. 

 

Entry Eugenol (equiv) Base (equiv) Yield 4e (%)a 

1 1.1 K2CO3 (1.0) 32 

2 2 K2CO3 (1.0) 32 

3 1.1 + 1.1 after 6 h K2CO3 (1.0) 37 

4 1.0 K2CO3 (3) 16 

5 1.1 tBuOK (1.0)b 14 

6 1.1 NEt3 (1.0) 44 

7 2 NEt3 (1.0) 66 (66) 

8 1.0 NEt3 (2) 59 

9 2 NEt3 (2) 68 (58) 
a Yields are based on 1H-NMR using TMB as internal standard. Isolated yields are given in parentheses. 

b The deprotonation step was stirred for 30 min, then iodonium salt 1b was added. 

Optimised conditions were then applied on a range of phenols with different electronic and 

steric properties, to evaluate the scope (Scheme 21, A). Model substrate eugenol and 

vanillin gave the products 4a and 4b in moderate yields. However, phenols with different 

electronic properties showed high compatibility (4c-4f). Product 4c was isolated in 85% 

yield, although NMR-yield showed quantitative formation, highlighting the difficulty in 

purifying highly polar products from the starting materials. Additionally, a mesityl ligand 
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was tolerated providing 4e in 66% yield. A bromo substituent in para-position proved to 

be tolerated as well, giving 4g in 86% yield. To investigate the influence of ortho-

substituents, the synthesis of 4h showed that indeed, steric hindrance negatively affects the 

reaction as the yield decreased slightly to 73%. To show the functional group tolerance, a 

dipeptide consisting of Boc-protected alanine and methyl-protected tyrosine was 

introduced to the reaction. To our delight, the desired SNAr-product 4i could be obtained 

in 79% yield, which shows the applicability of this method in late-stage functionalisation. 

Furthermore, para-functionalisations could be facilitated with para-fluoro-substituted 

salt 1k (Scheme 21, B). While reactions of unsubstituted phenol under conditions in toluene 

with NEt2 gave 4j in 76% yield, the dipeptide used before only resulted in decomposition 

under those conditions. It was found that 4k could be obtained in 63% yield through 

reaction in THF with tBuOK as base. The same conditions also delivered ortho-substituted 

4l in 64% and 4m in 58% NMR-yield. The latter decomposed on silica during purification 

and could only be purified in small amounts for characterisation purposes. 
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Scheme 21: Substrate scope with phenols. a THF was used as solvent with 1.0 equiv of tBuOK and 

1.0 equiv of phenol with a reaction time of 1 h. b Yields are based on 1H-NMR using TMB as internal 

standard. 

Furthermore, two aliphatic alcohols could be used giving 4n in 56% yield and 4o in 47% 

yield (Scheme 22). We could also react the aliphatic thiol benzyl mercaptan, which 

provided 4p in 43% yield. 
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Scheme 22: SNAr functionalisation using aliphatic alcohols and a thiol. 

2.6 Conclusions 

Herein we have presented an SNAr functionalisation strategy, which gives access to densely 

functionalised diaryliodonium salts. The reaction proceeds under very mild reaction 

conditions with amine nucleophiles, at room temperature, using toluene as solvent and 

K2CO3 as base. A variety of different primary and secondary amines, both acyclic and 

cyclic, could be incorporated into the iodonium salt structure keeping the oxidation state of 

iodine(III) intact. Anilines required more optimisation, leading us to use pyridine as solvent 

in combination with MgSO4, which facilitated the substitution with electron rich and 

electron neutral anilines. However, electron deficient anilines unfortunately proved to be 

too unreactive. For phenol nucleophiles, a change of base from K2CO3 to triethylamine 

proved to be the key for success of the reaction. Electron rich as well as electron poor 

phenols were very efficient nucleophiles under these reaction conditions. To react phenols 

with ortho-fluoro-substituted salts, THF as solvent in combination with tBuOK can be 

used. Nucleophiles that are of interest in biology and medicine were tolerated, such as a 

dipeptide consisting of Boc-protected alanine and tyrosine methyl ester, pharmaceutical 

Cytadren® and a cinchonine derivative.  
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3 Reactivity studies of fluoro- and difluoro-substituted 

diaryliodonium salts and applications (Paper I) 

3.1 Introduction 

In chapter 2, the synthesis of a plethora of novel functionalised diaryliodonium was 

presented through SNAr on monofluoro-substituted iodonium salts. Our next aim was to 

investigate the reactivity of different difluoro-substituted iodonium salts towards 

nucleophiles. Furthermore, we wanted to explore which EWGs, other than a nitro group, 

can facilitate the SNAr. Additionally, we wanted to showcase the applicability of novel 

functionalised iodonium salts in a range of metal-free reactions. 

3.2 Ortho-fluoro vs para-fluoro substituent 

To find out, which positions could be addressed via SNAr reaction, we wanted to understand 

the reactivity by having the fluoro-substituents in different positions. This would allow the 

possibility of synthesising a broader range of functionalised and more complex iodonium 

salts. Since ortho-fluoro-substituted iodonium salts enable diarylations, we only used 

nucleophiles with these salts that either cannot undergo diarylations or only under harsh 

conditions. In a competition experiment, conducted by previous PhD student Erika Linde, 

the reactivity of ortho- and para-fluoro-substituted iodonium salt 1j and 1a was compared. 

Both iodonium salts were reacted together in one vessel with 1.0 equiv of piperidine and 

K2CO3 (Scheme 23). The result clearly shows that 1a is the more reactive iodonium salt as 

2q was produced in in 87% NMR-yield, whereas ortho-substituted product 2x was only 

formed in trace amounts. This is in accordance with literature showing regioselectivity 

towards the ortho-fluoro substituent in 2,4-difluoronitrobenzene especially in nonpolar 

solvents.[71] 
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Scheme 23: Competition experiment between ortho- and para-substituted iodonium salt 1j and 1a. 

Furthermore, iodonium salt 1k was reacted with N-methyl-p-anisidine using Method B 

(pyridine as solvent and MgSO4 as additive) , in order to compare the reactivity with 

iodonium salt 1b. Reaction with 1k did not lead to any formation of product 3h (Scheme 

24, A), whereas iodonium salt 1b gave product 3c in 76% NMR-yield (Scheme 24, B). 

Perhaps reductive carbon-iodine(III) bond cleavage takes place, since the nucleophile is an 

acyclic secondary amine.[63] 

 

Scheme 24: Reactivity comparison of ortho- and para-substituted iodonium salt 1k and 1b. 

Since N-methyl-p-anisidine did not give the desired SNAr product 3h, phenol was used as 

nucleophile using Method C (see Scheme 25). In this case, it was possible to obtain the 

desired SNAr product 4j from iodonium salt 1k in 76% yield. However, the same reactivity 

trend was observed where reaction with para-fluoro-substituted salt is more efficient giving 

4b in 85% yield. 
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Scheme 25: Reactivity comparison of ortho- and para-substituted iodonium salts 1k and 1b towards 

phenol. 

Moreover, it was tested whether an iodonium salt decorated with two fluoro-substituents 

can be functionalised regioselectively (Scheme 26, A). Indeed, by using difluoro-

substituted iodonium salt 1m, it was possible to produce the para-product 2y with high 

selectivity in 80% yield (A) along with only 11% disubstitution. The constitution of 2y was 

determined by 13C-NMR based on C–F-coupling constants. Interestingly, with 2.2 equiv of 

piperidine it was possible to even address the second fluoro-substituent forming dipiperidyl 

substituted product 2z in 90% yield (Scheme 26, B). With these results in hand, we 

performed a stepwise difunctionalisation by first reacting 1m with 1.1 equiv of 3-

phenylpropylamine, then 1.0 equiv of piperidine, which resulted in the 

heterodifunctionalized produced 3aa in 49% yield (Scheme 26, C). This result clearly 

shows not only the regioselectivity that is offered by salt 1m, but also the possibility of 

synthesising densily functionalised products, which could be useful in further 

transformations. 
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Scheme 26: Reactivity study of ortho-para-difluoro iodonium salt 1m. 

Next, we investigated the effect of having a fluoro-substituent in both para- and meta-

positions. The reaction was carried out using Method A with 1.0 equiv of 3-

phenylpropylamine), which led to only para-substituted product 2ab in 79% yield (Scheme 

27). This can be explained by the ortho-directing properties of the nitro group and para-

directing properties of the iodine(III) substituent. 

 

Scheme 27: Reactivity of difluoro-substituted iodonium salts 1n. 

Finally, iodonium salt 1o, bearing the fluoro-substituent in para-position and the nitro 

group in ortho-position to the iodine, was investigated with 3-phenylpropylamine (Table 

6). At room temperature, only decomposition was observed (entry 1), whereas at lower 

temperatures, some 1o remained along with decomposition products (entries 2, 3). In our 

diarylation work, an iodonium salt with an ortho-fluoro-substituent and the nitro group in 

para-position to the iodine did not form the product.[60] This supports the hypothesis that a 
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successful SNAr reaction with amine nucleophiles requires the nitro group to be located in 

either ortho- or para-position relative to the fluoro-substituent. 

Table 6: Reactivity of iodonium salt 1o towards SNAr with 3-phenylpropylamine at different temperatures. 

 

Entry t (h) T (°C) Yield of 4ac (%) 

1 2 rt - 

2 3 ‒5 - 

3 3 ‒78 - 

3.3 Role of iodine(III) as activating group for SNAr 

Whilst iodine(III) is a highly electrophilic functional group,[72] it could be argued that its 

importance in this context lies in its electron withdrawing ability to promote the SNAr 

reaction. To investigate this, several control experiments were carried out using iodoarene 5 

with different nucleophiles (Table 7). When piperidine was reacted with 5, product 6a was 

produced in 99% yield (entry 1). This is even higher than when iodonium salt 1a was used 

to form 2q (entries 2), demonstrating that the iodine(III) moiety is not needed in the 

reaction with cyclic secondary amines. However, when phenol was used as nucleophile, 

traces of 6b could be detected using iodoarene 5 (entry 3), whereas iodonium salt 1a 

provided the desired product 4q in 70% yield (entry 4). Therefore, for weaker nucleophiles, 

such as phenols, the activating iodine(III) substituent is crucial for SNAr reactivity. As side 

note it is in fact possible to produce 6b from 5 and phenol, but very harsh literature 

conditions[73] had to be applied (entry 5). 
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Table 7: Reactivity comparison of iodoarene 5 and para-substituted iodonium salts 1a towards piperidine 

and phenol. 

 

Entry Substrate Nucleophile Solvent T (°C) Yield (%)a 

1 Iodoarene 5 Piperidine Toluene rt 6a 99 

2 Iodonium salt 1a Piperidine Toluene rt 2q 74 

3 Iodoarene 5 Phenol Toluene rt 6b tracesb 

4 Iodonium salt 1a Phenol Toluene rt 4q 70 

5 Iodoarene 5 Phenol DMSO 100 6b 83 
a Isolated yields. b Low conversion of starting materials. 

3.4 Alternative synthesis approach 

Our strategy of making functionalised iodonium salts is based on first synthesising an 

iodonium salt and then functionalising the salt, to avoid any incompatibilities of the 

functional group under strongly acidic and oxidative conditions for iodonium salt synthesis. 

To support that only this pathway allows for the synthesis of functionalised iodonium salts, 

we synthesised functionalised iodoarene 7 and 8 and submitted them to salt synthesis 

conditions. In Scheme 28 the synthesis of salt 4l is depicted via our developed approach 

starting from 1k, which produced desired product 4l in 65% yield. The alternative approach 

by starting from pre-functionalised iodoarene 7 led to full decomposition of 7. 
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Scheme 28: Alternative synthesis approach to synthesise 4l. 

Additionally, the boronic acid route synthesising salt 2r was attempted starting from 

iodoarene 8 (Scheme 29). It failed to obtain 2r via the direct approach, whereas the SNAr 

reaction of 1b with piperidine proceeded to give 2r in 81% yield. 

 

Scheme 29: Alternative synthesis approach to synthesise 2r. 

Both results highlight that the functionalisation of fluoro-substituted iodonium salts via 

SNAr allows for the synthesis of completely novel iodonium salts where the state-of-the-

art methods fail. 

3.5 Electron withdrawing groups 

The influence of the electron withdrawing group, which is necessary for the SNAr reaction 

to take place, was investigated in the next step. Iodonium salts 1 with different electron 

withdrawing groups were reacted with 3-phenylpropylamine using Method A with 

1.0 equiv of nucleophile (Table 8). Salt 1a with the strongly electron withdrawing nitro 

group produced 2a in 96% NMR-yield (entry 1), and 1f with the even stronger withdrawing 

trifluoromethylsulfone gave 78% NMR-yield of 9a (entry 2). Weaker electron withdrawing 

nitrile and methyl ester substituted salts 1g and 1h only provided their respective 

products 9b and 9c in low yields (entries 3, 4). Salt 1i with a sulfur pentafluoride resulted 
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in no product formation, only decomposition of starting material (entry 5). The different 

EWGs were tabulated against their respective Hammett constants (σp),[74] which roughly 

aligns with the experimental outcome. Failed reaction with an SF5 substituent might be due 

to other decomposition pathways instead of the ability to withdraw electrons. This shows a 

strong dependence on the electron withdrawing group, which reveals the biggest limitation 

of this methodology.  

Table 8: Comparison of different electron withdrawing groups. 

 

Entry Iodonium salt EWG Hammett constant σp Yield 2a or 9 (%)a 

1    1a NO2 0.78 2a 96b (92)b 

2         1f SO2CF3 0.96 9a 78 (87) 

3  1g CN 0.66 9b 37 (31) 

4        1h CO2Me 0.45 9c 28 (29) 

5  1i SF5 0.68 9d - 
a Yields are based on 1H-NMR using TMB as internal standard. Isolated yields are given in parenthesis b 2 h 

reaction time and 1.0 equiv nucleophile used. 

3.6 Applications of novel functionalised diaryliodonium salts 

Regular iodonium salts are well studied,[9] however, examples for heavily functionalised 

iodonium salts are missing in literature. To show the applicability of this novel class of 

iodonium salts, several downstream diversification reactions were carried out. A wide 

range of metal-free ligand coupling reactions were conducted utilising iodonium salt 4l 

(Scheme 30), which could not be formed via first SNAr and then salt synthesis. O-

Arylations with 3-hydroxypyridine and N-hydroxypththalimide and N-arylation with 

NaNO2 under conditions from our group[75–77] gave the corresponding products 10, 11 and 

12 in 55%, 81% and 91% yield respectively. S-Coupling with in situ formed carbodithioate 

from piperidine and CS2 under conditions from Murarka and co-workers[78] provided 13 in 

75% yield. Karchava and co-workers have published arylation conditions for potassium 
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ethyl xanthate,[79] which led to 85% yield of 14. Finally, S-coupling conditions by Kalek 

and co-workers[80] were applied giving 15 in 85% yield. 

 

Scheme 30: Application reactions utilising functionalised iodonium salt 4l. 
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Furthermore, we were pleased to see that the SNAr step could be combined with the ligand 

coupling conditions due to the use of THF and tBuOK in both steps. This facilitated a one-

pot procedure and an easy access of highly functionalised diaryl ethers 17 and 18 39% and 

33% yield respectively (Scheme 31). 

 

Scheme 31: One-pot SNAr-ligand coupling procedure. 

Finally, our group’s diarylation conditions[60] were tested with functionalised iodonium 

salt 2ad, which contained one fluoro-substituent in the ortho-position to the iodine(III). 

Reaction of this salt with 3-phenylpropylamine resulted in successful diarylation producing 

diarylamine 19 in 41% yield (Scheme 32). 

 

Scheme 32: Diarylation of 3-phenylpropylamine with functionalised iodonium salt 2ad. 
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3.7 Conclusion 

The reactivity of mono- and difluoro-substituted iodonium salts was investigated with both 

amine and phenol nucleophiles. This study reveals that an SNAr was observed only when 

the nitro group was positioned in either the ortho- or para-position relative to the fluoro-

substituent. Furthermore, the ortho-position to the nitro group is most reactive compared 

to other positions. This reactivity allowed for the selective transfer of either one or two 

amines onto the aryl ligand of ortho-para-difluoro-substituted salts. To our delight, 

sequential addition of two different amines provided hetero-difunctionalised salt 2aa. 

Whereas the iodine(III) substituent was not necessary to facilitate an SNAr in presence of a 

nitro group under these conditions, it was crucial for phenols to achieve reactivity. Beside 

the nitro group, also other EWGs are suitable for the SNAr-functionalisation of iodonium 

salts. However, yields are lower with less electron withdrawing groups. 

Novel functionalised diaryliodonium salts were tested in metal-free conditions. Several N-, 

O- and S-nucleophiles underwent ligand coupling in moderate to excellent yields using 

ortho-vanillin-functionalised salt 4l. This shows high potential for this strategy to get 

access to highly functionalised target compounds considering lacking methods for such 

reagents. We expect this work to stimulate more development in the area of arylations with 

such densely functionalised iodonium salts. 
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4 Sustainable and scalable one-pot synthesis of 

diaryliodonium salts (Paper II and III) 

4.1 Introduction 

Most procedures for the synthesis of diaryliodonium salts were developed in 

dichloromethane, some even in fluorinated solvents such as TFE (trifluoroethanol)[81] and 

HFIP (hexafluoroisopropanol).[82] Among all, DCM is the most common solvent used to 

prepare these reagents.[83] According to the GSK solvent sustainability guide, DCM is 

ranked as a very problematic solvent.[84] In this guide several categories have been 

evaluated and a final score for each solvent was calculated. Categories with the biggest 

issues associated with DCM are boiling point, incineration and especially bad scoring in 

VOC (volatile organic compound) emissions. Few protocols exist where diaryliodonium 

salts are prepared in less hazardous solvents, with acetonitrile as a promising candidate. 

Stuart and co-workers have developed syntheses of TMP (1,3,5-trimethoxyphenyl) salts 

from iodoarenes and TMB in MeCN, using mCPBA to oxidise iodoarenes in presence of 

either trifluoroacetic acid (TFA), TsOH or TfOH at elevated temperature (Scheme 33, 

A).[85–87] In Scheme 33, B, Yusubov and co-workers prepared a range of diaryliodonium 

salts in MeCN, but instead of mCPBA a system of Oxone® with H2SO4 was used to oxidise 

the iodoarenes.[88] After reaction with nucleophilic arenes and anion exchange with KBr(aq), 

diaryliodonium bromides were formed. 

 

Scheme 33: Synthesis of diaryliodonium salts in MeCN. 
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In 2022, Zhao and co-workers published dimethylisoxazolyl (DMIX) as a new type of 

dummy ligand for diaryliodonium salts.[89] Oxidation of DMIX-I can be performed in two 

ways: mCPBA and TsOH‧H2O in TFE/DCM gives the corresponding Koser’s derivative in 

81% yield (Scheme 34). Alternatively, DMIX-(OAc)2 can be obtained by oxidation of 

DMIX-I with sodium perborate in AcOH at 40 °C in 74% yield. The isolated iodine(III) 

species can react with arenes under different reaction conditions to form 

aryl(DMIX)iodonium salts. Most of the arenes bear electron donating groups, only some 

examples are given with electron poorer arenes, which however require very harsh 

conditions using TfOH as solvent. 

 

Scheme 34: Synthesis paths of DMIX salts. 

Aryl(DMIX) salts display an extremely high chemoselectivity towards coupling of the 

other aryl ligand in ligand coupling reactions. This was shown by Zhao and co-workers in 

reaction of DMIX(TMP)iodonium tosylate with sodium sulfinate as nucleophile, which 

becomes selectively arylated by TMP without any DMIX coupling (Scheme 35).[89] This is 

remarkable since the TMP ligand is commonly used as a dummy ligand and usually is not 

transferred utilising ordinary TMP salts. 

 

Scheme 35: Chemoselectivity study with DMIX(TMP)iodonium tosylate. 

Since hypervalent iodine chemistry is often associated with sustainable metal-free 

chemistry we envisioned a synthesis of DMIX salts in a green solvent. As aforementioned, 
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chlorinated and also fluorinated solvents are generally very toxic. However, MeCN is 

considered problematic too due to bad scoring in categories incineration and especially 

biotreatment.[84] Prior work by the group showed that EtOAc is promising as reaction 

solvent for these kinds of transformations. Therefore, we selected EtOAc as greener solvent 

for the preparation of iodonium salts with different arenes and useful dummy ligands for 

further applications. 

4.2 Optimisation of anisyl(DMIX)iodonium triflate 

Optimisation was commenced by conditions previously investigated in the group for the 

synthesis of iodonium salts in EtOAc. Oxidation was carried out with 1.3 equiv mCPBA in 

combination with 2 equiv TfOH under inert conditions for 2 h. Subsequently, excess acid 

was quenched with 3 equiv water to avoid undesired oxidation of the anisole, which 

prevents overoxidation of electron rich arenes,[90] followed by the addition of 1.3 equiv 

anisole. After two more hours, anisyl(DMIX)iodonium triflate (20a) was isolated in 56% 

(Table 9, entry 1). Increasing the loading mCPBA to 2 equiv with reduced EAS time of 2 h 

improved the yield to 66% (entry 2). Using less TfOH led to an increased yield of 75% for 

20a (entry 3). Usually, excess of TfOH leads to an enhanced reaction speed,[91] which was 

not observed in this case. This could be reasoned by possible protonation of DMIX-I, 

reducing the oxidation potential of the iodo-substituent. Whereas increasing the oxidation 

time to 3 h did not affect the yield significantly (entry 4), the absence of water proved 

beneficial for the reaction outcome, giving 20a in 82% yield (entry 5). Reducing the 

amount of anisole to 1.0 equiv did not affect the yield negatively (entry 6). The same 

conditions were applied open to air using non-dry EtOAc, which even increased the yield 

slightly (entry 7). Furthermore, the oxidation time was decreased to 1 h giving 20a in 90% 

yield (entry 8). Due to sustainability reasons, lower equivalents of mCPBA were 

investigated. Both 1.3 and 1.1 equiv provide product 20a in good but decreased yields of 

83% and 77% respectively (entries 9, 10). However, an excellent yield of 93% could be 

achieved with 1.3 equiv of mCPBA by increasing the equivalents of DMIX-I slightly to 1.3 

and calculating the yield based on anisole (entry 11). 
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Table 9: Optimisation for the synthesis of anisyl(DMIX)iodonium triflate 20a. 

 

Entry 
TfOH 

(equiv) 

Water 

(equiv) 

mCPBA 

(equiv) 

Anisole 

(equiv) 

tox 

(h) 

Yield 20a 

(%)a 

1 2 3 1.3 1.3 2 56 

2 2 3 2 1.3 2 66 

3 1.0 2 2 1.3 2 75 

4 1.0 2 2 1.3 3 74 

5 1.0 - 2 1.3 2 82 

6 1.0 - 2 1.0 2 84 

7b 1.0 - 2 1.0 2 89 

8b 1.0 - 2 1.0 1.0 90 

9b 1.0 - 1.3 1.0 1.0 83 

10b 1.0 - 1.1 1.0 1.0 77 

11b,c 1.0 - 1.3 1.0 1.0 93 
a Isolated yields. b Reaction open to air with non-dried EtOAc. c Yield based on anisole using 1.3 equiv of 

DMIX-I. 

4.3 Scope of aryl(DMIX)iodonium salts 

With optimised conditions in hand, we evaluated the scope of aryl(DMIX)iodonium 

triflates (Scheme 36). Besides 20a, which was obtained in 93% yield, bromo-substituents 

were tolerated in both meta- and ortho-position giving 20b and 20c in 63% and 61% 

respectively. It is worth highlighting that for these substrates exclusive para-selectivity is 

always observed without formation of ortho or meta substitutions. Excellent yields could 

be achieved from TMB and 2,6-dimethoxypyridine resulting in 20d and 20e. Phenoxy 

substituted 20f shows that other alkoxy groups than methoxy also activate the arene to react. 

Decorating the nucleophilic arene with a methyl ester beside the methoxy group resulted in 

a drastically reduced yield of 30% for 20g. This is in alignment with the original synthesis 

of aryl(DMIX)iodonium salts by Zhao and co-workers, where extremely harsh conditions, 
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e.g. TfOH as solvent, had to be employed to succeed in reacting electron poor arenes.[89] 

To our delight, biologically relevant arenes such as thiophene, gemfibrozil, its methyl ester 

and estrone methyl ether can be transformed into the corresponding DMIX salts in 

moderate to good yields (20h–20k). This shows the possibility of modifying more 

advanced structures especially in late-stage drug development. 

 

Scheme 36: Scope of aryl(DMIX)iodonium triflates 20. 

4.4 Optimisation of ordinary iodonium salts 

Since the synthesis of aryl(DMIX)iodonium salts is limited to electron rich arenes, we 

wanted to expand the method to making ordinary diaryliodonium salts in EtOAc. The 

general strategy to access such diaryliodonium salts is to oxidise an electron poor iodoarene 

and let the iodine(III) intermediate react with an arene that provides suitable dummy ligand 

properties such as anisyl, mesityl, TMP or phenyl.[13,33] Due to the poor reactivity of 
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electron poor iodoarenes, harsher conditions are required than for electron rich DMIX-I. 

Under inert conditions, 1.3 equiv mCPBA with 2 equiv TfOH oxidises 4-nitroiodobenzene 

efficiently in anhydrous EtOAc in 2 h at room temperature (Table 10, entry 1). After a 

quenching step of TfOH with 3 equiv of water, 1.3 equiv of anisole was reacted with the in 

situ formed iodine(III)-intermediate for 2 h, which provided iodonium salt 21a in 87% 

yield. We were pleased to see that water-containing EtOAc under air atmosphere did not 

affect the yield significantly, which simplifies the process (entries 2, 3). Furthermore, other 

green solvents were tested. Whereas diethyl carbonate gave 21a in 73% yield (entry 4), 

water and isopropanol seemed unsuitable for this transformation (entries 5, 6). Due to 

slightly better performance and the lower boiling point of EtOAc, the latter was deemed to 

be the best solvent for this process. 

Table 10: Optimisation of anisyl(4-nitrophenyl)iodonium triflate (21a). 

 

Entry Solvent Comments Yield 21a (%)a 

1 EtOAc Anhydrous (5 ppm water)b 87 

2 EtOAc New bottle (66 ppm water)b 87 

3 EtOAc Old bottle (120 ppm water)b 84 

4 Diethyl carbonate Non-dry 73 

5c Water - 3 

6 Isopropanol Non-dry 2 
a Isolated yields. b Water content measured by Karl-Fischer titration. c No water addition step. 

Applying the same conditions but with benzene as nucleophilic arene instead of anisole 

gave iodonium salt 21r in only 46% (Table 11, entry 1). Since the previous optimisation 

revealed an efficient first oxidation step, modifications were only performed in the EAS 

step with benzene. Increasing the reaction time to 20 h did not improve the outcome 

significantly, and stirring the reaction at 45 °C yielded 21r in 54% (entries 2, 3). However, 

the biggest impact on the reaction could be achieved by addition of 3 equiv TfOH and 

stirring for 4 h at 45 °C, providing 21r in 71% yield (entry 4). 
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Table 11: Optimisation of 4-nitro(phenyl)iodonium triflate (21r). 

 

Entry TfOH (equiv) TEAS (°C) tEAS (h) Yield 21r (%)a 

1 2 rt 2 46 

2 2 rt 20 50 

3 2 45 2 54 

4 3 45 4 71 
a Isolated yields 

4.5 Scope of ordinary iodonium salts 

Next, we evaluated the scope by screening different iodoarenes and nucleophilic arenes 

that can act as suitable dummy ligands in different applications. Since the anisyl ligands 

are very useful for transition metal-free applications[13] the scope is mostly based on anisyl 

salts (Anisyl(aryl)iodonium salts, Scheme 37). As in the synthesis of DMIX salts, exclusive 

para-selectivity is observed using anisole as nucleophilic arene. The most common solvent 

to prepare diaryliodonium salts is DCM following the procedure developed by our group 

in 2007.[41] Therefore, the yields of iodonium salts 21 synthesised in EtOAc were compared 

to the best literature yield in DCM. Substituents in para-position are well tolerated for both 

EWG and EDG (21a–21f) giving yields ranging from 78% to 90%. It can be highlighted 

that the yield for tert-butyl-substituted 21f gives significantly lower yield in DCM 

compared to EtOAc. This method also allows us to synthesise sterically hindered salts with 

ortho-substituents such as nitrile, ester and chloro (21g–21i). Procedures in DCM produce 

these products in similar yields. In case of 21g and 21i, EtOAc performs significantly better. 

Fluoro-substituted iodonium salts with a second activating EWG are of special interest due 

to the recently discovered novel SNAr reactivity (see Chapter 2). ortho-Fluoro-substituted 

salt 21j, which enables diarylation reactivity,[60] as well as para-fluoro-substituted salts 

21k–21m provided good yields, 21j and 21m could be synthesised in the same efficiency 

as in DCM. The oxidation in the synthesis of pyridyl iodonium salts 21n in DCM requires 
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the use of 4 equiv TfOH and a reaction temperature of 60 °C in a pressure flask.[90] In 

EtOAc, the same yield was obtained for 21n but under much milder conditions. 

Biologically relevant arenes such as drug derivative of aminoglutethimide and protected 

phenylalanine gave salts 21o and 21p in 93% and 88% respectively. TMB, benzene and 

mesitylene were also used as nucleophilic arenes (21q–21s) showcasing that not only 

anisole can be employed as dummy ligand. Benzene seems more reactive in DCM 

compared to EtOAc, even with 3 equiv TfOH and in reactions conducted at 45 °C. In 

EtOAc 21r was obtained in 71% yield, but in DCM in 88%. For mesityl salts 29t and 21u, 

moderate to good yields were achieved in EtOAc, both giving slightly worse yields than in 

DCM. Mesityl salts are of special interest due to their applications in transition metal-

catalysis.[33] Considering the importance of diphenyliodonium triflate (21v), a yield of 69% 

in EtOAc is less attractive than 97% in DCM and would need more optimisation to be an 

attractive alternative (see Chapter 4.7). Finally, cyclic iodonium salts 21w and 21x could 

be achieved in good to excellent yields as well as iodonium tosylates (21y and 21z). The 

latter were synthesised by using TsOH‧H2O instead of TfOH and heating to 60 °C. 
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Scheme 37: Scope of ordinary diaryliodonium salts synthesised in EtOAc. a Reaction under inert 

conditions. b No water added. c 3 equiv of TfOH used and reaction conducted at 45 °C. d TsOH‧H2O used 

and reaction conducted at 60 °C. Literature yields in DCM: (21a-21d, 21f, 21i, 21m-21n, 21r-21s),[14] 

(21e),[39] (21h),[92] (21g),[79] (21j, 21u),[60] (21t),[93] (21v),[94] (21y),[60] (21w),[95] (21x).[62] 

4.6 Scale-up and E-factors 

To show the robustness of the developed method, large scale reactions for one DMIX salt 

and one anisyl salt were conducted. Since the amounts of highly reactive chemicals, 

especially mCPBA and TfOH, exceeded the usual amounts used for these reactions, the 

conditions were adapted to this scale. To avoid large exotherms during both oxidation and 
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EAS, TfOH and the nucleophilic arene were added dropwise as a solution in EtOAc. 

Throughout the addition, the reaction was cooled with a −20 °C ice/NaCl bath. The reaction 

mixtures were carefully warmed up to room temperature, and the temperature was 

monitored throughout the reaction. Instead of diethyl ether, which is considered hazardous 

according to the GSK solvent guide, the greener cyclopentyl methyl ether (CPME) was 

used for the work-up.[84] On small-scale, DMIX salt 20e was obtained quantitatively from 

70 mg 2,6-dimethoxypyridine (see Scheme 36). For the scale-up 4.87 g of 2,6-

dimethoxypyridine were used, providing 16.5 g of product 20e (Table 12) and the obtained 

yield of 93% is close to the yield on small-scale.  

All chemicals for both reaction and work-up were included in the E-factor calculation to 

evaluate the sustainability of the transformation. The amount of waste was considered as 

all mass used for the reaction subtracted by the mass of obtained product. After determining 

the waste to 122 g the E-factor (see Chapter 1.5.2) was calculated to be 7.4, which is in the 

lower area for E-factors in fine chemical industry, even close to E-factors found in bulk 

chemical industry (see Table 1 in Chapter 1.5.2). 
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Table 12: Scale-up for DMIX salt 20e and E-factor calculation. 

 

Compound 
M 

 (g/mol) 
Amount Equiv 

ρ 

(g/mL) 

m  

(g) 

DMIX-I 223.01 45.5 mmol 1.3 - 10.2 

mCPBA (88% m/m) 172.56 45.5 mmol 1.3 - 8.92 

TfOH 150.07 35 mmol 1.0 1.696 5.25 

2,6-Dimethoxypyridine 139.15 35 mmol 1.0 1.054 4.87 

EtOAc 88.11 50 mL  0.901 45.1 

CPME 100.16 75 mL  0.863 64.7 

Total mass used in the reaction 139 

Product 20e 510.22 32.4 mmol  - 16.5 

Total mass of waste 122 

E-factor 7.4 

 

The second performed large-scale reaction was to prepare anisyl salt 21j, which on small-

scale gave 77% yield from 134 mg 2-fluoro-5-nitroiodobenzene (see Scheme 37). In the 

scale-up 18.7 g of iodoarene was used, providing 24.5 g of product 21j in 67% yield (Table 

13). In this process 301 g of waste was produced, resulting in an E-factor of 12.3, which is 

in the lower area of E-factors found in fine chemical industry. 

  



 

51 
 

Table 13: Scale-up for anisyl salt 21j and E-factor calculation. 

 

Compound 
M  

(g/mol) 
Amount Equiv 

ρ 

(g/mL) 

m 

(g) 

2-Fluoro-5-

nitroiodobenzene 
267.00 70 mmol 1 - 18.7 

mCPBA (88% m/m) 172.56 91 mmol 1.3 - 17.8 

TfOH 150.07 140 mmol 2 1.696 21.0 

Anisole 108.14 91 mmol 1.3 0.995 9.84 

Water 18.02 210 mmol 3 0.997 3.78 

EtOAc 88.11 110 mL  0.901 99.1 

CPME 100.16 180 mL  0.863 155 

Total mass used in the reaction 325 

Product 21j 523.19 46.8 mmol  - 24.5 

Total mass of waste 301 

E-factor 12.3 

 

4.7 Optimised synthesis of diphenyliodonium triflate in EtOAc 

Due to the importance of diphenyliodonium triflate (21v) as the standard iodine(III) 

arylating reagent, a yield of 69% obtained in the scope studies was considered insufficient. 

Thus, a full optimisation for this specific product was conducted. As mentioned before, 

2 equiv TfOH at room temperature produced only 39% of 21v (Table 14, entry 1). After 

increasing to 3 equiv of TfOH and conducting the EAS step at 45 °C under inert conditions 

69% were obtained (entry 2). The same conditions open to air gave 21v in slightly 

decreased yield (entry 3). However, since our goal was to develop a simple and efficient 

procedure, we decided to continue the optimisation under non-inert conditions. Good 

results could also be generated with 16 h EAS reaction time at room temperature (entry 4). 
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Omitting the pre-oxidation step by adding TfOH directly to a mixture of iodobenzene, 

benzene and mCPBA in EtOAc produced 79% yield (entry 5). Decreasing the amount of 

mCPBA to 1.1 equiv, which is desirable due to sustainability reasons, gave a slightly higher 

yield (entry 6). Neither more benzene nor shorter reaction affected the yield (entries 7, 8). 

Whereas shortening the reaction time further or decreasing the temperature to 0 °C led to 

decreased yields (entries 9, 10), increasing TfOH to 4 equiv provided slightly more product 

(entry 11). However, since TfOH belongs to per- and polyfluoroalkyl substances (PFAS) 

we aimed to keep the amount as low as possible. 

Table 14: Optimisation of diphenyliodonium triflate (21v). 

 

Entry 
TfOH 

(equiv) 

mCPBA 

(equiv) 

PhH 

(equiv) 

tox 

(h) 

tEAS 

(h) 

TEAS 

(°C) 

Yield 21v 

(%)a 

1 2 1.3 1.3 2 2 rt 39 

2b 3 1.3 1.3 2 4 45 69 

3 3 1.3 1.3 2 4 45 60 

4 3 1.3 1.3 2 16 rt 69 

5 3 1.3 1.3 - 16 rt 79 

6 3 1.1 1.3 - 16 rt 84 

7 3 1.1 2 - 16 rt 85 

8 3 1.1 1.3 - 6 rt 82 

9 3 1.1 1.3 - 1 rt 61 

10c 3 1.1 1.3 - 6 0 50 

11 4 1.1 1.3 - 6 rt 87 
a Isolated yield. b Inert conditions. c Reaction kept at 0 °C. 

Conditions from entry 8 of Table 14 were chosen to be scaled up to 100 mmol by using 

20.4 g of iodoarene as starting material (Table 15). As with previously described large-

scale reactions, the conditions were adapted to ensure a safe process. Before addition of 

TfOH, the flask was cooled with an ice/NaCl bath. TfOH was added dropwise over a period 

of 20 min while keeping the reaction mixture below 0 °C, monitored with a thermometer 
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in the reaction solution. After addition of TfOH, the ice bath was displaced with a room 

temperature water bath (25 °C). The reaction was stirred for 6 h. The product was isolated 

as before, by removing all volatiles under reduced pressure followed by precipitation using 

CPME and filtration. Diphenyliodonium triflate (21v) could be isolated in 81% yield, 

without loss compared to small-scale. To our delight, this process also has a very low E-

factor of 10.9, which along with the use of EtOAc and CPME proves that it is possible to 

synthesise this important arylation reagent in a more sustainable way. 

Table 15: Scale-up reaction of diphenyliodonium triflate (21v) and E-factor calculation. 

 

Compound 
M 

(g/mol) 
Amount Equiv 

ρ 

(g/mL) 

m 

(g) 

Iodobenzene 204.01 100 mmol 1 1.823 20.4 

mCPBA (88% m/m) 172.56 110 mmol 1.1 - 21.6 

TfOH 150.07 300 mmol 3 1.696 45.0 

Benzene 78.11 130 mmol 1.3 0.876 10.2 

EtOAc 88.11 143 mL  0.901 129 

CPME 100.16 220 mL  0.863 190 

Total mass used in the reaction 416 

Diphenyliodonium 

triflate (21v) 
430.18 81.1 mmol  - 34.9 

Total mass of waste 381 

E-factor 10.9 

 

4.8 Conclusions 

Herein we present the first one-pot synthesis of aryl(DMIX)iodonium triflates from the 

corresponding iodoarene, utilising the green solvent EtOAc for the reaction.[96] Due to the 

intrinsic reactivity in this method, arenes must be electron rich to efficiently form the 

corresponding DMIX salts. Additionally, this method could be expanded on the synthesis 
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of diaryliodonium salts with other commonly used dummy ligands, such as phenyl, anisyl 

and TMP. Both triflate and tosylate salts could be synthesised by using the corresponding 

acid, as well as cyclic salts. Benchmarking this study with the literature yields of the same 

salts in DCM shows that equally good yields can be obtained. Scale-ups and E-factor 

calculations of DMIX salt 20e, anisyl salt 21j and diphenyliodonium triflate (21v) show 

the robustness and sustainability of this process.  
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5 Hypervalent iodine mediated one-pot functionalisation 

of arenes and iodoarenes (Paper IV) 

5.1 Introduction 

5.1.1 Atom economy in hypervalent iodine chemistry 

Poor atom economy remains one of the biggest drawbacks of hypervalent iodine group 

transfer chemistry due to formation of stoichiometric iodoarene.[97] In 2015, the pivotal 

report by Greaney introduced the concept of reducing waste formation by inclusion of the 

liberated iodoarene in the final product through a sequential diarylation (Scheme 38).[98] 

Indoles first underwent efficient Cu-catalysed arylation in the C3-position, and addition of 

a new ligand to the reaction led to N-arylation of the indole by the liberated iodoarene. This 

outcome indicates selective diarylation is possible with two different aryl components of 

the diaryliodonium salt. Unfortunately, this strategy is impossible under standard metal-

free arylation conditions, since there are no methods for metal-free arylations with 

iodoarenes. 

 

Scheme 38: Metal-catalysed diarylation of indoles. 

In the synthesis of symmetric diaryliodonium salts, the liberated iodoarene is the same as 

the one used to prepare the iodonium salt, and it can therefore be reused (Scheme 39, A).[77] 

However, the synthesis of symmetric salts is limited by the need for a sufficiently 

nucleophilic arene to allow for the EAS, resulting in a scope of neutral to rather electron 

rich salts. More electron deficient salts can be synthesised via the use of functionalized 

precursors such as arylboronic acids[40] (see Scheme 8, B) or toxic arylstannanes.[99] 
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In the synthesis of unsymmetric iodonium salts, the electron poorer aryl moiety is used as 

the iodoarene, and the more electron rich aryl moiety is added as the arene. The latter acts 

as the dummy ligand in metal-free applications, and is liberated as an iodoarene (Scheme 

39, B). The tunability of electronic and steric factors is a major advantage of dummy 

ligands. Furthermore, they are designed to be cheap since they will become iodoarene 

waste. In contrary to standard unsymmetric iodonium salts, DMIX salts are synthesised 

from DMIX-I[89,96] where DMIX becomes the dummy ligand (Scheme 39, C).[100] This 

results in the liberation of DMIX-I after ligand coupling, which can be reused for the salt 

synthesis, if its isolation is possible. 

 

Scheme 39: Synthesis and arylation with A: symmetric, B: unsymmetric and C: DMIX salts. 

5.1.2 One-pot arylations 

Conducting reactions in a one-pot fashion lowers the use of reaction solvent, avoids a 

purification step and therefore reduces the amount of produced waste, which is desired 

according to the first principle of green chemistry.[50] However, combining the synthesis of 

Ar2IX with their use in arylations is difficult due to the mismatch of conditions. Whilst the 

first step requires strongly acidic conditions, the second requires neutral or basic conditions 

depending on the chosen nucleophile. The addition of an equivalent of base, to neutralise 
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the acid in the first step, could allow for a one-pot reaction. This concept was demonstrated 

by our group in a one-pot C–H functionalisation of arenes via diaryliodonium salts to form 

nitroarenes (Scheme 40).[77] To facilitate efficient acid-base reaction, water was used as co-

solvent and NaHCO3 was added until pH 7 was reached. Reaction with NaNO2 provided 

nitroarenes under these conditions without isolating the iodonium salt. It was also possible 

to re-isolate the liberated iodoarenes indicating reusability. However, the substrate scope 

shows only very simple substrates with mostly poor to moderate yields. 

 

Scheme 40: One-pot C–H functionalisation via diaryliodonium salts. 

Furthermore, the strategy to use a pre-formed iodine(III)-reagent for in situ synthesis of 

diaryliodonium salts can enable one-pot reactions, as the standard acidic and oxidative 

conditions, required to oxidise iodoarenes, can be avoided. This allows a subsequent 

arylation without quenching any remaining acid. Such a strategy was demonstrated in 2014 

by Suna and co-workers, in a hypervalent iodine-mediated one-pot C–H functionalisation 

of indoles using a copper catalyst for the arylation step.[101]  

DMIX salts have proven to be efficient group transfer reagents in reactions with C-,[102] 

N-,[103,104] S-[105] and O-arylations.[106] Most of these arylations were carried out starting 

from isolated DMIX salts not in a one-pot fashion. Karchava and co-workers developed a 

semi one-pot C–H functionalisation of indoles via (DMIX)indolyliodonium tosylates 

(Scheme 41).[107,108] Indoles were reacted with the isolated iodine(III) reagent DMIX-

I(OTs)OH (see Scheme 34 for synthesis of DMIX-I(OTs)OH) in EtOAc to form the 

corresponding DMIX salt. In the second step, EtOAc was exchanged with another solvent 

for the arylation step of either potassium ethyl xanthate[107] or sulfonates and NaNO2
[108] to 
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yield the arylated product. In case of NaNO2, the solvent was not exchanged enabling a full 

one-pot arylation. 

 

Scheme 41: C–H functionalisation of indoles. 

To take the DMIX iodonium chemistry one step further, we aimed to develop a one-pot 

method for C–H functionalisation of arenes via in situ formation of DMIX salts from the 

corresponding DMIX-I and arenes. Our strategy was to combine our salt synthesis in 

EtOAc (see Chapter 4) with one-pot arylations of nucleophiles to functionalise electron 

rich arenes, including derivatisation of biologically relevant compounds. Since DMIX-I is 

used for the synthesis of DMIX salts and is the liberated iodoarene in applications, a one-

pot C–H functionalisation via this type of iodonium salts would be of high interest. 

Furthermore, functionalisation of electron poor arenes via anisyl salts was envisaged to 

broaden the scope beyond electron rich arenes.  

5.2 C–H Functionalisation of arenes via DMIX salts 

The selection of nucleophiles was based on properties that would enable successful one-

pot arylations. Firstly, they should be more nucleophilic than deprotonated mCBA, the by-

product of the salt synthesis step. If this would not be the case, mCBA would compete as a 

nucleophile. Furthermore, we wanted to avoid nucleophiles that require deprotonation with 
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sensitive bases such as tBuOK, which is quite common in iodonium chemistry,[9] since 

aqueous conditions would not be tolerated with these bases. Nucleophiles that fulfil all 

criteria are stable alkali metal salts such as NaSCN, NaNO2 and potassium ethyl xanthate. 

Aside of sodium nitrite, both potassium ethyl xanthate and thiocyanate have only been 

arylated in toxic solvents such as DCM, benzene or DCE (dichloroethane).[79,107,109] 

5.2.1 Optimisation with NaSCN 

Most direct thiocyanation reactions are carried out in problematic solvents associated with 

problems towards sustainability.[109,110] This motivated us to develop a new method for a 

one-pot arylation of SCN in EtOAc as greener solvent. Firstly, we needed to investigate 

conditions for the nucleophilic addition of thiocyanate to anisyl(DMIX)iodonium 

triflate (20a). Using 3 equiv of NaSCN produced product 22a in 26% yield along with 68% 

remaining starting material 28a (Table 16, entry 1). Surprisingly, decreasing the amount of 

NaSCN to 1 equiv improved the yield (entry 2). Increasing the reaction temperature to 

100 °C proved to be key, as a yield of 87% was observed (entry 3), which could be further 

improved to 92% by lowering the concentration to 0.05 M (entry 4). Reducing the reaction 

time to 4 h was detrimental to the reaction (entry 5). However, a reaction temperature of 

110 °C allowed for a shortening of reaction time to 4 h as 93% of 22a was produced 

(entry 6). Since we performed all reactions in closed microwave vials, the reaction 

temperature should not exceed the boiling point of the solvent too much. Therefore, we 

deemed conditions from entry 4 optimal. 
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Table 16: Optimisation for arylation of NaSCN with 20a in EtOAc. 

 

Entry T (°C) t (h) NaSCN (equiv) 
Conc. 

(M) 

Yield 22a 

(%)a 

Remaining 20a 

(%)a 

1 80 18 3 0.15 26 68 

2 80 18 1.0 0.15 40 53 

3 100 18 1.0 0.15 87 1 

4 100 18 1.0 0.05 92 1 

5 100 4 1.0 0.05 44 50 

6 110 4 1.0 0.05 93 4 
a Yields are based on 1H-NMR using TMB as internal standard. 

After having identified good conditions for the arylation of thiocyanate starting from DMIX 

salt 20a, one-pot studies from DMIX-I and anisole were commenced. After the synthesis 

step of 20a, we planned to neutralise the remaining acid with NaHCO3 according to the 

one-pot C–H functionalisation previously developed by our group (see Scheme 40).[77] It 

was observed that quenching of TfOH in EtOAc was very inefficient without water, 

resulting in low yields of 22a. To get a better insight of which conditions were needed for 

the one-pot arylation, without having to perform the oxidation step each time, we simulated 

a crude mixture for the salt synthesis step by mixing salt 20a with mCBA, TfOH and 

DMIX-I, which are all by-products or remaining reagents in this step. The yield obtained 

for salt 20a is 93% (see Scheme 36). However, to simulate the one-pot reaction under 

conditions where the first step is low yielding the amount of each compound was calculated 

based on an assumed yield of 30% for 20a (Scheme 42). The crude would then contain a 

lot of by-products and remaining reagents that could interfere in the arylation step. 
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Scheme 42: Starting materials, products and by-products in the synthesis of 20a. 

Based on this, 1 equiv of salt 20a was mixed with 1 equiv DMIX-I and 1.46 equiv mCBA. 

Reaction without base produced ligand coupling product 22a in 55% yield (Table 17, 

entry 1). The addition of 1 equiv NaHCO3 to quench the TfOH before reaction with NaSCN 

improved the results considerably (entry 2). Finally, 0.7 equiv NaHCO3 (the same as triflic 

acid loading) led to 93% of 22a (entry 3). Neutralising the mixture to pH 7, measured by 

pH paper, led to a significant decreased yield of 76% (entry 4). In summary, the best yield 

was obtained when the amount of added base exactly matched the TfOH present in a crude 

of the salt synthesis step. The procedure of adding a reagent based on the yield of the 

intermediate was earlier reported by DiMagno in the synthesis of functionalised iodonium 

salts (see Scheme 12).[59] 
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Table 17: Optimisation for imitated one-pot thiocyanation using anisyl(DMIX)iodonium triflate (20a). 

 

Entry NaHCO3 (equiv) Yield 22a (%)a 

1 - 55 

2 1.0 84 

3 0.7 93 

4 to pH 7 76 
a Yields are based on 1H-NMR using TMB as internal standard. 

5.2.2 Scope with NaSCN 

After the study of the effect of remaining reagents and by-products with NaSCN as 

nucleophile, the scope for C–H functionalisation via DMIX salts was evaluated (Scheme 

43). The amount of base added in the ligand coupling step was adjusted depending on the 

published yield of our iodonium salt synthesis in EtOAc (see Chapter 4).[96] For example, 

the reactions via salt 20a, which formed in 93% yield, needed 0.07 equiv of NaHCO3 to 

quench the 0.07 equiv of remaining TfOH. Detailed descriptions and how much base was 

used for each substrate can be found in the Supporting Information. 

Under optimised conditions, the one-pot thiocyanation of anisole was performed utilising 

only 1.0 equiv of NaSCN to give 22a in 81% yield. Using the same conditions, the 

heterocyclic product 22b was obtained in 48% yield, and the estrone derivative 22c in 57% 

yield. The latter yield could be improved to 72% by using excess NaSCN (3 equiv), and 

those conditions were hence applied for the rest of the substrates. Thiocyanation of 

diphenyl ether resulted in 22d in 44% yield, reflecting the less electron donating nature of 

a phenoxy- compared to a methoxy-substituent. The methyl ester of biologically relevant 

gemfibrozil underwent thiocyanation in 42% yield, which is surprisingly high considering 

the low yielding salt synthesis step of 56% yield. Installation of a bromo-substituent was 

detrimental for the reaction outcome, leading to just 22% yield of 22f. In most reactions it 
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was possible to re-isolate DMIX-I in moderate to good yields and losses after purification 

are mainly due to its volatility. Product 22d and DMIX-I displayed very similar polarity, 

which made chromatographic purification difficult, but pure 22d could be obtained by 

removing DMIX-I through high vacuum. In general, nucleophilic arene and smaller 

amounts of iodonium salt 20 account for the rest of the mass balance in this process. It is 

worth mentioning that in in all examples complete regioselectivity was observed governed 

by the salt synthesis step. 

 

Scheme 43: Scope for the one-pot functionalisation of arenes via DMIX salts 20 with NaSCN. The amount 

of base was adjusted based on the yield of the iodonium salt synthesis (see Supporting Information). 

a 1.0 equiv of NaSCN used. 

5.2.3 Optimisation with potassium ethyl xanthate 

Potassium ethyl xanthate has been arylated with both DMIX- and ordinary iodonium salts 

by Karchava and co-workers.[79,107] However, the toxic solvents DCM and benzene were 

utilised in both protocols. To make this process more sustainable, such solvents need to be 

avoided. Thus, we developed the synthesis of 23a from DMIX salt 20a and potassium ethyl 

xanthate using EtOAc as greener reaction solvent (Table 18). Utilisation of 2 equiv 

xanthate at 70 °C for 3 h yielded desired product 23a in 50% yield, without any remaining 

starting material (entry 1). The reaction was carried out in the dark, since potassium ethyl 

xanthate is light sensitive.[61] The yield of 23a could be improved by reducing the reaction 

time to 1 h and lowering the reaction concentration to 0.05 M (entries 2, 3). Lowering of 



 

64 
 

nucleophile loading provided 23a in a slightly better 72% yield (entry 4). Reducing the 

reaction time further to 0.5 h or lowering the temperature to 40 °C, but running the reaction 

overnight were detrimental (entries 5, 6). 

Table 18: Optimisation for arylation of potassium ethyl xanthate with salt 20a in EtOAc. 

 

Entry 
Xanthate 

(equiv) 
T (°C) t (h) Conc. (M) 

Yield 23a 

(%)a 

Remaining 20a 

(%)a 

1 2 70 3 0.1 50 - 

2 2 70 1 0.1 56 - 

3 2 70 1 0.05 68 - 

4 1.0 70 1 0.05 72 5 

5 1.0 70 0.5 0.05 50 27 

6 1.0 40 24 0.05 51 15 
a Yields are based on 1H-NMR using TMB as internal standard. 

With optimised conditions in hand for the second step, the reaction was expanded to include 

the initial salt synthesis step. After in situ formation of 20a from anisole, neutralisation of 

remaining TfOH by addition of 0.07 equiv NaHCO3 and addition of the nucleophile 

provided 23a in 23% yield (Table 19, entry 1). This is significantly lower than the 

optimised 72% yield starting from iodonium salt 20a (see Table 18, entry 4). However, 

50% of 20a remained, which indicates low conversion in the second step. In the previous 

study with NaSCN as nucleophile, the amount of base played a crucial role in the one-pot 

reaction (see Chapter 5.2). Indeed, increasing the amount of NaHCO3 to 1.53 equiv, to 

neutralise both the remaining TfOH and mCBA, led to 35% yield of 23a (entry 2). 

Quenching of mCBA might be needed due to the slightly higher pKa of xanthic acid 

compared to HSCN. Whilst longer reaction times were slightly worse for the arylation with 

20a (see Table 18, entry 1), the yield of the one-pot reaction could be increased to 45% by 

stirring for 18 h (Table 19, entry 3). Furthermore, it proved to be beneficial to use 2 equiv 

of nucleophile, leading to a yield of 71% (entry 4). Protection from light was not needed, 
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as illustrated by the result in entry 5, whereas even higher loading of nucleophile reduced 

the yield (entry 6). Finally, 2 equiv of base were added to investigate whether the reaction 

needed a specifically calculated base amount (entry 7). This resulted in a significantly 

reduced yield of 48%, which shows the importance of adjusting the amount of base based 

on the yield of the salt synthesis step. 

Table 19: C–H functionalisation of anisole with potassium ethyl xanthate. 

 

Entry 
NaHCO3 

(equiv) 
t (h) 

Xanthate 

(equiv) 

Yield 23a 

(%)a 

Yield 20a 

(%)a 

1 0.07 1 1.0 23 50 

2 1.53 1 1.0 35 34 

3 1.53 18 1.0 45 16 

4 1.53 18 2 71 - 

5b 1.53 18 2 70 - 

6 1.53 18 3 51 - 

7b 2.0 18 2 48 - 

See Supporting Information for detailed base calculation. a Yields are based on 1H-NMR using TMB as 

internal standard. b Reaction not in dark. 

5.2.4 Optimisation with NaNO2 

Similar to previous nucleophiles and to our group’s already reported nitration in DCM (see 

Scheme 40),[77] neutralisation was carried out using NaHCO3. However, adjusting pH to 

7[77] provided product 24a in only 16% yield (Table 20, entry 1). Utilisation of 1.53 equiv 

of NaHCO3 increased the yield to 32% (entry 2). Triethylamine was evaluated, since an 

organic base could be used without the addition of water, but proved to be inefficient 

(entry 3). Next, the equivalents of NaNO2 were investigated (entries 4, 5), revealing that 

reactions with 5 equiv NaNO2 delivered 24a in 80% yield. A lower concentration of 0.05 M 

did not increase the yield further (entry 6). 
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Table 20: C–H functionalisation of anisole with NaNO2. 

 

Entry Base (equiv) NaNO2 (equiv) Yield 24a (%)a 

1 NaHCO3 (to pH 7) 1.1 16 

2 NaHCO3 (1.53) 1.1 32 

3b NEt3 (1.53) 1.1 11 

4 NaHCO3 (1.53) 3 65 

5 NaHCO3 (1.53) 5 80 

6c NaHCO3 (1.53) 5 77 

See Supporting Information for detailed base calculation. a Yields are based on 1H-NMR using TMB as 
internal standard. b No water added. c Reaction concentration 0.05 M. 

5.2.5 Scope with potassium ethyl xanthate and NaNO2 

A scope with both potassium ethyl xanthate and NaNO2 was then evaluated in the one-pot 

C–H functionalisation (Scheme 44). Selected substrates were anisole and biologically 

relevant compounds such as estrone and gemfibrozil derivatives. In the optimisation with 

potassium ethyl xanthate, the best result with anisole provided 23a in 70% NMR-yield (see 

Table 19, entry 5). This product could not be isolated pure via column chromatography and 

therefore NMR-yields are given. Estrone methyl ether and gemfibrozil methyl ester could 

be converted into the corresponding xanthates 23b and 23c in 49 and 27% respectively over 

the two steps. The nitrations show the same trend although in slightly better yields. 4-

Nitroanisole 24a was obtained in 81% yield, estrone and gemfibrozil derivatives 24b and 

24c in 52% and 34%, respectively. In all cases DMIX-I could be re-isolated in 70-89% 

yield. 
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Scheme 44: Scope for the one-pot functionalisation of iodoarenes via DMIX salts 20. The amount of base 

was adjusted depending on the yield of the iodonium salt (see Supporting Information). a Yields are based 

on 1H-NMR using TMB as internal standard. 

5.3 Functionalisation of iodoarenes via anisyl salts 

The developed C–H functionalisation via DMIX salts is limited to electron rich salts since 

arenes need to be nucleophilic to form the iodonium salt. To increase the scope of the one-

pot functionalisation beyond very electron rich arenes, we wanted to use anisyl salts, which 

we showed can be synthesised from electron poor/less rich iodoarenes in EtOAc (see 

Scheme 37). This would allow us to functionalise electron poor iodoarenes like in our one-

pot nitration from 2016,[77] avoid DCM as reaction solvent, and expand the scope to more 

nucleophiles such as potassium ethyl xanthate and NaSCN. 

5.3.1 Optimisation with potassium ethyl xanthate 

The synthesis of anisyl salts in ethyl acetate employs 2 equiv triflic acid. Based on the 

published yield of 87% for 21a, 1.13 equiv of NaHCO3 would be required to quench the 

remaining TfOH in the one-pot reaction. Indeed, with 1 equiv of potassium ethyl xanthate 

as nucleophile, 25a was obtained in 70% yield (Table 21, entry 1). Increasing the amount 

of nucleophile to 2 equiv produced a slightly better yield (entry 2), but with 3 equiv the 
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yield could not be improved (entry 3). For the arylation of potassium ethyl xanthate via 

DMIX salts both TfOH and mCBA had to be quenched. Applying this by adding 2.59 equiv 

of base yielded 25a in 84% yield with only 1 equiv of nucleophile. This is very similar to 

the 87% published for the formation of 21a in the first step, indicating the excellent yield 

of the second step.[96] 

Table 21: One-pot functionalisation of 4-nitroiodobenzene with potassium ethyl xanthate. 

 

Entry NaHCO3 (equiv) Xanthate (equiv) Yield 25a (%)a 

1 1.13 1 70 

2 1.13 2 79 

3 1.13 3 73 

4 2.59 1 84 

See Supporting Information for detailed base calculation. a Yields are based on 1H-NMR using TMB as 

internal standard. 

5.3.2 Optimisation with NaNO2 

As described above, a one-pot nitration has been reported by our group using a solvent 

mixture of DCM/water and 3 equiv NaNO2 (see Scheme 40). In that protocol the reactions 

mainly went through symmetric iodonium salts, which allowed for the re-isolation of the 

iodoarene. However, four scope entries employed an anisyl dummy, giving nitroarenes in 

15-68% yield.[77] To obtain a method in EtOAc, we focused our optimisation on the 

equivalents of base and nucleophile. In entry 1 of Table 22, 1.13 equiv of base were used 

to quench only remaining triflic acid, giving 63% of 26a. Quenching both TfOH and mCBA 

increased the yield to 79% (entry 2). Whilst an excess of base only affected the yield 

slightly (entry 3), excess NaNO2 produced 82% of 26a (entry 4).  
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Table 22: Optimisation for the one-pot functionalisation of iodoarenes via anisyl salts. 

 

Entry NaHCO3 (equiv) NaNO2 (equiv) Yield 26a (%)a 

1 1.13 1 63 

2 2.59 1 79 

3 4 1 76 

4 2.59 3 82 

See Supporting Information for detailed base calculation. a Yields are based on 1H-NMR using TMB as 

internal standard 

5.3.3 Scope 

Next, we evaluated the scope for the one-pot functionalisation of iodoarenes on three 

different substrates (Scheme 45). 4-Nitroiodobenzene could be converted into xanthate 25a 

in 84% NMR-yield. This compound could not be isolated via column chromatography due 

to co-elution of 4-iodoanisole. Using NaNO2 as nucleophile gave 1,4-dinitrobenzene (26a) 

in 80%, and the reaction with NaSCN resulted in efficient one-pot functionalisation to give 

27a in 85% yield. 

More sophisticated phenylalanine derivative resulted in a complex reaction mixture with 

potassium ethyl xanthate as nucleophile, as indicated by crude NMR. However, reactions 

with NaNO2 and NaSCN gave 26b and 27b in 48% and 63% yield, respectively. 

Finally, 4-iodoglutethimide was used as substrate, and both the arylation product and 4-

iodoanisole were isolated. According to the mechanism, the same amount of product and 

4-iodoanisole should be formed. With potassium ethyl xanthate 25c was formed in 52% 

NMR-yield along with 4-iodoanisole in 72%. NMR-yields are presented since 25c and the 

corresponding iodoarene could not be separated via column chromatography. The higher 

yield of 4-iodoanisole indicates decomposition of the in situ formed iodonium salt 21o. 

Reactions with NaNO2 and NaSCN as nucleophiles provided 26c and 27c in 77 and 72% 
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yield, respectively. In both cases 4-iodoanisole was isolated in the same or similar yields 

as the product. Finally, one-pot thiocyanation of iodobenzene gave 27d in 69% with 42% 

re-isolated iodobenzene. 

 

Scheme 45: Scope for one-pot functionalisation of iodoarenes via anisyl salts 21. The amount of base 

added in the ligand coupling step was adjusted depending on the published yield of the iodonium salt 

synthesis (see Supporting Information). a Yields are based on 1H-NMR using TMB as internal standard. 

5.4 Conclusion 

Since the synthesis of diaryliodonium salts requires acidic conditions, and the subsequent 

application step requires basic or neutral conditions, combing these two steps into a one-

pot procedure has always been difficult to achieve. Our previous published one-pot C–H 

functionalisation to form nitroarenes from arenes utilises base to neutralise the acid, but 

hazardous and unsustainable dichloromethane has been used.[77] In this study, we utilise 

EtOAc as reaction solvent with DMIX- and anisyl salts. The nucleophiles NaSCN, 

potassium ethyl xanthate and NaNO2 were successfully arylated, as showcased with several 
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substrates. Biologically relevant substrates such as estrone, Cytadren® and phenyl alanine 

derivatives could also be successfully arylated. As one-pot reactions utilising DMIX salts 

were not feasible with electron poor arenes, the complementary strategy via anisyl salts 

was utilized to allow for electron poor substrates to be functionalised. We also focussed on 

reusability, aiming to isolate the by-product iodoarenes, which was possible for nearly all 

reactions.  
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6 Concluding remarks 

This thesis describes syntheses and applications of diaryliodonium salts with focus on the 

development of more sustainable methods. 

Chapter 2 describes a synthesis of novel functionalised diaryliodonium salts. This was 

enabled by nucleophilic aromatic substitution on fluoro-substituted iodonium salts with 

amines, anilines and phenols. Chapter 3 summarises reactivity studies that were conducted 

with difluoro-substituted iodonium salts, revealing that it is possible to selectively 

functionalise only one or even both positions with two different nucleophiles. In total, more 

than 50 novel, functionalised diaryliodonium salts could be synthesised, containing 

biologically relevant structures such as cinchonine derivative, Cytadren® as well as a 

dipeptide. By means of two examples, we showed that these types of salts are not possible 

to make directly from the functionalised iodoarenes. Furthermore, we presented 

applications with vanillin substituted salt forming heavily functionalised arenes in metal-

free N-, O- and S-couplings. 

In Chapter 4 the first one-pot synthesis of DMIX-triflates is described, which can be 

performed in the green solvent ethyl acetate. This method could be expanded to ordinary 

diaryliodonium salts bearing several ligands with different electronic properties and useful 

dummy ligands. Benchmark studies with literature procedures using DCM show 

comparable yields, revealing that ethyl acetate can be an efficient replacement for DCM. 

Furthermore, three large-scale reactions with remarkably low E-factors demonstrate the 

robustness and the sustainability of this synthetic protocol. 

In Chapter 5 we presented a one-pot functionalisation of iodoarenes and arenes via 

diaryliodonium salts. A more sustainable process than previously reported was developed 

by combining our developed salt synthesis in ethyl acetate with an arylation step. Individual 

optimisations were conducted for sodium thiocyanate, potassium ethyl xanthate and 

sodium nitrite, which allowed for a one-pot reaction without solvent change. The key for 

success was to quench remaining acid from the salt synthesis step with sodium bicarbonate. 

In case of DMIX salts the liberated iodoarene could be isolated, which offers the possibility 

of being reused. 
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Appendix A – Contribution list 

I. SNAr-Functionalization of Diaryliodonium Salts: Access to Densely Substituted 

Arenes 

Synthesised all iodoarenes, and all iodonium salts except for iodonium salts 1j and 1o (see 

Scheme 15). Conducted all optimisation and scope studies of amine and aniline 

nucleophiles and carried out reactivity studies except for the competition reaction from 

Scheme 23. Supervised Judith Braunreuther during optimisation and scope studies of 

phenol nucleophiles. Erika Linde obtained preliminary results for the project, conducted 

the competition experiment in Scheme 23 and synthesised compound 4o. Berit Olofsson 

designed and supervised the project and wrote the manuscript. Wrote the Supporting 

Information. 

II. Sustainable and scalable one-pot synthesis of diaryliodonium salts 

Conducted optimisation and scope studies for DMIX salts and contributed slightly to 

optimisation and scope studies for ordinary salts. The majority of optimisation and scope 

for ordinary salts were conducted by Sayad Doobary-Vobora. He also supervised Marufa 

Akter, who did her master’s thesis on this project. Piret Villo discovered the reactivity in 

EtOAc and obtained preliminary results for the project. Berit Olofsson designed and 

supervised the project. Berit Olofsson and Sayad Doobary-Vobora wrote the majority of 

the manuscript. Contributed slightly to the manuscript writing. Wrote the Supporting 

Information of the manuscript together with Sayad Doobary-Vobora. 

III. Large-Scale Synthesis of Diphenyliodonium Triflate in Green Solvent 

Conducted reactions for the optimisation and supervised Wesley Beijnes, who did 

optimisation studies for this project during an internship in our group. Performed additional 

optimisation reactions and carried out the large-scale reaction. Berit Olofsson designed and 

supervised the project. Berit wrote the manuscript. Contributed to the manuscript writing 

and wrote the Supporting Information. 

IV. Hypervalent iodine mediated one-pot functionalisation of arenes and iodoarenes 

Conducted all the optimisation and scope studies. Berit Olofsson designed and supervised 

the project. 
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Appendix B – Reprint permissions 

II. Sustainable and scalable one-pot synthesis of diaryliodonium salts  

S. Doobary,*‡ L. Kersting,‡ P.Villo, M. Akter and B. Olofsson*  

Chem. Commun., 2025, 61, 5158–5161  

This paper is an Open Access publication under the terms of the Creative Commons 

Attribution License CC BY 4.0. 
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Appendix C – Experimental data 

II. Sustainable and scalable one-pot synthesis of diaryliodonium salts 

Full experimental data and Supporting Information for Paper II can be found at: 

https://doi.org/10.1039/d5cc00774g 
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