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Abstract 

Organic chemists have the ability to create complex organic molecules by 
connecting molecular building blocks in different ways. To name a few, 
these molecules are used as medicines, pesticides or in our household  
electronics, and are therefore crucial to life as we know it. While many  
excellent methods for the connection of these fragments are known, serious 
issues regarding efficiency and sustainability remain. Our research concerns 
the use of diaryliodonium salts as a way of improving on these issues.  
Diaryliodonium salts are hypervalent iodine reagents used to transfer aryl 
groups to suitable nucleophiles. This thesis concerns the synthesis of these 
reagents and their use in the formation of carbon-nitrogen and carbon-
oxygen bonds.  

The first project investigates the possibility to synthesize unsymmetrical 
diaryliodonium salts starting from elemental iodine and arenes, as such a 
method could be more cost efficient and sustainable compared to existing  
methods starting from iodoarenes. It was found that highly sterically  
congested diaryliodonium salts could be synthesized in high yields.  

Next, we applied diaryliodonium salts in the arylation of nitrite to form 
aromatic nitro compounds. The methodology offered a broad scope with 
good to excellent yields. Furthermore, we presented the in situ  
functionalization of diaryliodonium salts that had been formed from  
iodoarenes and arenes. This conceptually novel approach could be a step 
towards a catalytic reaction using diaryliodonium salts.  

In the third project we investigated the mechanisms of O-arylations with 
diaryliodonium salts to provide a deeper understanding of the reaction path-
ways involved in product and byproduct formation. Reactions between  
electron-rich diaryliodonium salts, hydroxides or secondary alcohols were 
studied.  When using hydroxide as the nucleophile, the side products could 
be suppressed by the addition of aryne traps, suggesting such an intermediate 
in the reaction. A novel mechanism for the formation of the aryne was pro-
posed based on DFT calculations.  When alcohols were used we detected the 
oxidation of the alcohol rather than aryne products. The oxidized product 
was shown to not originate from arynes or a radical process but was formed 
via an intramolecular deprotonation from a 4-coordinated intermediate as 
suggested by DFT-calculations and experiments. 
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In the final project we developed two complementary methods for the 
synthesis of phenols using hydroxide surrogates as nucleophiles. These 
compounds have previously been difficult to make using diaryliodonium 
salts due to aryne formation or overarylation to form diaryl ethers. The first 
method used hydrogen peroxide as the surrogate and allowed formation of 
electron-deficient and moderately electron-rich phenols. The synthesis of 
ortho-alkyl substituted phenols could be accomplished by using silanols as 
the surrogate. This allowed us to synthesize several highly congested  
phenols in good yields. Highly electron-rich diaryliodonium salts were, 
however, not compatible with either of the two methods. 
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Abbreviations 

In this thesis, abbreviations are used in agreement with the standard of the 
subject.* Only nonstandard and unconventional abbreviations that appear in 
this thesis are listed here. 

 
ani         anisyl 
DFT         density functional theory 
DIB         (diacetoxyiodo)benzene 
DMEDA       1,2-dimethylethylenediamine 
dtbpy         4-tert-butyl-2-(4-tert-butylpyridin-2-yl)pyridine 
EAS         electrophilic aromatic substitution 
EBX         ethynylbenziodoxolone 
ESR         electron spin resonance 
n.r.         no reaction 
OTf         triflate 
OTs         tosylate 
PCM         polarizable continuum model 
PIDA        phenyliodine(III) diacetate 
PIFA         phenyliodine(III) bis(trifluoroacetate) 
rt          room temperature 
TBAF        tetra-N-butylammonium fluoride 
TfOH        trifluoromethanesulfonicacid 
TMP         2,4,6-trimethoxyphenyl 
TMP-H        1,3,5-trimethoxybenzene 
TsOH        p-toluenesulfonic acid 
TS         transition state 
VBX         vinylbenziodoxolone 
 
 
 
*The ACS Style Guide, 3rd Edition, American Chemical Society: Washing-
ton, DC, 2006 
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1. Introduction 

Organic molecules are everywhere; e.g. in agrochemicals used to protect our 
crops, in the pharmaceuticals used to treat illnesses and even in our house-
hold electronics, for example as organic light-emitting diodes (OLED’s) in 
our television screens (Figure 1). Due to the high demand for complex  
organic molecules in our society, efficient ways to produce them are of the 
greatest importance to reduce the imprint on the environment. With the  
current threat of climate change and limited resources, it is up to the  
chemical community to develop new green methods to add to the existing 
toolbox of organic chemistry.  

Some of the topics that need to be addressed are the unsustainable way of 
performing reactions under harsh conditions, using toxic and/or excess  
reagents that in the end create a lot of waste. In this thesis the focus lies on 
the development of mild and metal-free methods for the formation of  
carbon-heteroatom bonds using hypervalent iodine reagents. The nature of 
these reagents demands great care for the conditions used in order to  
minimize waste formation, something that has been investigated in great 
detail. 

 

 
Figure 1. Selected examples of organic molecules used in (a) agriculture[1]  

(b) medicine[2] and (c) organic light-emitting diodes.[3] 
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1.1. The Chemistry of Hypervalent Iodine 
In 1886, Willgerodt synthesized the first organic hypervalent iodine  
compound, (dichloroiodo)benzene (PhICl2).[4] However, it is mainly in the 
last decades that the use of this class of reagents has blossomed.[5] In 1969, 
Musher coined the term “hypervalency” and described hypervalent  
compounds as molecules containing atoms that exceed the maximum  
number of valence electrons determined by traditional theory (8e- for main 
group elements).[6] For iodine, this is achieved by the double occupancy of a 
p-orbital, forming what is known as a three-center four-electron (3c-4e) bond 
together with two orbitals of the ligands L (Figure 2).[7] The hybridization of 
the orbitals from the ligands can be p, sp2 or sp3, depending on the nature of 
the ligands (Figure 2b). Hypervalent iodine reagents exist in  
several different oxidation states, +III, +V and +VII. While this thesis  
is focused on iodine(III) reagents, some important examples of reagents of 
higher oxidation states will be highlighted later in this Chapter.   

The linearity of the hypervalent bond gives the trivalent iodine reagents a 
characteristic T-shape structure, where the ligands share the hypervalent 
bond in the apical position while two lone-pairs and another ligand reside in 
the equatorial positions. The electrons occupying the non-bonding orbital of 
the hypervalent bond reside mostly on the ligands, therefore the iodine is 
electrophilic.[5a] 

 

 
Figure 2. a) Representation of a hypervalent iodine(III) species b) Molecular orbital 

diagram for the 3c-4e bond using p (left) or sp2/sp3 ligands (right). 

Hypervalent iodine reagents have gained considerable attention as oxidants 
for many reasons, such as low toxicity and high reactivity under mild  
conditions.[5a] Selected examples of frequently used hypervalent iodine  
oxidants are sodium periodate (+VII, NaIO4), Dess-Martin periodinane  
(+V, DMP) and (diacetoxyiodo)benzene (+III, DIB or PIDA), and their 
structures are shown in Figure 3a. Certain iodine(III) reagents are used as 
group transfer reagents instead.[5a, 8] Several functional groups can be  
transferred using these reagents, such as vinyl (VBX), alkynyl (EBX) or 
trifluoromethyl (Togni’s reagent) to name a few (Figure 3b). The Olofsson 
group has focused on the development and applications of diaryliodonium 
salts (Figure 3c), which are aryl transfer reagents that will be the main topic 
of this thesis.  
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Figure 3. A selection of commonly used hypervalent iodine reagents. 

1.1.1. Diaryliodonium Salts 
Diaryliodonium salts, also called diaryl-λ3-iodanes in accordance with the  
IUPAC nomenclature, are hypervalent iodine reagents that bear two aryl  
ligands.[9] One of the aryl groups resides in the apical position together with a 
suitable counterion (e.g. OTf, OTs or BF4), while the other aryl moiety is in 
the equatorial position. Diaryliodonium salts are depicted in several ways in 
the literature; nevertheless in modern days, symmetrical salts (Ar1 = Ar2) are 
usually shown as in Figure 4a with a 90° angle between the two aryl groups 
and with the counterion (X) bound to the iodine. Unsymmetrical salts  
(Ar1 ≠ Ar2) are often depicted in an ionic form (Figure 4b) due to the  
uncertainty of which is the aryl moiety that participates in the hypervalent 
bond with the iodine and the ligand X. Still, the 90° angle between the two 
aryl groups is retained. Historically, the ionic structure in Figure 4c has been 
used to describe the diaryliodonium reagents, however, it does not give the 
correct representation with regards to the bond angles. Throughout this  
report, the T-shape (Figure 4a) will be used for symmetrical salts while the 
ionic form (Figure 4b) will be used for unsymmetrical salts. 

 

 
Figure 4. a) Common depictions of diaryliodonium salts. 
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1.1.1.1. Synthesis of Diaryliodonium Salts 
The Olofsson group has developed several efficient one-pot procedures to  
synthesize diaryliodonium salts bearing different counterions (OTf, OTs or 
BF4).[10] Symmetrical salts can be acquired by using elemental iodine in  
combination with an oxidant (usually meta-chloroperbenzoic acid, mCPBA), 
an acid (TsOH or TfOH) and arenes (Scheme 1a).[10d, e] The choice of the 
acid dictates the reactivity as well as the counterion of the salt, and for the  
synthesis of more electron-rich arenes, a milder approach with TsOH is  
recommended.[10b] Unsymmetrical salts can be synthesized using similar 
conditions, but starting from the iodoarenes instead (Scheme 1b).[10b, d, e] In 
the synthesis of unsymmetrical salts, the less electron-rich aryl group should 
originate from the iodoarene in order to avoid the formation of a mixture of 
diaryliodonium salts and other byproducts (Scheme 1c). The reason for this 
resides in the last step of the synthesis where the arene performs an electro-
philic aromatic substitution (EAS) type of attack on the formed iodine(III) 
intermediate. A more cost effective synthesis starting with the synthesis of 
iodoarenes in situ, would avoid the use of expensive and/or toxic iodoarenes. 
Such a methodology for the synthesis of unsymmetrical diaryliodonium salts 
starting from elemental iodine is considered of great interest and is presented 
in Chapter 2 of this thesis. 

 

 
Scheme  1. One-pot synthesis of diaryliodonium salts from a) iodine b) iodoarene  

c) Synthetic approach when using the method starting from an iodoarene. 

The substitution pattern in the final diaryliodonium salt is dictated and  
limited by the EAS step in the synthesis. To circumvent this limitation and 
acquire diaryliodonium salts diverging from the expected EAS substitution 
pattern, arylboronic acids can be used as they react regiospecifically 
(Scheme 2).[10c] 
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Scheme  2. One-pot synthesis of diaryliodonium tetrafluoroborates. 

Recently, Stuart and colleagues developed our methodology further and  
reported a sequential one-pot reaction with trimethoxybenzene (TMP-H) to 
obtain a large number of unsymmetrical aryl(trimethoxyphenyl)iodonium 
salts using tosic acid (Scheme 3a)[11] and later also trifluoroacetic acid 
(TFAH, Scheme 3b).[12] 

 

 
Scheme  3. a) Stuart’s synthesis of aryl(TMP)iodonium tosylates and  

b) trifluoroacetates. 

Unsymmetrical salts are often preferred in arylation reactions as they are 
generally more easily synthesized. Also, a stoichiometric amount of  
iodoarene is formed in these reactions, and by using unsymmetrical salts an 
inexpensive “dummy” aryl moiety can be wasted. These concepts will be 
further elaborated later in this thesis. 

1.1.1.2. General Reactivity of Diaryliodonium Salts 

1.1.1.2.1. Ligand Coupling 
The iodine of diaryliodonium salts possesses an electrophilic character, 
which governs the reactivity of these reagents.[13] A suitable nucleophile  
(Nu-, Scheme 4) can interact with salt A and undergo a ligand exchange, 
forming a new T-shape intermediate B. The ligand exchange can occur  
either via an associative (A-a) or dissociative (A-d) pathway. The product is 
formed from B via a ligand coupling between the nucleophile and the aryl 
group in the equatorial position, with the concomitant formation of a  
stoichiometric amount of aryl iodide.[14] The excellent leaving group ability 
of the iodoarene is one of the main driving forces of the reaction.[15] The 
atom efficiency of these reactions will be discussed further in Chapter 3. 
Alternative mechanisms, such as the possibility of a ligand coupling to occur 
from intermediate A-a or the direct attack of a nucleophile on A without 
prior interaction with the iodine will be discussed in Chapter 4. 
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Scheme  4. General mechanism for ligand coupling with diaryliodonium salts. 

This type of reaction, referred to as ligand coupling, is the most studied for 
diaryliodonium salts.[5] Muñiz and co-workers recently isolated and obtained 
the crystal structure of the intermediate following a ligand exchange when 
developing a method for the arylation of phthalimides (Scheme 5).[16] As 
expected, this intermediate had a T-shaped structure and could be converted 
to product upon heating. Quideau and co-workers have also characterized a 
T-shaped intermediate in their work on the dearomatizing phenylation of 
phenols.[17] 

 

 
Scheme  5 Isolation of the T-shaped intermediate after a ligand exchange. 

1.1.1.2.2. Arynes from Diaryliodonium Salts  
In 1964, Beringer proposed the formation of a benzyne intermediate derived 
from a phenylbenziodoxolone.[18] The benzyne was generated in situ by  
decarboxylation under harsh conditions (222 °C), and trapped with  
anthracene to furnish triptycene in excellent yield (Scheme 6a). Later, 
Kitamura and co-workers envisaged a milder way to generate arynes by 
switching to ortho-trimethylsilyl substituted diaryliodonium salts.[19] The 
excellent leaving group in the form of an aryl iodide makes diaryliodonium 
salts suitable aryne precursors, and the trimethylsilyl (TMS) group can easily 
be cleaved off in the presence of fluorides. Kitamura and co-workers applied 
this strategy and trapped the aryne intermediate with a suitable diene  
(e.g. furan, Scheme 6b).[20] This transformation was expanded to other dienes 
and substituted diaryliodonium salts in good to excellent yields. 
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Scheme  6. a) Beringer’s decarboxylative aryne formation. b) Kitamura’s  

generation of arynes from ortho-TMS substituted diaryliodonium salts. 

Diaryliodonium salts without silyl-substitution in the ortho-position are also 
susceptible to aryne formation under suitable conditions.[21] The  
deprotonation of the ortho-hydrogen is facilitated by the excellent leaving 
group ability of the iodoarene (Scheme 7a). Stuart and co-workers generated 
arynes in situ under basic conditions and trapped them using a similar  
strategy as that was previously described by Kitamura under mild reaction 
conditions (Scheme 7b).[22] Other aryneophiles (benzyl azide, morpholine 
and piperidine) were also applied under slightly modified conditions. The  
method is however limited to the use of a furan as the only diene. We  
performed an extensive study of this mechanism using O-nucleophiles that 
will be discussed in Chapter 4.  Recently, Zhdankin and co-workers  
published a mini-review on the subject summarizing the most recent  
development.[23] 

 

 
Scheme  7. a) Representative mechanism for the formation of arynes from  

diaryliodonium salts. b) Stuart’s method for in situ trapping of arynes using furan. 
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biaryl.[25] Kita and coworkers suggested this mechanism in the transfer of 
heteroaromatics to electron-rich aromatic compounds using hetero- 
aryl(phenyl)iodonium bromides (Scheme 8b).[26] When 1,4-dimethoxbenzene 
was used as the electron-rich arene in their study, a stable cationic radical 
was detected by electron spin resonance (ESR) spectroscopy, supporting this 
mechanism. 
 

 
Scheme  8. a) General mechanism for SET reactions using diaryliodonium salts. 

 b) Kita’s method for the synthesis of electron-rich biaryls. 

1.1.1.3. Chemoselectivity with Unsymmetrical Diaryliodonium Salts 
In reactions with unsymmetrical diaryliodonium salts, two different  
T-shaped intermediates are possible after ligand exchange with a nucleophile  
(C or D, Scheme 9). Both of these intermediates can undergo a ligand  
coupling via TS-C or TS-D, respectively, and therefore generate two  
different sets of products. Two models are usually employed to explain the 
outcome of these reactions; the electronic and the steric model. The  
electronic model suggests that aryl groups decorated with electron with- 
drawing substituents are preferentially transferred due to the stabilization of 
the partial negative charge being built up in the transition state (TS-D).[27] 
Since the two intermediates C and D equilibrate with a much faster rate than 
the rate of product formation from C or D, the product distribution is  
determined by the difference in energy between the two TS’s (ΔΔG‡), in 
accordance to the Curtin-Hammett principle (Scheme 9b).[28]  
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Scheme  9. a) Ochiai’s chemoselectivity model for unsymmetrical diaryliodonium 

salts. b) Representation of the energy dictating the product ratio. 

The steric model, on the other hand, explains why ortho-substituted aryl 
groups are sometimes preferentially transferred, despite being the more  
electron-rich of the two. For example, the reaction between benzoic acid and 
tri(iso-propyl)phenyl(phenyl)iodonium triflate resulted exclusively in  
transfer of the more bulky aryl group (Scheme 10a).[29] This trend is referred 
to as the “ortho-effect” and while the origin of this effect is not fully  
understood it is believed to originate from steric repulsion between the  
ortho-substituents and the lone pairs of the iodine (Scheme 10b).[30] This 
repulsion favors positioning the bulky aryl group in the equatorial position in 
the TS and hence favors the transfer of that aryl group. 

 

 
Scheme  10. a) An example of the ortho-effect. b) Explanation for the ortho-effect. 

The Olofsson group has performed an extensive chemoselectivity study 
where the steric and electronic effects were investigated with three different 
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previously reported conditions (Scheme 11).[33] A phenyl group was the least 
electron-rich moiety in all of the salts used in the study, while the other aryl 
group had varying steric and electronic properties. The phenol showed a 
clear ortho-effect (Scheme 11a). However, transfer of the phenyl group was 
the major product when using 4-methylphenyl or 2,4-dimethylphenyl as the 
aryl group and this is explained by a competition between the steric and  
electronic effects. The malonate showed an anti-ortho effect (Scheme 11b), 
which is suggested to originate from a steric repulsion between the bulky 
aryl group and the malonate, favoring the transfer of the phenyl group. For 
aniline no steric effect could be seen, and the selectivity only varied with the 
electronic properties (Scheme 11c). The electronic effects superseded the 
steric effects and full selectivity could be obtained for all nucleophiles by 
proper selection of the dummy ligand, where “dummy” refers to the aryl 
group that is not transferred in the reaction.[33]  

 

 
Scheme  11. Chemoselectivity study performed by the Olofsson group 

The chemoselectivity of different nucleophiles can be difficult to predict and 
screening of the nucleophile with different salts is often necessary. However, 
Stuart recently published a mini-review on the subject to facilitate the choice 
of dummy ligand in applications.[34]  

Electron-rich aryl groups (e.g. TMP-H and anisyl) are excellent dummy 
groups as they are cheap and usually give a highly chemoselective transfer 
of the other aryl group. Also, the high polarity of the formed aryl iodide can 
facilitate their isolation. In reactions that have an anti-ortho effect, a mesityl 
dummy can be used to achieve a highly chemoselective arylation. 
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1.1.1.4. Applications of Diaryliodonium Salts in Synthetic Chemistry 
In the 1950s, Beringer laid the foundation for arylations using diaryl- 
iodonium salts when he screened the reactivity of many different nucleo-
philes. However, the conditions usually entailed excess reagents in  
refluxing protic solvents and the products were obtained in moderate to good 
yields but with narrow substrate scopes.[35] More synthetically useful  
applications have been developed during the last decade(s).[36]  

Diaryliodonium salts have found plentiful use in both transition-metal 
catalyzed and transition-metal free arylations of several nucleophiles.[5] 
While this thesis mainly concerns metal-free methodologies, some metal 
catalyzed protocols that have used the diaryliodonium salts in an innovative 
and atom economical way deserve recognition, and are presented below.  

Suna and co-workers devised an elegant copper-catalyzed arylation of 
amines using in situ formed diaryliodonium salts, starting from an  
(hetero)arene and a pre-formed iodine(III) reagent (Scheme 12).[37] The  
reaction proceeded at room temperature and a number of functional groups 
were tolerated both in the amine and the (hetero)arene.  

 
Scheme  12. Suna’s in situ amination of diaryliodonium salts. 

In 2015, Greaney and co-workers reported the first reaction that incorporated 
both aryl groups of the diaryliodonium salt into the product. A sophisticated 
C/N diarylation of indoles was presented by modifying the copper-catalyzed 
C-arylation conditions previously reported by Gaunt and co-workers,[38]  
followed by N-arylation with the formed iodoarene (Scheme 13a).[39] Mainly 
symmetrical salts were used giving the diarylated indoles in good yields. 
Aryl(uracil)iodonium salts could also be used under slightly modified condi-
tions (Scheme 13b).  

The approach of utilizing the iodoarene in a sequential step was further 
expanded to the synthesis of nitrogenated biaryls (Scheme 13c).[40] A metal-
free ligand coupling, using pyrazoles or triazoles as the nucleophile,[41]  
followed by a ruthenium-catalyzed C-H activation delivered the final  
product. The products were obtained in good yields and both symmetrical 
and unsymmetrical salts were tolerated. Furthermore, aryl(vinyl)iodonium 
salts were viable substrates for the N-vinylation/C-arylation reaction with 
pyrazole when Cu-catalysis was used in the first step. Recently the same 
group also used this strategy for the Cu-catalyzed synthesis of triarylamines 
via a double N-arylation of anilines.[42]  
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Scheme  13. a) Greaney’s tandem N/C diarylation of indoles. b) N/C diarylation 

using aryl(uracil)iodonium triflates c) Synthesis of nitrogenated biaryls. 

Reactions with cyclic diaryliodonium salts, derived from biphenyl or  
diarylalkyl type structures,[43] are generally atom efficient, as the iodoarene 
is automatically attached to the product. They are, however, less reactive due 
to entropic effects, and activation via metal catalysis is often needed.[34, 43b] 
Very recently, Gu and coworkers demonstrated the use of prochiral cyclic 
diaryliodonium salts in reactions with thioates or carboxylates for the  
asymmetric Cu-catalyzed synthesis of diarylmethanes (Scheme 14a).[44]  
Using this strategy they obtained a wide variety of products in excellent 
yields and ee’s.  

It is also possible to do a double arylation of a nucleophile using these  
reagents, generating a plethora of useful carbo- and heterocycles.[43] Due to 
their unique structure, the second arylation can occur intramolecularly, thus 
facilitating the bond formation. By combing either elemental sulfur or  
selenium with cyclic diaryliodonium salts, Jang and co-workers established a 
route to several complex heterocyclic structures (Scheme 14b).[45] A radical 
mechanism was proposed for this transformation based on ESR  
experiments where they could detect a trisulfur radical anion. 
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Scheme  14. a) Gu’s synthesis of chiral diarylmethanes. b) Metal-free synthesis of 

sulfur and selenium heterocycles. 

Kitamura and co-workers developed a strategy for the formation of poly- 
cyclic aromatic compounds via the formal formation of benzdiynes formed 
from a carefully designed diaryliodonium precursor (Scheme 15).[46] The  
excellent leaving group ability of the aryl iodide ensured chemoselective 
formation of the first aryne. Upon reaction with an aryneophile, the  
procedure could be repeated to functionalize the other side of the molecule. 
Both 1,4- and 1,3-benzdiynes could be formed in this manner and several 
polycyclic aromatic compounds could be isolated in good yields. 

 

 
Scheme  15. Kitamura’s synthesis of polycyclic aromatic compounds. 
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1.1.1.5. Limitations of Reactions with Diaryliodonium Salts 
While these reagents are very efficient, and in many applications react under 
relatively mild conditions, they do have drawbacks. Some of these are  
further emphasized in this section and discussed in more detail in future 
chapters.  

The transfer of an aryl group via the ligand coupling mechanism not only 
forms the desired product, but also a stoichiometric amount of iodoarene as a 
byproduct. While this iodoarene is usually easy to isolate, it can be  
incompatible with the synthesis of new diaryliodonium salts. This is due to a 
mismatch between the synthesis requirements and the observed chemo-
selectivity in arylations; in the synthesis of new diaryliodonium salts you 
want to start from an electron-deficient iodoarene, while an electron-rich aryl 
iodide is often formed in the arylation.[5a] These issues will be discussed 
further in Chapters 2 and 3. 

Another issue is the formation of arynes; while this reactivity can be  
harnessed to expand the reaction manifold of diaryliodonium salts it can also 
be a competing reaction when the intention of the method is to obtain a  
ligand coupling product.[47] This aspect has been of big concern in our group 
and will be discussed in detail in Chapter 4. 

1.2. Density Functional Theory 
Density functional theory (DFT) is presently the most successful approach to 
compute the electronic structure of matter.[48] DFT is an alternative approach 
to the theory of electronic structure, in which the electron density  
distribution ρ(r) rather than the many electron wave function plays a central 
role.[49] Thomas and Fermi made the first connection between the electron 
density and the energy in the 1920s.[50] While this theory showed some  
success in the prediction of atoms,[51] it could not properly describe more 
complicated systems.[52] 

 
The foundation of modern DFT was explained in two theorems by  
Hohenberg and Kohn (HK).[53] It was suggested that the energy of a system 
could be expressed as a functional of the electron density, E[ρ], and their 
first theorem proves the existence of such a functional. In the  
second theorem they showed the applicability of the variational principle to 
DFT. Hence, if an electron density, ρ’(r), different from the ground state 
electron density ρgs(r), is applied to the functional, the resulting energy will 
be higher (eq 1). Optimization of the electron density with the aim of  
minimizing the energy would eventually give the ground state energy. 

 
 EHK[ρ’(r)] ≥ EHK[ρgs(r)] (1) 
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The energy of the ground state, EHK[ρ(r)], can be written in terms of its  
component functionals (eq. 2); the kinetic energy (T), the potential energy 
from attraction between nuclei and electrons (VNe), and the potential energy 
from electron-electron repulsion (Vee). 

 
 EHK[ρ(r)] = T[ρ(r)] + VNe[ρ(r)] + Vee[ρ(r)] (2) 

 
While the functionals for the kinetic energy and the electron-electron  
repulsion are unknown, the latter can be divided into the Coulomb  
contribution (J), and a non-classical contribution (Vxc). The Coulomb contri-
bution is known from classical mechanics while the other functional contains 
the effects of self-interaction, exchange and correlation. Kohn and Sham 
(KS) formulated a simple expression for the ground-state energy based on 
this theory (eq. 3).[54] 

 
 E[ρ(r)] = Tni[ρ(r)] + VNe[ρ(r)] + J[ρ(r)] + Exc[ρ(r)] (3) 

 
They realized that most of the kinetic energy (Tni) could be calculated by 
introducing orbitals wherein the field created by a fictitious system of non-
interacting electrons affects an electron. The small part of the kinetic energy 
that could not be calculated was included in the term Exc[ρ(r)] together with 
the non-classical elements in Vxc[ρ(r)]. A solution to the Kohn-Sham  
equation would deliver the exact energy of the system. However, the last 
functional, Exc[ρ(r)], which is called the exchange-correlation functional is 
still unknown and therefore approximations must be made. A lot of  
development has been made on finding the accurate form of this functional, 
giving rise to a plethora of different functionals.[49, 55]  

1.2.1. Computational Details 
Throughout this report two different functionals have been used; the Becke 
Three Parameter Lee-Yang-Parr exchange-correlation functional[56] with 
dispersion correction by Grimme (B3LYP-D3),[57] or one of the Minnesota 
functionals, M06-2X,[58] as implemented by Gaussian09.[59] The SDD basis 
set with an applied effective core potential (MWB46) was used for iodine,[60] 
Pople’s triple-zeta basis set with added polarization and diffuse functions  
(6-31+G(d,p))[61] were used for N, O and F atoms, while the triple-zeta basis 
set with added polarization (6-311G(d,p))[61b, c] was used for the remaining 
atoms. The systems were studied in EtOAc (Chapter 3) and CH2Cl2, H2O or 
toluene (Chapter 4) using the polarizable continuum model (PCM).[62]  
In Chapter 4, only the results in CH2Cl2 and toluene will be covered as the 
water calculations are described in the supporting information of Paper III.  
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1.3. Aim of the Thesis 
Diaryliodonium salts are efficient reagents for the transfer of aryl groups to 
nucleophiles and several metal-free methods for this have been developed. 
Drawbacks with their use include the stoichiometric formation of an aryl 
iodide and the risk of aryne formation, which can prove detrimental in  
reactions where the intended product is that of a ligand coupling.  

In the first part of this thesis, the issue of stoichiometric aryl iodide  
formation is addressed. It was envisioned that a novel synthesis of  
unsymmetrical diaryliodonium salts starting from elemental iodine could be 
a more efficient approach to incorporate dummy-groups such as 2,4,6-
trimethoxyphenyl (TMP) into the final product. It was also rationalized that 
the application of these diaryliodonium salts would reduce the  
cost, as the iodoarene waste is inexpensive. Next, the attention was turned to 
the N-arylation of nitrites to increase the methodology manifold of diaryl-
iodonium salts. Based on literature precedence it seemed plausible to expand 
this arylation to the in situ functionalization of diaryliodonium salts as a step 
towards a catalytic reaction. 

We then investigate the problems associated with the formation of side 
products in O-arylations. A mechanistic study could give detailed  
information about how these products are formed and possibly a solution to 
the problem might be found. In the last part of this thesis a new O-arylation 
of hydroxide-surrogates to give phenolic products was approached, as these 
have been elusive to us in the past due to aryne formation and overarylation. 
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2. One-Pot Synthesis of Unsymmetric 
Diaryliodonium Salts from Iodine and Arenes 
(Paper I) 

Several efficient one-pot syntheses of diaryliodonium salts are available, as 
described in Chapter 1.1.1.1. However, the use of expensive or toxic  
iodoarenes can sometimes be an issue. Also, the formation of stoichiometric 
amounts of iodoarenes as waste can be problematic from an  
economical and environmental point of view. While the formation of  
symmetrical diaryliodonium salts starting from elemental iodine and arenes 
is an established procedure,[10b, e] the synthesis of unsymmetrical salts in this 
fashion had thus far not been realized. Koser’s reagent, is a proposed  
intermediate in the Olofsson synthesis of diaryliodonium salts with TsOH  
(see Scheme 1), and our group has also reported that this reagent class can be 
synthesized from elemental iodine and arenes (Scheme 16).[63] It was  
hypothesized that by following this route and reacting the in situ formed 
Koser’s derivative with another arene, it would be possible to isolate  
unsymmetrical diaryliodonium salts starting from elemental iodine. 

 

 
Scheme  16. Olofsson’s synthesis of Koser’s reagent. 

2.1. Synthesis of Unsymmetrical Diaryliodonium Salts 
Based on our experience of chemoselectivity in arylations with diaryl-
iodonium salts under metal-free conditions,[33] we focused on the synthesis 
of salts with TMP, anisyl and mesityl dummy groups. The optimized  
conditions presented in Scheme 16 were adapted for the initial step of the 
reaction, without any further optimization.  The concentration of the mCPBA 
was determined by iodometric titration prior to the reaction. During the syn-
thesis of the hydroxy(tosyloxy)iodoarene, the color of the reaction changes 
from purple to yellow, indicating the consumption of the elemental iodine. 
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The dummy arene was then added in one portion without prior isolation 
of the intermediate. The diaryliodonium salt was then subjected to a facile 
isolation via precipitation using diethyl ether. Small modifications were done 
for some substrates as indicated below. 

2.1.1. Scope of the Reaction 
Alkyl substituted arenes were well suited for this method and a range of 

sterically hindered diaryliodonium salts 1a-1d could be synthesized in good 
yields (Scheme 17). The addition of 2,2,2-trifluoroethanol (TFE) was found 
to be necessary for efficient iodination of some arenes. With this  
modification, the synthesis of bromide-substituted salt 1e could be isolated 
in 70% yield. Addition of TFE was also needed in reactions with di- and 
mono-alkyl substituted arenes to furnish products 1f and 1g in 50% and 59% 
yield respectively. While the role of TFE was not investigated in this project, 
it is known to stabilize cationic intermediates in several reactions.[64] Based 
on visual observations, we speculate that one of the roles of TFE is the stabi-
lization of the cationic intermediate formed in the first step of the EAS reac-
tion with iodine. This theory correlates well with the electronic properties of 
the arenes and their ability to stabilize the mentioned cationic intermediate. 

Anisoles decorated with ester, carboxylic acids or halogens functional 
groups could also be used delivering products 1h-1n in good to moderate 
yields. When 3-bromoanisole was used, a mixture of products 1l was formed 
which is due to the EAS nature of the initial iodination reaction, which is a 
limitation to the generality of this procedure. 

We could also use this methodology to introduce other dummy groups as 
seen for products 1o and 1p bearing a mesityl and anisyl dummy  
respectively. Both were provided in good yields based on the number of 
steps in this reaction and in the case of anisole, 2 equivalents were needed to 
achieve full conversion of the intermediate, probably due to the lower  
nucleophilicity of anisole compared to 1,3,5-trimethoxybenzene. As was 
discussed Chapter 1.1.1.3, these dummy groups are frequently used in  
applications with diaryliodonium salts to achieve high chemoselectivity. 
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Scheme  17. Conditions: Arene (0.5-6.0 mmol), I2, mCPBA and TsOH·H2O were 

dissolved in CH2Cl2. Next, TMP-H was added. aMixture of CH2Cl2:TFE (1:1) was 
used. b 4:6-position (5:1 ratio). cMesitylene (1.0 equiv) was used instead of TMP-H. 

dAnsiole (2.0 equiv) was used instead of TMP-H. 

2.2. Conclusion 
A one-pot synthesis of unsymmetrical diaryliodonium salts from iodine and 
arenes has been developed, based on our previously methodology for the 
synthesis of hydroxyl(tosyloxy)iodoarenes, starting from iodine and arenes. 
This is an important addition to the existing manifold for synthesis of  
diaryliodonium salts, as it circumvents the use of possibly expensive or toxic 
iodoarenes. The method provides diverse unsymmetrical diaryliodonium 
salts in moderate to good yields. Due to the EAS nature of the initial  
iodination step, consideration needs to be taken with regards to the arene 
used. We believe that TFE stabilizes the cationic intermediates formed in the 
electrophilic aromatic iodination step. 
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3. One-Pot C-H Functionalization of Arenes 
via Diaryliodonium Salts (Paper II) 

The nitration of arenes with a mixture of nitric and sulphuric acid is a text-
book example of a classical transformation in organic synthesis. However, 
the reaction suffers from severe limitations with regards to selectivity due to 
the EAS nature of the reaction, and functional group tolerance due to the 
harsh conditions employed.[65] Therefore, milder and regiospecific protocols 
for such transformations are highly desirable. 

Nachtsheim and co-workers developed a mild oxidative nitration of  
N-aryl sulphonamides mediated by bis(trifluoroacetoxy)iodobenzene (BTI or 
PIFA) using sodium nitrite (Scheme 18a).[66] While the conditions used were 
mild, the radical character of the reaction leads to regioisomeric mixtures of  
products. Great improvements to regioselectivity have been achieved via 
ipso substitution reactions. For example, Buchwald and coworkers  
developed an efficient palladium-catalyzed synthesis of nitroaromatics from 
aryl chlorides, triflates and nonaflates using sodium nitrite as the nucleophile  
(Scheme 18b).[67] The addition of tris[2(2-methoxyethoxy)ethyl]amine 
(TDA) was essential for the outcome of the reaction, as other phase transfer 
catalysts gave lower yields. The developed method is highly regioselective, 
albeit with a limited substrate scope in combination with harsh conditions 
and the need of transition metal catalysis employing expensive ligands.  

 

 
Scheme  18. Methods for the synthesis of aromatic nitro compounds. 
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Diaryliodonium salts have been used to form nitroarenes in the past, but no 
general methodologies have been developed. Beringer[35] and McEwen[68] 
both performed a screening of various inorganic anions using  
diphenyliodonium bromides and diaryliodonium tetrafluoroborate  
respectively. Grushin and coworkers investigated the arylation of various 
nucleophiles (e.g. NaNO2) using diaryliodonium tetrafluoroborates in a 
mixed phase system (Scheme 19).[69] The products were formed in excellent 
yields; however, an excess of the nucleophile was required and the substrate 
scope was very small. 

 

 
Scheme  19. Grushin’s synthesis of nitroarenes using diaryliodonium salts. 

As the diaryliodonium salts react regiospecifically at the ipso-carbon bound 
to the iodine we envisioned that they could be used to develop an efficient 
ipso-substitution protocol for the synthesis of nitroarenes. Based on the 
method by Grushin and co-workers, we hypothesized that we could form and 
functionalize the diaryliodonium salt in situ as a step towards a catalytic 
system.  
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3.1 Synthesis of Nitroarenes from Diaryliodonium Salts 

3.1.1. Optimization of Reaction Conditions 
We investigated the potential of this reaction starting with  
di(tert-butylphenyl)iodonium triflate (2a) as the model substrate (Table 1). 
The choice of iodonium reagent was based on its very facile and efficient 
synthesis in combination with the product 3a not being volatile. An initial 
solvent screening (entries 1-5) showed product formation with both EtOAc 
and DME, and the latter was used for further optimization. Among different 
sources of the nitro group (entries 6-9), sodium nitrite (entry 5) performed 
the best. Not surprisingly, increased temperature had a great impact on the 
reaction outcome (entries 10 and 13), and the product was obtained in 95% 
1H-NMR yield at 70 °C. Increasing the amount of nucleophile was futile for 
the reaction yield with no discrepancy between 1 and 5 equivalents (entries 
10-12). DPE (entry 14) and TEMPO (entry 15) were added to  
investigate a possible radical pathway, however, the addition only had a 
minor effect on the yield, making such a pathway unlikely. 

Due to the large temperature dependence, a second solvent screen was  
initiated in order to find a more environmentally benign solvent  
(entries 16-18). To our delight, the reaction in EtOAc (entry 18) at 70 °C 
gave comparable yields to the reaction in DME and allowed isolation of 3a 
in 90% yield. The reaction proved insensitive to the counterion of the  
nucleophile (entry 19) and the reaction time could be shortened to 3 hours 
when excess nucleophile was used (entries 20-22). Running the reaction 
under anhydrous conditions did not alter the reaction outcome  
(entries 23-25), showing the robustness of the reaction. 
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Table 1. Screening of reaction conditions in the nitration of 2a.a 

 
Entry Solvent NO2-Source (equiv) Temp (°C) Time (h) 3a (%)b 
1 MeNO2 NaNO2 (1.1) rt 16 trace 
2 Toluene NaNO2 (1.1) rt 16 trace  
3 CH2Cl2 NaNO2 (1.1) rt 16 trace 
4 EtOAc NaNO2 (1.1) rt 16 <5 
5 DME NaNO2 (1.1) rt 16 12 
6 DME Ba(NO2)2 (1.1) rt 16 trace 
7 DME tBuNO2 (1.1) rt 16 n.r. 
8 DME Amylnitrite (1.1) rt 16 n.r. 
9 DME NaNO3 (1.1) rt 16 trace 
10 DME NaNO2 (1.1) 50 16 79 
11 DME NaNO2 (2.0) 50 16 77 
12 DME NaNO2 (5.0) 50 16 77 
13 DME NaNO2 (1.1) 70 16 95 
14c DME NaNO2 (1.1) 70 16 97 
15d DME NaNO2 (1.1) 70 16 79 
16 2-Me-THF NaNO2 (1.1) 70 16 68 
17 MeCN NaNO2 (1.1) 70 16 84 
18 EtOAc NaNO2 (1.1) 70 16 94 (90) 
19 EtOAc KNO2 (1.1) 70 16 96 
20 EtOAc NaNO2 (1.1) 70 3 67 
21 EtOAc NaNO2 (3.0) 70 3 84 
22 EtOAc NaNO2 (5.0) 70 3 90 
23e EtOAc NaNO2 (1.1) 70 16 93 
24f EtOAc NaNO2 (1.1) 70 16 91 
25e,f EtOAc NaNO2 (1.1) 70 16 95 
a Reaction conditions: 2a (0.14 mmol) and NO2-Source (1.1-5.0 equiv) were  
dissolved in the indicated solvent (1.0 mL) and stirred at the indicated temperature 
and time. b 1H-NMR yield using 1,3,5-trimethoxybenzene (TMP-H) as internal  
standard. Isolated yield in parenthesis. c DPE (1.0 equiv) was added to the reaction. 
d TEMPO (1.0 equiv) was added to the reaction. e Dried NaNO2 was used. 
 f Dried EtOAc was used (19 ppm H2O).  

tBu I

tBu

OTf
NO2-Source

Solvent, Temp, Time

2a

tBu

NO2

3a
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With the optimized conditions in hand (Table 1, entry 18) we continued to 
investigate the role of the counterion of the diaryliodonium salt (3).  
Diphenyliodonium salts with OTf, PF6, OTs and BF4 counterions were used 
for these reactions, due to the immediate availability of these reagents in the 
lab (Table 2). OTf (entry 1) and PF6 (entry 2) delivered the product in  
excellent yields. However, when using BF4 (entry 3) or OTs (entry 4) as 
counterion the yields dropped dramatically. Surprisingly, the addition of 
sodium triflate to the reaction of the 2b-BF4 greatly improved the yields 
(entries 5-7) and the addition of 1 equivalent of NaOTf gave yields  
comparable to using salt 2b-OTf (entry 7). This effect was verified for the 
OTs counterion (entry 8, c.f. entry 4). The same trend was observed for the 
ortho-fluorinated salt (2c), which delivered 3c in greatly improved yield with 
the additive (entry 9-10).  
Table 2. Investigation of the counterion effect using diaryliodonium salt 2.a 

 
Entry 2 R X NaOTf (equiv) 3 Yield (%)b 

1 2b-OTf H OTf 0 3b 94 
2 2b-PF6 H PF6 0 3b 91 
3 2b-BF4 H BF4 0 3b 18 
4 2b-OTs H OTs 0 3b 18 
5 2b-BF4 H BF4 0.1 3b 19 
6 2b-BF4 H BF4 0.5 3b 68 
7 2b-BF4 H BF4 1.0 3b 94 
8 2b-OTs H OTs 1.0 3b 87 
9 2c o-F BF4 0 3c 12 
10 2c o-F BF4 1.0 3c 86 
a Reaction conditions: diaryliodonium salt 2 (0.14 mmol), NaNO2 and NaOTf were 
dissolved in EtOAc (1.0 mL). b 1H NMR yields using TMP-H as internal standard. 
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3.1.2. Chemoselectivity 
As was described in Chapter 1.1.1.3, reactions with unsymmetrical salts can 
give rise to two sets of products, with chemoselectivity being dependent on 
electronic and steric preferences. These effects can change significantly 
based on the nucleophile, hence we set out to investigate the chemo- 
selectivity in the case of sodium nitrite. The reaction showed a significant 
ortho-effect, where the bulkier aryl group had a clear preference for being 
transferred (Scheme 20a). The electronic effect was also investigated and as 
expected, the less electron-rich phenyl group was transferred in the reaction 
using anisyl(phenyl)iodonium triflate (2t) (Scheme 20b). This was also 
shown for the p-azido salts using either anisyl (2p-ani) or  
2,4,6-trimethoxyphenyl (2p-TMP) as the dummy ligand (Scheme 20c). The 
TMP salt delivered p-azidonitrobenzene (3p) chemoselectively in 84% yield 
and the use of this dummy also facilitated the isolation of the corresponding 
iodoarene due to its high polarity. 

 

 
Scheme  20. Chemoselectivity study of the nitrite nucleophile showing  

a) ortho-effect and b-c) electronic preference. 
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3.1.3. Scope of the Reaction 
A broad range of diaryliodonium salts could be nitrated under the optimized 
conditions and the model product 3a was isolated in 90% yield (Scheme 21). 
Nitrobenzene (3b) was isolated in 94% yield and halide substituted salts 
were successfully nitrated to provide products 3c-3e in 84-98% yield. The 
halides in these products could potentially serve as handles in subsequent  
transformations. Even the sterically congested chloro- and alkyl-substituted 
products 3f-3h could be isolated in excellent yields. The moderately  
electron-donating p-methyl salt 2i was transformed into p-nitrotoluene (3i) in 
80% yield. When increasing the electron density on the aryl group, the yield 
decreased and excess nucleophile was needed to give a moderate yield, as 
can be seen for products 3j-3l. For the synthesis of 3j, the yield could be 
increased to 79% using Grushin’s biphasic conditions. The increased yield 
when using the biphasic system was not a general effect. When using those 
conditions together with 2a, only 56% yield of the product could be  
obtained. Decreasing the electron density on the arene allowed isolation of 
products 3m-3p in good to excellent yields, although, p-nitrobenzaldehyde 
(3q) was only isolated in 55% yield. We were delighted to see that  
heteroaromatics also could be transferred, generating products 3r-3s in good 
yields. 
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Scheme  21. Nitration of 2 (0.5 mmol). a NaOTf (1.0 equiv) was added. b NaNO2 (3.0 

equiv) was used. c Grushin’s biphasic mixture of CHCl3:H2O (1:1) was used. 
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3.2. Synthesis of Nitroarenes from in situ Formed 
Diaryliodonium Salts 
Diaryliodonium salts have never been used in a catalytic manner. As a step 
towards a catalytic reaction, we envisioned to expand our synthesis of  
nitroarenes 3 to a sequential one-pot reaction via the in situ formation of 
diaryliodonium salts 2. While our nitroarene synthesis had been optimized in 
EtOAc, literature precedence in CHCl3:H2O (see Scheme 19)[69]  indicated 
that the reaction could be combined with our well established methodology 
for the synthesis of diaryliodonium salts in dichloromethane. 

3.2.1. Optimization of Reaction Conditions 
We used the symmetrical p-bromo salt 2e as the model substrate for this 

reaction due to its efficiency in our previously reported nitration step as well 
as the efficient synthesis of the salt itself. When we used our methodology in 
the in situ synthesis of 2e, followed by the addition of water and sodium 
nitrite at 60 °C, the corresponding nitroarene 3e was furnished in 11% yield 
after 3 h (Table 3, entry 1). The influence of pH in the nitration step proved 
important (entries 2-5) and was adjusted by addition of NaHCO3. This is due 
to the protonation/decomposition of nitrite in acidic solutions. The highest 
yield of 3e (34%) was obtained at neutral pH (entry 4). By increasing the 
amount of sodium nitrite to 3 or 5 equivalents (entries 6-7), 3e was formed in 
60% and 64% respectively. Increasing the reaction time to 14 h or the  
temperature to 80 °C had little effect on the outcome of the reaction.  
Considering the three steps involved in this sequential one-pot reaction  
(oxidation, formation of 2e, and nitration to yield 3e), this C-H  
functionalization of 4e is quite efficient. 
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Table 3. Optimization for the synthesis of 3e via in situ formation of 2e.a 

 
Entry base pH NaNO2 (equiv) 3e (%)b 5e (%)b 

1 - <1 1.1 11 40 
2 NaHCO3 2 1.1 20 34 
3 NaHCO3 5 1.1 25 42 
4 NaHCO3 7 1.1 34 52 
5 NaHCO3 9 1.1 27 46 
6 NaHCO3 7 3.0 60 90 
7 NaHCO3 7 5.0 64 90 

a Reaction conditions: mCPBA was dissolved in CH2Cl2 (1.0 mL) followed by the 
addition of 4e and 5e (0.2 mmol) and the drop wise addition of TfOH at 0 °C. After 3 
h, water (1.0 mL) was added and the pH was adjusted to the indicated value  
followed by the addition of NaNO2. b 1H-NMR yields using TMP-H as the internal 
standard. 

3.2.2. Scope of the Reaction 
With the optimized conditions in hand (Table 3, entry 6) we investigated the 
substrate scope of the reaction (Scheme 22). The model reaction allowed for 
the isolation of 3e in 58% yield and the concomitant iodoarene 5e in 72% 
yield, thus showing the recyclability of this component. In a similar fashion, 
chlorobenzene was used to form 3d in 55% yield. Nitrobenzene (3b) could 
be isolated in moderate yield, however, the p-tert-butyl substituted nitro 
arene 3a was only isolated in 16% yield under the optimized conditions. 
Gratifingly, the yield of the product increased to 39% upon increasing the 
temperature. The corresponding TsOH methodology forming the  
unsymmetrical mesityl(phenyl)iodonium tosylate was also applicable to this 
transformation, as demonstrated by the synthesis of 3g in moderate yield. In 
this solvent mixture, addition of NaOTf to the reactions with tosylate salts 
was not necessary. 
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Scheme  22. Nitration of arene 4 (0.5 mmol). a Reaction performed at 80 °C for 3 

hours. b TsOH was used instead of TfOH. 

To further expand the scope of this transformation we investigated the in situ 
formation of unsymmetrical diaryliodonium salts where the formed  
iodoarene 4 was different from the added iodoarene 5, and hence could not 
be recycled in the way demonstrated above. The reasons for this reaction 
outcome are described in Chapter 1.1.1.1.  

Electron deficient iodonium salts were formed in situ and transformed  
into the corresponding nitroarenes, 3m and 3n, in excellent yields  
(Scheme 23). Naphthalene was successfully nitrated providing 3j in  
satisfying yield. The ortho-fluorinated product 3c was isolated in good yield 
and so was the chlorinated substrate 3f. Unfortunately we could only isolate  
p-azidonitrobenzene (3p) in 15% yield, most probably caused by the low 
yield of the initial salt synthesis step. However, we were delighted to see that 
heteroarenes could be utilized in this transformation with the isolation of 3r 
in a moderate yield. 

 

 
Scheme  23. Nitration of iodoarene 5. a TsOH was used. b 3c:3k >20:1 as an in-

seperable mixture. 
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This methodology was further expanded to an azidation reaction, where  
sodium azide was reacted under similar conditions to form  
p-bromoazidobenzene (6) in 55% 1H NMR yield (Scheme 24). The solvent 
was changed to acetonitrile in accordance to Stuart’s diaryliodonium salt 
synthesis (Chapter 1.1.1.1, Scheme 3a) to avoid the formation of  
diazomethane during the reaction via double SN2 reactions between the sol-
vent and the sodium azide.[70]  

 

 
Scheme  24. One-pot methodology applied to the in situ azidation of p-

bromobenzene (4d). a 1H-NMR yields using TMP-H as internal standard. 

For the one-pot protocol, involving iodonium salt formation in situ, the C-H 
functionalization of a particular aromatic moiety is efficient considering the 
amount of steps included in the transformation. However, the generality of 
this reaction is highly dependent on the chemoselectivity and synthesis of the 
diaryliodonium salt used and hence other metal-catalyzed procedures where 
a single catalyst and/or directing group is used still has the upper hand. 
However, this is the first in situ functionalization of diaryliodonium salts 
starting from an aryl iodide and could be a starting point to a catalytic  
reaction. 
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3.3. Mechanistic Investigation 
DFT has been used extensively in our group to understand the chemo-
selectivity of reactions,[33] but also to understand the operating mechanism in 
reactions with diaryliodonium salts. While ligand coupling via a [1,2]  
pathway is the only possibility for some nucleophiles (see Scheme 4), other 
re-arrangements are possible. Previously we have investigated the α-
arylation of enolates using diaryliodonium salts. The reaction was suggested 
to go via a [2,3]-rearrangement from the O-I bonded intermediate.[71]  
Szpilman and co-workers later characterized a similar intermediate using 
Koser’s reagent, supporting this mechanism.[72] In their synthesis of  
α,β-unsaturated ketonitrones, Mo and co-workers suggested a  
[2,2]-rearrangement mechanism for the formation of product based on  
DFT-calculations.[73] 

The formation of nitroarenes from isolated diaryliodonium salts was  
investigated using DFT and the computational details are specified in  
Chapter 1.2.1. Diphenyliodonium triflate (2b) was used as the model salt in 
this investigation. Since the nitrite can coordinate to the iodonium salt either 
via the nitrogen or the oxygen atom, two different intermediates were  
investigated with several different possible transition states for the ligand 
coupling (Scheme 25). 

 

 
Scheme  25. Possible reaction pathways between Ph2IOTf and nitrite. 

Ligand exchange to give O- and N-coordinated intermediates 2b-ONO and 
2b-NO2 was investigated via dissociative and associative pathways  
(Figure 5). While the dissociative pathway via a two-coordinated complex 
leads to a large increase in energy the associative pathway via a four-
coordinated complex is energetically favored. These intermediates are  
believed to be in rapid equilibrium; hence, the following energies are  
calculated from the lowest energy intermediate (2b-ONO) in accordance to 
the Curtin-Hammett principle. The lowest barrier was found for the  
conversion of O-I coordinated 2b-ONO to 3b by a [2,2] rearrangement via 
the 4-membered TS1-2b. All other possibilities yielding either nitrobenzene 
(TS5-2b) or phenylnitrite (TS2-TS4) are much higher in energy, explaining 
why nitrobenzene (3b) is the only product. 
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Figure 5. Free energy surface for the reaction between 2b and nitrite. Energies are 

reported in kJ/mol. Free triflate omitted for clarity. 

3.4. Conclusion 
Nitroarenes have efficiently been synthesized in two ways by reacting  
sodium nitrite with diaryliodonium salts. In case of isolated diaryliodonium 
salts, the products were obtained in high yields with a broad substrate scope 
under mild conditions. For the first time, in situ prepared diaryliodonium 
salts from iodoarenes have been used in the one-pot nitration of arenes. This 
methodology was also extended to an azidation reaction. While, the scope of 
the one-pot protocol was relatively narrow due to the inherent chemo-
selectivity and synthesis of diaryliodonium salts, it could be a starting point 
for the catalytic use of these reagents. Further development that would allow 
the use electron-rich iodoarenes (e.g. TMP-I) for the synthesis of diaryl-
iodonium salts could further expand the scope and utility of this protocol. 
The mechanism of the reaction from isolated diaryliodonium salts was  
investigated using DFT calculations and the reaction is suggested to proceed 
via an I-O coordinated intermediate, which undergoes a [2,2] rearrangement 
via a 4-membered transition state. 
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4. Competing Pathways in O-Arylations with 
Diaryliodonium Salts – Mechanistic Insights 
(Paper III) 

The Olofsson group has thoroughly investigated reactions of O-nucleophiles 
with diaryliodonium salts. Phenols were efficiently arylated to give  
unsymmetrical diaryl ethers in good to excellent yields (Scheme 26a).[74]  
Benzo[b]furans could smoothly be synthesized in a one-pot fashion via  
arylation of ethyl acetohydroxamate, followed by a Fischer type cyclization 
(Scheme 26b).[75] Tertiary alcohols were also shown to be good coupling 
partners when reacted with ortho-substituted or electron deficient salts 
(Scheme 26c).[76] 

 

 
Scheme  26. O-Arylations published by the Olofsson group. 

Arylations of other oxygen based nucleophiles such as hydroxide[47b] and 
primary or secondary alcohols[47a] have also been accomplished however in 
moderate yields. Low yields were observed with electron-rich diaryl-
iodonium salts due to side product formation, which will be discussed below. 
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4.1. Side Product Formation in O-Arylations with 
Diaryliodonium Salts 
In the arylation of allylic and benzylic alcohols using diaryliodonium salts 
with hydroxide as a base, an unexpected side product was detected when 
employing the electron-deficient p-nitro phenyl salt 2m.[47b] The main side 
product was found to be the symmetric di(4-nitrophenyl) ether (7m), which 
was believed to form via a double arylation of the hydroxide moiety via a 
phenol intermediate. In the absence of alcohol, the symmetric ether 7m was  
isolated in 26% yield (Scheme 27a). This reactivity of the hydroxide  
motivated us to investigate other diaryliodonium salts for the synthesis of 
various symmetrical diaryl ethers, avoiding the use of phenols. 

When using di(p-tolyl)iodonium triflate (2i) in the reaction, regioisomeric 
mixtures of products (7i-pp, 7i-pm and 7i-mm) were formed (Scheme 27b). 
Besides the regioisomeric product mixture, we also detected incorporation of 
iodine into the diaryl ethers to form 8. Based on our previous knowledge 
regarding the regiospecific and efficient arylation of phenols via the ligand 
coupling mechanism (see Scheme 26a),[74] we suspected that the problems 
occurred during the initial arylation of hydroxide and that arynes could form 
as intermediates. When using water as the solvent with a more electron  
donating iodonium salt, elevated temperature was needed for the reaction to 
proceed. However, room temperature proved sufficient when using  
dichloromethane as the solvent. Therefore, the results in dichloromethane 
will be used further in this discussion. 

 

 
Scheme  27. a) Double arylation of hydroxide to yield symmetrical diaryl ether 7m. 

b) Mixture of products in the double arylation of hydroxide using 2i. 

In the synthesis of alkyl aryl ethers via the arylation of primary or secondary 
alcohols, other side products have been detected. Our experimental  
observations of regioisomeric product mixtures indicated that this was partly 
due to the formation of arynes, and partly due to the unprecedented oxidation 
of the alcohol to the corresponding aldehyde/ketone or carboxylic acid 
(Scheme 28).  
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Scheme  28. Oxidation of the alcohol by diaryliodonium 2b to form ketone 11 and 

the desired product 10a. 

The aim of this project was to investigate the mechanisms underlying these 
interesting side products (aryne and oxidation) using trapping experiments, 
isotope labeling and density functional theory. Understanding these  
processes is of great importance in order to develop new and efficient  
arylations.  While my work mainly concerned the latter part, selected  
experimental results will be included below to facilitate the discussion. 

4.2. Discussion 

4.2.1. Aryne Formation in the Reaction Between Hydroxides and 
Diaryliodonium Salts 
As mentioned, an aryne intermediate was proposed to explain the formation 
of the regioisomeric mixture of products described in Scheme 27b. Arynes 
are known to undergo [4+2] cycloaddition reactions in the presence of dienes 
and they can also react efficiently with amines.[77] To support our proposal, 
furan was added to the reaction between 2i and sodium hydroxide  
(Scheme 29a). The Diels-Alder adduct 12i could be isolated in 11% yield, 
strengthening the hypothesis of an aryne intermediate. In the same reaction 
7i-pp could also be isolated in 11% yield, supposedly formed via the  
traditional ligand coupling mechanism due to the absence of regioisomers. 
Iodo-substituted diaryl ether 8 was not detected supporting that this side 
product also forms via an aryne intermediate. The substituents of the diaryl-
iodonium salts had a large influence on the outcome of the reaction. Strongly 
donating p-methoxy substituents on the iodonium salt 2k solely gave the 
Diels-Alder adduct 12k in 34% yield, suggesting that the only operating 
pathway is via arynes (Scheme 29b). Using the strongly electron with-
drawing nitro salt 2m gave the opposite outcome, with diaryl ether 7m as the 
main product and only traces of 12b and 12m being formed (Scheme 29c). 
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Scheme  29. Electronic effects in the formation of arynes. 

With experimental support for aryne formation as the cause of our detected 
side product, we postulated the mechanism shown in Scheme 30 for the  
formation of the regioisomeric product mixture. The deprotonation of 2i 
would initially form an aryne intermediate E. In the absence of strong  
directing groups, arynes do not react regiospecifically and hence two  
phenolic carbanion intermediates F and F’ would form.[78] Subsequent  
protonation yields p-cresol (G) and m-cresol (G’), which then can react  
either with iodonium salt 2i or with the aryne intermediate E (in either of the 
two positions) to yield three different regioisomers 7i-pp, 7i-pm and 7i-mm. 

 
Scheme  30. Suggested mechanism for the formation of regioisomers. 

The formation of side product 8 with iodine incorporated in the  
ortho-position was then investigated (Table 4). To facilitate the  
quantification of this species we used diphenyliodonium triflate (2b) to 
avoid a regioisomeric mixture of products. Treatment of 2b with sodium 
hydroxide under our standard conditions provided an inseparable mixture of 
products 7b and 8 (entry 1). Addition of only 1.0 equivalent of sodium  
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hydroxide increased the 7b:8 ratio, however the yields decreased  
significantly (entry 2). When performing the reaction in the presence of  
furan, only small amounts of the iodinated product 9 was obtained (entry 3), 
further supporting its aryne origin. We were delighted that piperidine could 
be used as the aryne trap in sub-stoichiometric amounts to completely inhibit 
the formation of 8 (entry 4).[79] We also investigated the product distribution 
in water and without any additives; 8 was formed in trace amounts (entry 5). 
Adding piperidine to this reaction inhibited the formation of 8 at the expense 
of significantly lowering the yield of diphenyl ether 7b (entry 6). These  
results indicate that the formation of 7b and 8 in water is relying heavily of 
aryne intermediates. The low yield of 8 without any additives suggests that 
intermediates leading to its side product formation are quenched in the  
presence of water.  

Table 4. Investigation of the formation of iodo-incorporated diaryl ether 8.a 

 

Entry Conditions Additive  
(equiv) 

7b (%)b 8 (%)b Other 
productsb 

1 CH2Cl2, rt - 40 25 - 
2c CH2Cl2, rt - 13d 3d - 
3 CH2Cl2, rt furan (5.0) 23 2 

 
12b 20% 

4 CH2Cl2, rt piperidine (0.5) 27 0  
13 26% 

5 H2O, 80 °C - 56 3 - 
6 H2O, 80 °C piperidine (1.2) 17 0 13 4% 
a Reaction conditions: To NaOH in solvent (1.0 mL) was added 2b (1.0 equiv) and 
additional solvent (1.0 mL). b Isolated yields. c NaOH (1.0 equiv). d 1H NMR yields 
using TMB as internal standard. 
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Based on these findings we proposed the mechanism in Scheme 31 for the 
formation of side product 8. The intermediate H, which is formed upon  
hydroxide attack on the aryne (c.f. F in Scheme 30) could undergo a ligand 
exchange with diaryliodonium salt 2b to form the triaryl intermediate I that 
rapidly can isomerize into I’. Triaryliodonium species have previously been 
reported by Cooperman[80] and Wittig.[81] An intramolecular deprotonation 
would liberate benzene and generate the zwitterionic intermediate J. These 
types of iodonium phenolates have previously been shown to undergo aryl 
migration into ortho-iodo substituted diaryl ethers 8.[82] The experimental 
observation that only a small amount of 8 was detected in water (Table 4, 
entry 5) can be rationalized by rapid quenching of intermediate H in the 
presence of water.  

 

 
Scheme  31. Proposed mechanism for the formation of 8. 

4.2.1.2. Mechanistic Investigation using DFT 
DFT was used to investigate the mechanism behind the formation of arynes 
further. Diphenyliodonium triflate (2b) was used as the model substrate to 
investigate the reactivity with the hydroxide nucleophile (Figure 6). Ligand 
exchange from triflate to hydroxide is believed to be facile and leads to a 
large decrease in energy (-69 kJ/mol) forming the 3-coordinated intermediate 
2b-OH. This major decrease can be attributed to the uncertainty in the  
energy of the hydroxide ion using the computational details described in 
Chapter 1.2.1, and will be discussed further in Chapter 4.3. Coordination of 
yet another hydroxide to the ortho-H of the diaryliodonium salt leads to an 
increase in energy (2b-(OH)OH) while coordination of another hydroxide to 
the iodine to yield the 4-coordinated intermediate 2b-(OH)2 decreases the 
energy by 4 kJ/mol. Since these complexes are in rapid equilibrium, the  
energies for the following TS’s are calculated with respect to the  
4-coordinated intermediate 2b-(OH)2. Aryne formation appears to be the 
dominant pathway from all intermediates in this reaction, with the external 
deprotonation of intermediate 2b-(OH)OH via TS1-2b being the most facile 
pathway with a barrier of 33 kJ/mol. Based on these data the previously  
suggested mechanisms shown in Scheme 30 is an incorrect representation 
for aryne formation.  

OH

H

Ph I
Ph

OTf
2b Ph I

Ph

HO

I
Ph

HO

I I’

Ph

PhH

I
Ph

O
O Ph

I

aryl
migration

J 8



40 

 
Figure 6. Energy profile for the reaction between 2b and hydroxides. Energies are 

given in kJ/mol. Free triflate is omitted for clarity. 

Next, the effect of electron donating and withdrawing substituents on the 
reaction outcome was investigated by studying diaryliodonium salt 2k and 
2m (Figure 7). The symmetrical anisyl salt 2k gave similar results as to salt 
2b as both have the aryne formation as the predominant pathway (Figure 7a). 
This is in good correlation with the trend observed in the experimental  
results where only the DA product 12k could be detected (see Scheme 29b).  

Surprisingly, the electron-deficient nitro-substituted salt 2m also seems to 
favor the external deprotonation via TS1-2m by 8 kJ/mol over the  
4-coordinated ligand coupling TS5-2m (Figure 7b). This is not in  
agreement with the experimental results where only traces of the DA adduct 
was formed (see Scheme 29c). Further investigations revealed an alternative 
mechanism, with direct attack of the hydroxide on the ipso-carbon of  
iodonium salt 2m. TS6-2m was shown to have a barrier as low as 6 kJ/mol, 
which should be compared to the TS of ligand association (2m to 2m-OH), 
which is believed to be a very facile process. Attempts to find this transition 
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state were futile and the energy change on approach is monotonous  
indicating that this is under diffusion control. The free energy barrier  
corresponding to a diffusion controlled reaction has been estimated to ca. 20 
kJ/mol.[83] Since this is higher than the free energy barrier of the direct attack 
via TS6-2m we suggest that both reactions are under diffusion control. A 
branching point that is not connected to the actual free energy transition state 
determines the reaction outcome. Singleton and co-workers saw a similar 
behavior in the study of the nitration of toluene, and they performed dynamic 
simulations with randomized approach vectors to accurately predict the out-
come;[84] Such calculations were, however, beyond the scope of our  
computational resources. Nevertheless, based on the experimental results we 
are satisfied that both reaction pathways are plausible. Attempts to find  
similar TS’s for the direct attack on salt 2k and 2b were unsuccessful as the 
hydroxide in both cases preferentially coordinated to the iodine. 

 
Figure 7. Energy profile for the reaction between a) 2k or b) 2m and hydroxide. 

Energies are given in kJ/mol. Free triflate is omitted for clarity. 
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4.2.2. Oxidation of Aliphatic Alcohols 
Aryne formation was less prevalent in the reactions of primary and  
secondary alcohols when using electron-rich diaryliodonium salts. The  
formation of iodo-incorporated product was reduced to trace amounts. The 
formation of aldehyde/ketone or carboxylic acid was a more surprising  
outcome of these reactions, originating from the oxidation of the starting 
alcohol (see Scheme 28). McEwen and co-workers attributed this to a radical 
process;[85] however, addition of radical traps under our reaction conditions 
did not have any effect on the outcome of the reaction. Likewise, we  
dismissed the possibility of aryne intermediates to be involved in the  
oxidation, as ketone 11 was obtained with the symmetrical mesityl salt 2g, 
which is unable to form arynes (Scheme 32). 

 

 
Scheme  32. Oxidation of alcohol 9a using ortho-blocked iodonium salt 2g. 

Having excluded radical and aryne mechanisms, we envisioned two possible 
pathways for the oxidation (Scheme 33). Both pathways are suggested to 
occur via the T-shaped intermediate K after ligand exchange by the  
alkoxide. From here, the benzylic proton can be removed either in an intra-
molecular fashion by one of the aryl groups to yield ketone 11, PhH and PhI 
(Scheme 33a). Alternatively, an intermolecular mechanism with an external 
base could operate to form ketone 11, PhI and intermediate L, which is  
rapidly protonated to yield benzene (Scheme 33b). 

 
Scheme  33. Possible mechanisms for the oxidation. 

When the reaction was performed with the deuterated alcohol 9a-d, the alkyl 
aryl ether 10g-d was isolated in 59% yield with a concomitant decrease of 
the oxidation product 11 to 24% (Scheme 34a). This difference probably due 
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to the higher energy required breaking a C-D bond compared to a C-H bond. 
In the competition experiment between deuterated and non-deuterated  
alcohol (9a and 9a-d) we received a good average yield of the two separate 
reactions as expected (Scheme 34b).  

 
Scheme  34. Reactions with deuterated alcohol 9a-d. 

To further distinguish between the intra- and intermolecular mechanism, we 
performed dilution experiments as well as reactions with excess base, with 
no large changes to the product ratio. This indicates that the ligand coupling 
and oxidation are of the same order. To further understand this process, we  
investigated the transformation by DFT. 

4.2.2.1. Mechanistic Investigation using DFT 
In this investigation the symmetrical mesityl salt 3g was used to avoid the 
possible formation of arynes, together with the smaller benzylic alcohol  
1-phenylethanol to simplify the calculations (Figure 8a). Similar to reactions 
with hydroxide, the ligand exchange leads to a large decrease in energy 
forming the 3- and 4- coordinated intermediates 2g-OR and 2g-(OR)2 that 
are in rapid equilibrium. Unfortunately, the calculation results do not match 
the product distribution and the trend shown in Scheme 32 very well.  
Instead, the TS corresponding to ligand coupling TS7-2g is 15 kJ/mol lower 
than the TS corresponding to oxidation TS8-2g. Due to the stoichiometry 
used in the experiment (9a:2g, 1:1.2) a steady-state correction was applied to 
the intermediates and TS’s, which are bimolecular with regards to the  
nucleophile (Figure 8b). While this reduces the gap between coupling and 
oxidation to 10 kJ/mol, the experimental product ratios still differ from this 
by an error much larger than that inherent of DFT. 

The TS corresponding to the external oxidation (TS11-2g) has a very high 
barrier, supporting that the oxidation occur via an internal mechanism. With 
the combined results from experiments, where the oxidation and ligand  
coupling are suggested to be of the same order, and the DFT calculations 
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shown in Figure 8b, we believe that the oxidation is an intramolecular  
process going via the 4-coordinated TS8-2g. 

The deviations observed between the experimental product distribution 
and the DFT investigations will be discussed further below.  

 

 
Figure 8. a) Energy profile for the reaction between 2g and 2-phenylethoxide.  

b) Results with applied steady state corrections. Energies are measured in kJ/mol. 
Free triflate and alkoxide omitted for clarity. 
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4.3. Limitations in DFT-Calculations 
This chapter aims to emphasize on the limitations to properly approximate 
product ratios in the DFT-calculations performed. As is well known, the 
calculation of anion energies using the polarizable continuum model (PCM) 
can sometimes be difficult.[86] This model is an implicit solvation approach, 
where the molecule of interest (the solute) is defined as a cavity created from 
interlocking van der Waals-spheres centered on each atom. A solvent with a 
pre-defined dielectric constant (ε) will then act upon the solute to generate a 
self-consistent reaction field, which will then ultimately give the solvation 
energy (ΔGsol) as the sum of three terms (eq. 4).[87] 

 
 ΔGsol = ΔGelec + ΔGvdw + ΔGcav (4) 

 
The three terms are the electrostatic component (ΔGelec), the van der Waals 
and dispersion interaction between solute and solvent (ΔGvdw) and the free 
energy required forming the solute cavity (ΔGcav). However, using this  
implicit model does not take into account the possibility of other interactions 
such as hydrogen bonds that can heavily influence the energy, which is why 
it sometimes underperforms for anions where such effects are highly pre-
valent.[86-87] 
 In the presented calculations, the relative energies of small and localized 
anions like hydroxide and alkoxide compared to delocalized anions like the 
square planar iodine(III) complexes, would be expected to be unreliable. 
Better approximations could be achieved by using an explicit model where 
the solvent is represented by molecules in the calculation that would account 
for the possible hydrogen bonding. A mixed implicit-explicit model could 
also be used, where the first solvation shell is represented by solvent  
molecule (explicit) and an implicit model represents the bulk solvent.[88] 
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4.4. Conclusion 
We have made several important findings related to the formation of side 
products in O-arylations using diaryliodonium salts. Regioisomeric mixtures 
formed in the synthesis of diaryl ethers have been shown to originate from 
aryne intermediates. Contrary to literature suggestions of direct  
de-protonation of the diaryliodonium salt, our DFT calculations indicate that 
these arynes form via an external deprotonation of the T-shaped intermediate 
with a hydroxide ligand by a second hydroxide. The incorporation of iodine 
into diaryl ethers was reduced or eliminated upon addition of aryne traps, 
supporting that this byproduct also originated from the aryne intermediate, 
and a mechanism for its formation has been proposed based on experimental 
findings. Also, a novel mechanism for electron-deficient diaryliodonium 
salts has been proposed where the nucleophile attacks the ipso-carbon of the 
iodonium salt, without prior coordination to the iodine.  

Primary and secondary alcohols were also prone to form aryne  
inter-mediates with electron-rich diaryliodonium salts. However, the  
oxidation of the activated alcohol was observed as the major side reaction in 
these arylations. The oxidation was suggested to go via a 4-coordinated  
intramolecular deprotonation by the diaryliodonium salt after ligand  
exchange with the alkoxide, supported by DFT, isotope labeling and dilution  
experiments. While a distinction between inter- and intramolecular  
mechanism could be proposed, the theoretical approach used lacks in  
precision, as the calculated product ratio was highly inaccurate. This is  
probably due to the use of a PCM model for the calculations of anionic 
structures.  

The possibility of 4-coordinated intermediates in reactions with diaryl-
iodonium salts have not previously been discussed and our new findings will 
hopefully encourage the hypervalent community to investigate additives in 
reactions in order to form these reactive intermediates. 
  



47 

5. Synthesis of Phenols and Aryl Silyl Ethers 
via Arylation of Complementary Hydroxide 
Surrogates (Paper IV) 

With the knowledge acquired during the project described in Chapter 4, we 
wanted to expand the O-arylation manifold using diaryliodonium salts to the 
synthesis of phenols, as they are highly prevalent in Nature, as well as in 
pharmaceutical applications and material science (Figure 9).[89] The phenol 
moiety is also a useful building block for further transformations.[90]  
Previous attempts to synthesize phenols using hydroxides as the nucleophile 
were futile as diarylethers were formed instead, due to a rapid subsequent 
reaction of the in situ formed phenol and a diaryliodonium salt. Also, regio-
isomeric mixtures of the products were formed due to the formation of  
arynes, as described in Chapter 4.  

 
Figure 9. Phenols in a natural product, a top-selling pharmaceutical drug and a 

phenolic resin. 

Phenols have been synthetic targets for decades, and several metal-catalyzed 
procedures exist for their synthesis.[91] Since the use of transition metals 
infers a risk of metal impurities in the final product and the procedures often 
need complex ligands, harsh reaction conditions, potentially toxic reagents 
and come at a high cost; the alternative economical and metal-free strategies 
are highly interesting.[92] Several metal-free procedures for the synthesis of 
phenols are also known,[93] and many of them make use of hydroxide  
surrogates.  
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Maloney and co-workers developed an EAS based synthesis of phenols 
using aryl halides and acetohydroxamic acids as hydroxide surrogates 
(Scheme 35a).[94] The EAS character of the reaction limited the scope to 
electron deficient (hetero)arenes. Falck and co-workers efficiently  
synthesized phenols from aryl boronic acids and N-oxides (Scheme 35b).[95] 
The method had a broad substrate scope and mild conditions were used, 
however, ortho-substituted phenols were not presented. Also, the use of aryl 
boronic acids that are often made via metal-catalyzed routes limits the utility 
of this reaction.[96] 

 

 
Scheme  35. Metal-free syntheses of phenols. 

Peroxides have been used as hydroxide surrogates in the synthesis of phenols 
in the Dakin reaction, where aryl aldehydes or ketones are used as starting 
material. Foss and co-workers made use of this strategy in an  
organocatalytic reaction of aldehydes using a flavin catalyst (Scheme 36).[97] 
The method provided the desired products in good to excellent yields but the 
scope was limited to the use of electron-rich aldehydes. 

 
Scheme  36. Organocatalytic Dakin oxidation by nucleophilic flavin catalysis. 

Based on these findings we postulated that hydroxide surrogates could be 
used for the synthesis of phenols from diaryliodonium salts. The different 
behavior of these reagents could hopefully allow us to furnish the products 
while avoiding the formation of arynes or over arylation to diarylethers.  
  

EWG
X

N
H

HO
O

(3.0 equiv)

DMSO (0.3-0.6 M)
80 °C, 1-18 h

K2CO3 (5.0 equiv)
EWG

O
N
H

O

Lossen
Rearrangement

EWG
OH

15 examples
70-95% yield

a)

b)

R
B(OH)2

N
O-

(1.2 equiv)

CH2Cl2 ( 0.2 M), rt, 1 min - 4 h
R

OH 31 examples
63-96% yield

R R
OH

12 examples
> 87% yield

O FlOOH  (10 mol%)
H2O2 (5.0 equiv)

NaHCO3 (1.0 equiv)
MeOH aq. (95%) 

rt, 3 min - 6 h
N

N

N

NCl

Cl
O

O

O
O
HFlOOH



49 

5.1. Arylation of Peroxides 

5.1.1. Optimization of Reaction Conditions 
We envisioned that the anion of hydrogen peroxide could be a suitable  
nucleophile for this transformation based on its lower basicity and higher 
nucleophilicity compared to hydroxide, which could circumvent the  
formation of arynes. A reductive work-up of the formed arylperoxide inter-
mediate would also suppress the possible formation of the diarylethers.  

We performed a thorough optimization study with di(tert-
butylphenyl)iodonium triflate (2a) and identified that using 50% aqueous 
hydrogen peroxide and sodium hydroxide gave the best results. Methanol 
was shown to be the best solvent in combination with hydrogen peroxide 
(2.1 equiv) and sodium hydroxide (2.0 equiv) and delivered 13a in 45% 
yield after 1 hour (Table 5, entry 1). No reductive work-up was necessary as 
the presumed aryl peroxide intermediate cleaved spontaneously under the 
reaction conditions. The absence of diaryl ethers using this procedure is  
believed to be due to a lower TS for the ligand coupling for peroxide com-
pared to phenoxide. 

Addition of additives dramatically altered the outcome of the reaction. 
While the yield of the reaction did not change when the radical trap BHT 
(entry 2) was added, the desired phenol was only isolated in 23% yield upon 
addition of TEMPO (entry 3). Addition of benzoquinone (BQ, entry 4)  
suppressed the product formation further and only 11% of 13a was formed. 
While we believed that a radical mechanism was operating, we could not 
isolate or detect any of the radical-suppression products using 1H NMR or 
GC-MS. Styrene was added with the objective of forming the corresponding 
benzyl ether, but to our surprise we got the desired product in 51% yield. 
Addition of sodium iodide increased the yield of the product further to 66% 
with concomitant formation of elemental iodine. When additional 
NaOH/H2O2 (2.1:2) was added after 1 hour the product was obtained in 75% 
yield. The extra addition was however deemed impractical and atom in-
efficient and the conditions in entry 6 were used for the investigation of the 
scope. The role of NaI will be discussed further in Chapter 5.1.3. 
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Table 5. Selected optimization results in the hydroxylation of 2a.a 

 
Entry Additive 13a (%)b 

1 - 45 
2 BHT 43 
3 TEMPO (23) 
4 BQ 11 
5 Styrene 51 
6 NaI 66 
7c NaI 75 

a Conditions: NaOH was suspended in MeOH (1.0 mL) followed  by the addition of 
H2O2 (50% aq.). 2a (0.2 mmol) and the additive were added followed by additional 
MeOH (1.0 mL). b 1H-NMR yields using TMB as internal  
standard. Yields in parentheses are isolated. cAfter 1 h reaction time, additional 
NaOH (2.1 equiv) and H2O2 (2.0 equiv) were added and the reaction was run for 1 
more hour. 

5.1.2. Scope of the Reaction 
With the optimized conditions in hand we set out to investigate the scope of 
this reaction. The model substrate 2a was successfully hydroxylated and 
gave 13a in 64% isolated yield (Scheme 37). This reaction could also be 
scaled up to 2.0 mmol and purified via acid-base extraction to give the  
product in 55% yield. Other para-alkyl and halo-substituted diaryliodonium 
salts were also applicable under the reaction conditions delivering products 
13b-13d in good to moderate. To our delight the multi-halogenated phenol 
13e could also be isolated in a moderate yield. Electron-withdrawing substit-
uents worked well and para-CF3/NO2/CN phenols (13f-13h) were isolated in 
good yields. Also, meta-CF3 substitution was tolerated and phenol 13i was 
isolated in 47% yield. Highly electron-donating substituents (e.g. OMe) were 
not tolerated, which is a common limitation in arylations with diaryl-
iodonium salts. More Surprisingly, the reaction failed also with ortho-alkyl 
substitution diaryliodonium salts. A complementary method to tackle some 
of these issues was hence developed and is presented in Chapter 5.2 

tBu I

tBu

OTf

NaOH (2.1 equiv)
H2O2 (2.0 equiv)

Additive (1.0 equiv)
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Scheme  37. Scope for the synthesis of phenols via arylation of hydrogen peroxide. 

Conditions: 2 (0.5 mmol). a Purified by acid-base extraction. b 2.0 mmol scale 

5.1.3. Proposed Mechanism 
We postulated a mechanism based the observations from the optimization 
that addition of NaI increased the yield and gave formation of elemental 
iodine, and that product was formed without reductive work-up (Scheme 
38). Diaryliodonium salt 2a undergoes a ligand exchange with the in situ 
formed peroxide anion to form intermediate M. The generally accepted  
ligand coupling mechanism would give aryl peroxide N. Such structures are 
known to undergo homolytic cleavage,[98] which would furnish the aryloxy 
radical O, which yields phenol 13a upon hydrogen atom transfer (HAT, e.g. 
with MeOH). Alternatively, sodium iodide could react with the aryloxy  
radical to form aryloxide P that gets protonated during work-up. Based on 
the presence of 13a in crude 1H NMR without any reductive work-up  
performed, we propose a HAT mechanism from intermediate O as the most 
likely scenario. The increased yield upon addition of NaI is believed to  
derive from suppression of side products, originating from the hydroxyl-
radical that is formed in the homolytic cleavage step (N to O). Such a  
reaction can account for the formation of elemental iodine via the  
recombination of iodine radicals. Addition of sodium iodide to a solution of 
hydrogen peroxide and sodium hydroxide did not produce any elemental 
iodine via oxidation, supporting that iodine is not formed by the added  
reagents. 

The intolerance to electron-rich diaryliodonium salts probably originates 
from the higher TS for such aryl transfers (see Chapter 1.1.1.3).  
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ortho-Alkyl-substituted derivatives of intermediate O can rearrange to the 
benzylic radical or tertiary radicals via dearomatization, leading to side 
products.[98]  

 

 
Scheme  38. Proposed mechanism for the formation of phenols via 

hydroxylation of diaryliodonium salts. 

5.2. Arylation of Silanols 

5.2.1. Optimization of Reaction Conditions 
As we were unsuccessful in forming sterically congested phenols under the 
previously described conditions with hydrogen peroxide, we set our eyes on 
an alternative hydroxide surrogate, namely silanols. The silyl group would 
prevent overarylation to the diaryl ethers and the resultant silanol aryl ether 
could easily be cleaved in a subsequent step to obtain the corresponding 
phenol. Also, an added advantage of employing ortho-blocked diaryl-
iodonium salts in this protocol is that it prevents formation of arynes under 
any conditions.  

Encouraged by our previous results in O-arylation with ortho-blocked di-
aryliodonium salts using NaHMDS as a base (see Scheme 26c),[76] we used 
that set of conditions for this reaction together with tert-butyldimethylsilanol 
(TBDMS-OH) as the nucleophile. To our delight, we observed an excellent 
yield of 14j using equimolar ratios of the silanol, mesityl(TMP)iodonium 
tosylate 1a and NaHMDS (Table 6, entry 1). Other organic bases such as 
1,1,3,3-tetramethylguanidine (TMG, entry 2) did not yield any product. The 
reaction was sensitive to the counterion on the diaryliodonium salt, and  
tosylate (entry 1) and tetrafluoroborate (entry 3) gave the product in  
excellent yield whereas triflate (entry 4) was incompatible. Negligible 
amounts of diaryl ether 7a were formed in these reactions. Finally, a small 
excess of these reagents was tested to ensure complete consumption of 1a 

tBu I+

Ar

NaOH + H2O2

OOH

TfO

tBu I
Ar

O
OH

tBu

O
HO

ArI

OH
tBu

O

I I I

I2 (vis.)

NaI

tBu

O

H+

tBu

OH

HAT (MeOH)

2a M N

O P 13a

OTf



53 

(entry 5), which could be important in the sequential one-pot  
arylation/desilylation reaction described later in this chapter. 
Table 6. Selected optimization results for the arylation of silanols.a 

 
Entry X base 14j[b] 7a[b] 

1 OTs NaHMDS 92 <1 
2 OTs TMG n.r. 
3 BF4 NaHMDS 90 <1 
4 OTf NaHMDS 7 <1 
5[c] OTs NaHMDS 93 (80) <1 

[a]Conditions: TBDMS-OH and base were suspended in anhydrous pentane (3 mL) 
at 0 °C, followed by the addition of 1a (0.5 mmol) at rt. b 1H NMR yield with respect 
to CH2Br2 as an internal standard. Yield in parentheses is isolated. c TBDMS-OH 
(1.1 equiv) and NaHMDS (1.1 equiv) were used. 

As we devised to obtain the phenolic products, preferably in a sequential 
one-pot fashion, a concise optimization for the cleaving of the silyl group 
was conducted. To our delight, the desired phenols could be obtained  
without purification of the aryl silyl ethers by removing the pentane and  
dissolving the crude in THF followed by addition of TBAF (1.2 equiv, 
Scheme 40). 

 

 
Scheme  39. Optimized conditions for the sequential one-pot synthesis of phenols. 

Since we were aware of the potential formation of arynes when using  
electron-rich diaryliodonium salts under these conditions, we investigated 
the reaction between p-dianisyliodonium tosylate (2k) and TBDMS-OH in 
the presence of furan (Scheme 39). As expected, arynes were formed in this 
reaction shown by the isolation of the Diels-Alder adduct 12k in 47% yield. 
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Scheme  40. Trapping of aryne intermediate with furan. 

5.2.2. Scope of the Reaction 
With the optimized conditions in hand we investigated the scope of this  
one-pot reaction. We focused diaryliodonium salts with blocked  
ortho-positions to complement the scope of phenols obtainable from the 
peroxide route (Scheme 41). The model substrate 1a could efficiently be 
arylated to form phenol 13j in 74% isolated yield. The reaction could be 
scaled up to 2.0 mmol and 13j was isolated via an acid-base extraction in 
70% yield showing the robustness of the reaction. Several other multi-alkyl 
substituted phenols (13k-13n) could also be synthesized in high yields. The 
reaction also allowed for the introduction of a bromide substituent as a  
handle for further transformations giving phenol 13o in 77% yield.  

Since aryne formation was prominent with electron-rich diaryliodonium 
salts, the remaining scope was performed with electron-deficient salts. In 
this fashion, phenols with p-NO2 (13g), p-CN (13h) and m-CF3 (13i)  
substituents could easily be isolated.  
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MeO
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Scheme  41. Scope for phenols synthesis via arylation of TBDMS-OH. Conditions: 1 

or 2 (0.5 mmol). a Purified by acid-base extraction. b 2.0 mmol scale 
c BF4 counterion was used instead of OTs. 

To illustrate the utility of this methodology we targeted the synthesis of the 
commonly used anesthetic drug Propofol. Indeed the unsymmetrical  
diaryliodonium salt 1q furnished Propofol (13p) in 72% yield under the 
standard conditions (Scheme 42). 

 
Scheme  42. Synthesis of the common anesthetic Propofol (13p) 

 
We were also interested in the aryl silyl ethers themselves, as protected  
phenols could be useful for further synthetic transformations.[99] To our  
delight, the products 14j-14o, 14g and 14i could be isolated in similar yields 
to the phenols, showing the quantitative nature of the deprotection step 
(Scheme 43). During the synthesis of p-NO2 aryl silyl ether 14g spontaneous 
cleavage of the Si-O bond was detected and phenol 13g was isolated in 15% 
yield.  

We were also pleased to see that other silanols such as tri-iso-
propylsilanol (TIPS-OH) and tert-butyl-di-phenylsilanol (TBDPS-OH) were 
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compatible under the reaction conditions giving products 14j-TIPS and 14j-
TBDPS respectively in good yields. 

 

 
Scheme  43. Scope for the synthesis of aryl silyl ethers via the arylation of silanols. 

Conditions: 1 or 2 (0.5 mmol) a BF4 used as counterion. 

5.3. Conclusion 
Two complementary methods for the synthesis of phenols have been  
developed giving the products in good yields. Deprotonated hydrogen  
peroxide was demonstrated to be a more efficient nucleophile than  
hydroxide; hence the previous problems with aryne formation could be 
avoided. This methodology was efficient in formation of electron-deficient 
and moderately electron-rich phenols. ortho-Alkyl substituents were not 
tolerated presumably due to the proposed radical character of the reaction. 
The complimentary arylation of silanols, allowed for the isolation of ortho-
substituted and electron-deficient phenols in good yields. Highly electron-
rich diaryliodonium salts were not compatible with any of the methods and 
we reason that this is due to the increased activation barrier for these salts 
towards ligand coupling, resulting in byproduct formation via radical or  
aryne pathways.  

Overall, two complimentary good yielding methods for the synthesis of 
phenols have been developed using metal-free benign conditions without the 
need of large excess of any reagents. Furthermore, the mechanistic  
assumption that the peroxide methodology goes via an aryloxy radical was 
suggested. 
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6. Concluding Remarks 

The inherent ability of the diaryliodonium salts to transfer aryl groups to 
nucleophiles has been explored in this thesis. Thorough mechanistic studies 
have allowed a better understanding of the limitations of these reagents. In 
the first paper, we developed a new and less expensive method to access 
unsymmetrical aryl(2,4,6-trimethoxyphenyl)iodonium tosylates starting from 
elemental iodine. The use of TMP as the dummy group has been shown to 
facilitate the chemoselective transfer of aryl groups, and it is also an  
inexpensive arene that lowers the economical imprint of these reagents.  
Several novel, sterically congested diaryliodonium salts could be synthesized 
in this fashion. The EAS nature of the initial iodination step limits the scope 
of the strategy somewhat, as previously observed in the synthesis of  
symmetric salts from iodine. 

In the second project we broadened the utility of these iodonium reagents 
in the N-arylation of sodium nitrite using two different methods. The first 
method focused on the arylation of sodium nitrite using isolated diaryl-
iodonium salts. A wide range of products with electron withdrawing and 
donating groups such as halogens, esters, azides etc. could be synthesized in 
good to excellent yields under mild conditions. The second method focused 
on the in situ functionalization of diaryliodonium salts, as a step towards 
making the reaction catalytic in aryl iodide to reduce the environmental  
imprint of this byproduct. The reaction proved very efficient considering the 
amount of steps and this was the first in situ functionalization of diaryl-
iodonium salts starting from aryl iodides. We also conducted a small  
mechanistic investigation of the nitration step and concluded that it takes 
place via an O-I intermediate that then undergoes an unusual [2,2] coupling 
to form the product. 

 In the third project we performed a mechanistic investigation of reactions 
between O-nucleophiles and diaryliodonium salts, with the aim of gaining a 
deeper understanding of the mechanistic pathways for both product and side 
product formation. Regioisomeric mixtures of diaryl ethers were obtained 
when diaryliodonium salts were reacted with sodium hydroxide. We  
concluded that these side products were formed via an aryne intermediate by 
using trapping experiments with furan. We proposed that the arynes are 
formed via an ortho-deprotonation of the diaryliodonium hydroxide  
intermediate by an external hydroxide moiety, as indicated by DFT calcula-



58 

tions. Furthermore, a novel mechanism was found for the formation of diaryl 
ethers when the electron-withdrawing p-nitropheny(phenyl)iodonium triflate 
salt was used, where the hydroxide nucleophile attacks the ipso carbon of the 
iodonium salt without prior coordination to the electrophilic iodine. The 
second part of this project concerned the arylation of secondary alkoxides 
where formation of ketones presented another competing pathway. It was 
concluded that this pathway did not go via radicals or arynes, but was  
suggested to occur via an internal deprotonation of the alkoxides from the 
diaryliodonium alkoxide intermediate based on isotope labeling, dilution 
experiments and DFT-calculations. In both projects´parts the DFT-
calculations had issues to accurately match the experimental product  
distributions, and this is attributed to the calculation of anions using the 
PCM model. 

In the fourth project, our target was an O-arylation of hydroxide  
surrogates to obtain phenols without the previous complications of over-
arylation to diaryl ethers and side product formation. Two complementary 
methods were developed, where the first was the conceptually novel  
arylation of hydrogen peroxide in the presence of sodium hydroxide.  
Electron-withdrawing and moderately electron-donating substituents were 
well tolerated and the phenols were obtained under mild conditions within 
short reaction time. The second method was focused on reactions with ortho-
alkyl substituted diaryliodonium salts, which were incompatible with the 
hydrogen peroxide reaction. We hence developed an arylation of silanols, 
where the resulting aryl silyl ether could be cleaved in situ to furnish phenols 
in a sequential one-pot fashion. ortho-Substituted iodonium salts were well 
tolerated and gave the products in good yields. The intermediate aryl silyl 
ethers could also be easily isolated. The combination of these two hydroxide 
surrogate arylations allowed us to generate a broad scope of phenols under 
mild conditions. 

To conclude, this thesis has further expanded the toolbox of metal-free 
organic synthesis via the use of diaryliodonium reagents. We have also  
provided a mechanistic understanding of reaction pathways via ligand  
coupling, arynes and oxidation and our findings should find good use by the 
organic synthesis community.  
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Populärvetenskaplig Sammanfattning 

I dagens samhälle är vi ständigt omgivna av komplexa organiska molekyler. 
Några exempel på dessa är bekämpningsmedel som används inom jordbruket 
och läkemedel som behövs för att bota sjukdomar. Även våra TV-apparater 
är beroende av organiska molekyler för att kunna återge en så bra bild som 
möjligt. Detta i form av organiska ljus-emitterande dioder mer kända som 
OLED’s (Organic Light-Emitting Diode). Vårt stora beroende av organiska 
molekyler ställer ett stort ansvar på den industriella framställningen av dessa, 
för att minska påverkan på miljön. I dessa tider, där klimatförändringar är ett 
stort hot, så är det väldigt viktigt att utveckla mer klimatsmarta processer för 
framställandet av molekyler.  Utvecklandet av sådana processer kan jäm-
föras med att bygga lego där flera mindre fragment kopplas samman till den 
slutgiltiga produkten.  

Vår forskningsgrupp använder legobitar som kallas för diaryl-
jodoniumsalter. Dessa är en speciell typ av jodreagens som används för att 
koppla ihop så kallade arylgrupper med andra molekyler. Fördelen med 
dessa föreningar är att de ofta reagerar under väldigt milda betingelser vilket 
är till gagn ur ett miljöperspektiv. De är dock inte fria från nackdelar, t.ex. 
bildandet av biprodukter och ett syfte med denna avhandling är att undersöka 
dessa problem för att kunna förbättra processerna.  

I den första delen av den här avhandlingen vi utvecklat en ny metod för 
att tillverka osymmetriska diaryljodoniumsalter som kan användas för att 
selektivt föra över arylgrupper till nukleofiler vilket effektiviserar processen. 
Därefter använde vi våra diaryljodoniumsalter i en syntes av nitroarener som 
är vanligt förekommande fragment i till exempel plaster och explosiva  
ämnen. Vi utvecklade även en flerstegsprocess som ett första steg mot vårt 
långsiktiga mål att hitta en katalytisk process 

Diaryljodoniumsalter kan även reagera på ett oönskat sätt via bildandet av 
så kallade aryner eller genom att oxidera nukleofilen. Dessa reaktionsvägar 
tar fokus från den önskade produkten och minskar därmed processens  
effektivitet. I den andra halvan av den här avhandlingen har vi försökt förstå 
hur dessa processer fungerar genom att utföra en grundlig mekanistisk 
undersökning. Vi har använt oss av både experimentella analyser och  
beräkningskemi vilket har givit oss en god uppfattning om hur diaryl-
jodoniumsalterna beter sig.  
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Dessa erfarenheter utnyttjades i den sista delen av avhandlingen där vi 
framställde olika fenoler från våra reagens. Dessa molekyler har tidigare 
varit komplicerade att framställa från diaryljodoniumsalter på grund av 
bildandet av aryner. Genom att använda en speciell typ av nukleofil kunde vi 
undvika de oönskade processerna och syntetisera fenoler, som är vanligt 
förekommande fragment i till exempel läkemedel. 
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