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Abstract 

This thesis concerns the development of metal-free reactions to obtain  
carbon-heteroatom and carbon-carbon bonds. This is achieved by  
transferring carbon ligands from hypervalent iodine reagents to suitable  
nucleophiles.  

The bulk of the work presented herein concerns arylation of oxygen and 
nitrogen nucleophiles, using the well-known diaryliodonium salts as aryl 
sources. In the first project, O-arylation of the oxime ethyl  
acetohydroxamate was studied. It was found that electron-poor as well as 
electron-rich aryl moieties could be transferred successfully to this  
nucleophile. Furthermore, the protocol could be extended to a sequential 
one-pot synthesis of benzo[b]furans. This method allowed for a fast  
synthesis of the natural product stemofuran A and formal syntheses of other 
natural products.  

In a successive project, O-arylation of hydroxide and aliphatic alkoxides 
was investigated. It is known that electron-poor aryl moieties can be  
transferred to these nucleophiles in moderate to high yields. However,  
combined with more electron-rich diaryliodonium salts, a large amount of 
side products were formed. These were suppressed upon addition of aryne 
traps, suggesting that aryne pathways are competing with the desired ligand  
coupling. It was also observed that secondary alcohols were oxidized to the 
corresponding ketones. The mechanism for this oxidation was investigated 
and aryne pathways could be excluded. Instead we suggest that the carbinol 
hydrogen gets deprotonated via an internal mechanism, after the alkoxide 
has coordinated to the iodonium salt. Highly sterically congested alkyl aryl 
ethers could be obtained in high yields by combining tertiary alcohols with 
ortho-blocked diaryliodonium salts.   

Next, N-arylation of secondary acyclic amides was studied using  
acetanilide as the model substrate. This procedure was suitable for transfer 
of electron-poor as well as ortho-substituted aryl moieties, but attempts to 
transfer very electron-rich aryl groups were unsuccessful. On the other hand, 
the amides displayed a complementary reactivity, allowing phenylation of 
electron-rich amides.   

In the final project, a one-pot synthesis of the cyclic iodonium reagent  
vinylbenziodoxolone is presented. These compounds have not been explored 
as reagents earlier. Initial screenings showed that the vinyl moiety could be 
transferred to nitrocyclohexane with opposite regioselectivity compared to 
the acyclic analogue of the reagent.  
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TMP        2,4,6-Trimethoxyphenyl 
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1. Introduction 

Chemical compounds play an important part in modern society. The 
pharmaceuticals we rely on to treat diseases, the agrochemicals we need to 
meet the growing food demands as well as the materials used in the displays 
of our computers and cell phones are a few among many examples of  
complex molecules in our surroundings. Their structures are tuned for their 
desired properties and small changes in their design can have a large effect 
on their function.  

In order to continue the development of new advanced materials and 
drugs, chemists need access to a large set of tools that allow them to  
construct compounds freely. Therefore, new chemical transformations have 
to be developed and already existing ones need to be complemented to cover 
a wider range of substrates. Furthermore, it is also desirable to improve 
many of these protocols by the use of milder reaction conditions and less 
toxic reagents.  

In this thesis, the formation of carbon-heteroatom and carbon-carbon 
bonds will be in focus. The major part of the work is centred on the  
introduction of aryl groups to nitrogen and oxygen nucleophiles.  
Aryl-nitrogen and aryl-oxygen bonds are frequently occurring in biologically 
active compounds,[2] stressing their importance for the pharmaceutical  
industry.[3] This is exemplified by the presence of these linkages in the drugs 
fluoxetine and fentanyl (Figure 1).[4] These bonds are also found in advanced 
materials, such as the dye SM315 used in solar cells.[5]  

 

 
Figure 1. Selected examples of compounds containing Ar-O and Ar-N bonds.  
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1.1. Arylation of Nitrogen and Oxygen Nucleophiles 
Aryl-nitrogen and aryl-oxygen bonds can be formed via transition  
metal-catalysed coupling reactions between nitrogen or oxygen nucleophiles 
and aryl halides (Scheme 1a). Ullmann initiated the field in the early 1900s, 
when he discovered that anilines as well as phenols could be arylated in the 
presence of copper.[6] Soon after, Goldberg demonstrated that amides also 
were suitable coupling partners.[7] In the early days, these reactions were 
performed at very high temperatures (around 200 °C). Nowadays, these  
copper-catalysed arylations can proceed with a large scope at significantly 
lower temperatures, as a result of mechanistic studies as well as the  
evaluation of suitable ligands.[8] Another important contribution to the field 
was the discovery of the Chan-Evans-Lam coupling, which uses boronic 
acids as coupling partners instead of aryl halides (Scheme 1b).[9] Besides 
copper, palladium has played an important part in arylation of nitrogen and 
oxygen nucleophiles. Palladium-catalysed arylations of amines and  
alkoxides were reported in the 1990s by the groups of Buchwald and  
Hartwig.[10] Today, this strategy is commonly used and the scope continues 
to expand.[11] However, both copper- and palladium-catalysed arylations are 
associated with a few drawbacks. For example, high reaction temperatures 
are still required in many cases. Furthermore, ligands with high complexity 
are sometimes needed and there is a risk that traces of metals will  
contaminate the products.[12] 

The latter concerns can be solved by using metal-free arylation  
methodologies. One approach is to add oxygen or nitrogen nucleophiles to in 
situ formed arynes (Scheme 1c).[13] However, reactions with substituted  
arynes without strong directing groups lead to regioisomeric mixtures, since 
the addition can take place on either carbon of the triple bond.  
Regioselective arylations can be obtained by using nucleophilic aromatic 
substitution (SNAr) reactions (Scheme 1d).[14] However, this strategy is best 
suited for electron-poor aryl moieties.  

 

 
Scheme 1. Methods to form Ar-N and Ar-O bonds. 
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In this thesis, aryl groups are transferred to oxygen and nitrogen  
nucleophiles from diaryliodonium salts. These salts are hypervalent iodine 
compounds, which is a class of reagents that has been applied successfully in 
various organic transformations.[15]   

1.2. Hypervalent Iodine Chemistry 

1.2.1. The Hypervalent Bond 
Iodine found in organic molecules often has one covalent bond to the carbon 
skeleton, as in iodobenzene (Figure 2a). Upon oxidation the iodine can form 
bonds to two additional ligands (L) to become polyvalent and obtain the 
formal oxidation state +III. Further oxidation to +V is also possible, yielding 
powerful oxidation reagents,[16] but that is outside the scope of this thesis. 
Various organic iodine(III) compounds have been reported to be  
T-shaped,[17] with the two ligands (L) in an almost collinear bond with  
iodine. In this state, the iodine has three pairs of electrons participating in 
bonds and two non-bonding electron pairs, adding up to a total number of 
ten valence electrons. This violates the octet rule, and therefore these  
compounds are called hypervalent.[18] 

The generally accepted model to explain the electron distribution in these 
compounds is the existence of a linear 3-center 4-electron bond (3c-4e bond, 
Figure 2b).[19] According to this theory, the iodine is sp2-hybridized. One of 
the hybridized orbitals participates in the iodine-aryl bond and the other two 
accounts for the non-bonding electron pairs. The remaining four valence 
electrons are distributed over the 3c-4e bond, which is built up by combining 
the 5p-orbital of iodine with two p-orbitals from the ligands. In the highest 
occupied orbital the electron density is located on the ligands. As a  
consequence, the ligands carry a partial negative charge and the iodine a 
partial positive charge. Therefore, the iodine is electrophilic.  

 

 
Figure 2. a) Oxidation of iodobenzene to an iodine(III) compound. b) 3c-4e bond.  
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1.2.2. Various Iodine(III) Reagents 
Iodine(III) compounds with two heteroatom ligands are often applied in  
oxidation reactions.[15b] Two reagents commonly used for this purpose can be 
seen in Figure 3a. In this thesis, iodine(III) compounds with two carbon  
ligands will be explored instead. These reagents are called iodonium salts 
and can be used to transfer carbon ligands to nucleophiles.[20] Examples of 
commonly applied iodonium salts are depicted in Figure 3b.  
 

 
Figure 3. Examples of a) iodine(III) reagents with two heteroatom ligands b) iodonium salts. 

 
Iodine(III) compounds can also be cyclic and many of these reagents are 
derived from the structural cores benziodoxolones (Figure 4a) or  
benziodoxoles (Figure 4b).[21] These compounds have been reported to have 
distorted T-shaped structures.[22] The cyclized forms of the iodine(III)  
reagents are often more stable than the corresponding acyclic ones.[21a] For 
example, initial attempts to form acyclic versions of the popular Togni  
reagents (Figure 4c) were unsuccessful, and the cyclic structures were  
crucial for isolation.[22a] 

Some of the iodonium salts in Figure 3b also exist in the shape of their 
benziodoxolone analogues. Both aryl- and alkynylbenziodoxolones are 
known reagents (Figure 4e-f).[21b, 21c] Alkynylbenziodoxolones without  
carbon centred substituents (R1 ≠ carbon group) can also be called 
ethynylbenziodoxolones (EBX). Waser and co-workers have made  
silyl-substituted EBX (R1 = silyl group) famous for use in various  
alkynylation reactions.[23] Vinylbenziodoxolones, the cyclic analogues of  
vinyl(aryl)iodonium salts, have so far not been established as reagents and 
this will be discussed further in Chapter 5.  
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Figure 4. Various benziodoxolo(n)es. 

The acyclic diaryliodonium salts (Figure 3b) have been used as arylation 
reagents in a wide range of transition metal-catalysed as well as transition 
metal-free protocols.[24] In this thesis, the metal-free arylations will be in 
focus.  

1.3. Diaryliodonium Salts: Structure and Reactivity  

1.3.1. Structure 
Diaryliodonium salts are T-shaped compounds,[17b] with one of the aryl  
moieties and the heteroatom ligand in the linear 3c-4e bond (Figure 5a). The 
aryl group that takes part in this bond is said to be in the apical position, 
whereas the other aryl ring is in the equatorial position. This classification 
originates from considering the structure of diaryliodonium salts as a  
trigonal bipyramid, where the free electron pairs occupy two equatorial  
positions. The diaryliodonium salts can either be symmetric with two  
identical aryl groups, or unsymmetric where the aryl moieties differ from 
each other. It is problematic to draw a representative T-shaped structure of 
an unsymmetric diaryliodonium salt with counterion coordinating, since the 
apical and the equatorial aryl groups can interconvert via a process called 
pseudorotation (Figure 5b).[19b, 25] Therefore, they are sometimes drawn in 
ionic forms (Figure 5c-d). Throughout this thesis, unsymmetric  
diaryliodonium salts will be depicted as in Figure 5c.  

 

 
Figure 5. a) General structure of a diaryliodonium salt b) pseudorotation of an 

 unsymmetric salt c) T-shaped ionic structure d) bent ionic structure. 
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1.3.2. General Reactivity 
Diaryliodonium salts are electrophilic arylation reagents that can transfer 
aryl groups to nucleophiles. During this process, the iodine returns to its 
more stable monovalent state, in form of an aryl iodide. This a very feasible 
process and the leaving group ability of iodobenzene has been measured to 
be 106 better than triflate.[26] The arylation and the simultaneous elimination 
of an aryl iodide can occur via different mechanisms. The most common one 
is via ligand coupling, but in some cases aryne pathways have been  
observed. Furthermore, these reagents can also form radicals. These  
mechanisms will be discussed in more detail in the following sections. 

1.3.3. Ligand Coupling 
The iodine in the diaryliodonium salt is electrophilic and hence attracts  
nucleophiles. In a process called ligand exchange, the incoming nucleophile 
replaces the counterion in the salt (Scheme 2a). From this new T-shaped 
intermediate, the aryl moiety in the equatorial position couples with the  
nucleophile simultaneously as an aryl iodide is eliminated. This is referred to 
as ligand coupling. An obvious parallel can be drawn to the reductive  
elimination from transition metals. In fact, diaryliodonium salts can be used 
as a metal-free alternative in various coupling reactions.[24] This, however, 
comes with the cost of using stoichiometric amounts of diaryliodonium salts 
and hence the formation of equal amounts of the corresponding aryl iodide.  

The reaction sequence depicted in Scheme 2a has been experimentally 
supported in examples by both Quideau’s and Muñiz’ groups.[27] In the latter 
contribution, it was demonstrated that by submitting a diphenyliodonium salt 
to the potassium salt of a phthalimide, a T-shaped compound could be  
isolated, where the counterion had been replaced by the phthalimide 
(Scheme 2b). The structure was confirmed by X-ray analysis. Upon heating, 
this compound delivered the desired phenylated product.  

 

 
Scheme 2. Ligand coupling sequence a) in theory b) experimentally supported. 
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observed that electron-poor aryl moieties are favoured over electron-rich 
ones in the transfer. The model used to explain this selectivity can be seen in 
Scheme 3.[19b, 28] After coordination of the nucleophile, the two possible  
T-shapes interconvert via pseudorotation. From here, the ligand coupling can 
proceed via two distinguishable transition states (TS) where a negative 
charge is built up on the aryl group that is being transferred. This charge is 
stabilized by electron-withdrawing groups (EWG). Hence, the transition 
state that leads to the coupling with the electron-poor aryl will be lower in 
energy. Therefore, this coupling will be favoured. This selectivity has also 
been supported in a theoretical study by Togni and co-workers.[29]   

 

 
Scheme 3. The most electron-poor aryl group is preferentially transferred in the  

ligand coupling. 

 
Ortho-substituted aryl groups are often favoured in the transfer, even in  
cases when this aryl is the most electron-rich one (Scheme 4). This is called 
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the other T-shape is disfavoured by steric repulsions between the  
ortho-substituent and the non-bonding electron-pairs. When the ortho-effect 
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Scheme 4. The ortho-substituted aryl is preferentially transferred in  

the ligand coupling.     

When unsymmetric salts are used, it is preferable to choose a second aryl 
group that will be severely disfavoured in the coupling. In a  
chemoselectivity study, it was found that the electron-rich  
2,4,6-trimethoxyphenyl was a suitable “dummy” ligand that was not  
transferred in arylation of phenols, malonates and anilines.[31a] In some cases, 
the electron-rich 4-methoxyphenyl (anisyl) was sufficient. However, even 
though general guidelines can be drawn based on the selectivity models  
discussed, the chemoselectivity can deviate from these. Hence, it often needs 
to be re-evaluated for new applications. 

1.3.4. Aryne Formation 
In the presence of a strong base, the diaryliodonium salt can be deprotonated 
at the ortho-position to yield an aryne (Scheme 5a). This was supported by 
discovering that the symmetric para-tolyliodonium bromide could deliver 
mixtures of meta- and para-substituted arylation products.[32] Similar product 
mixtures have been seen in attempts to transfer the anisyl group to basic  
nucleophiles.[33] In these reports, the reactions were performed at elevated 
temperatures. Small amounts of arynes have also been obtained from  
diphenyliodonium acetate in refluxing benzene.[34]  

More useful ways to access arynes from diaryliodonium salts have been 
to incorporate removable ortho-substituents. This was exemplified early on 
by Beringer, who heated carboxylate-substituted diaryliodonium salts to high 
temperatures to release carbon dioxide and arynes.[35] A milder method is to 
incorporate a trimethylsilyl group (TMS) at the ortho-position, which can be 
eliminated using a fluoride source (Scheme 5b).[36] Recently, the first low 
temperature (13 °C) formation of arynes from diaryliodonium salts using the 
deprotonation strategy was reported by Stuart and co-workers  
(Scheme 5c).[37] The protocol allowed for selective ortho-deprotonation to 
give substituted arynes that in turn reacted with furan to form Diels-Alder  
products in high yields. 
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Scheme 5. Aryne formation via a) ortho-deprotonation b) elimination of the TMS-group 

 c) ortho-deprotonation at low temperature. 
TBAF = tetrabutylammonium fluoride, LiHMDS = lithium bis(trimethylsilyl)amide. 
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1.4. Diaryliodonium Salts: Various Arylations 
Diaryliodonium salts have been utilized as arylation reagents for a variety of 
nucleophiles under transition metal-free conditions.[24] For example, these 
reagents have been applied in formation of carbon-carbon bonds by  
delivering aryl moieties to resonance-stabilized carbon nucleophiles, such as 
malonates and nitroalkanes.[41] Ochiai and co-workers reported the first 
asymmetric induction from an enantiopure diaryliodonium salts by  
phenylation of a similar carbon nucleophile (Scheme 6).[42]  

 

 
Scheme 6. Chiral induction using an enantiopure diaryliodonium salt. 

The formation of carbon-heteroatom bonds constitutes another large area 
within this field. Two types of reactions that are of particular interest are the 
arylation of oxygen and nitrogen nucleophiles to obtain the important  
aryl-oxygen and aryl-nitrogen bonds. In the 1950s, Beringer made a large 
contribution to this field when he screened the transfer of aryl moieties to 
methoxide, phenoxides, benzoate, nitrite and amines.[43] Further  
developments in arylation of O- and N-nucleophiles using diaryliodonium 
salts are discussed in the following sections.  

1.4.1. Arylation of Alcohols 
In Beringer’s early report on formation of aryl ethers the conditions were 
quite harsh; excess sodium methoxide or phenoxide were used in refluxing 
methanol.[43] Recently, the Olofsson group reported an efficient  
O-arylation of phenols in THF at room temperature (Scheme 7a).[44] The 
reaction could also be performed in very short reaction times at 40 °C. A 
wide spectrum of aryl moieties ranging from electron-poor to electron-rich 
ones could be transferred to the phenols in high yields. Later on, a similar  
protocol using water as solvent was published.[45] Gaunt and co-workers 
have reported the arylation of phenols using diaryliodonium fluorides 
(Scheme 7b).[46] It was believed that the phenol was activated by hydrogen 
bonding to the fluoride, allowing the reaction to proceed without the addition 
of a strong base. However, a weak base was added to quench the formed 
hydrofluoric acid.  

Symmetric diaryl ethers can be obtained via arylation of in situ formed 
phenols, originating from an aryl transfer to hydroxide. This was described 
briefly by Beringer already 1953.[43] Recently, Olofsson and co-workers 
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reported the formation of the symmetric 4,4-dinitrophenyl ether by treating 
NaOH with an unsymmetric para-nitro iodonium salt (Scheme 7c).[45] The 
formation of diaryl ethers via this strategy will be further explored in  
Chapter 3.  

 

 
Scheme 7. Formation of diaryl ethers via a) arylation of phenols  

b) counterion-triggered arylation of phenols c) double arylation of hydroxide.   

Reports on arylation of aliphatic alcohols using diaryliodonium salts are 
fewer and also more limited in their scope. In the 1970s, McEwen and  
co-workers noted that upon arylation of aliphatic alkoxides severe side  
product formation hampered the formation of the desired aryl ethers.[39a, 39b] 
By addition of radical scavengers the formation of the side products  
decreased whereas the yield for the desired aryl ether increased, indicating 
radical side reactions.  

Olofsson and co-workers have reported arylations of allylic and benzylic 
alcohols in water (Scheme 8a).[45] This protocol was best suited for the  
transfer of electron-poor aryl moieties, but the phenyl group as well as alkyl 
and halide-substituted aryl moieties were also tolerated. The yields were, 
however, lowered by competing oxidation of the alcohols. Shortly after, a 
complementary protocol for a broader scope of aliphatic alcohols in toluene 
was reported by the same group (Scheme 8b).[47] Similarly to the previous 
protocol, electron-poor diaryliodonium salts were the best coupling partners. 
Phenylation of primary alcohols proceeded well, but higher steric bulk on 
the alcohol lowered the yields. Recently, similar conditions were applied in 
the arylation of carbohydrates.[48] Stuart and co-workers reported an  
arylation protocol focusing on secondary alcohols in tert-butyl methyl ether 
(TBME) (Scheme 8c).[49] Also in this case, the scope was limited to transfer 
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of electron-poor aryl moieties. Further studies on the formation of alkyl aryl 
ethers using diaryliodonium salts will be discussed in Chapter 3.  

 

 
Scheme 8.  Arylation of aliphatic alcohols.  

1.4.2. Arylation of Hydroxylamines and Oximes 
Diaryliodonium salts have also been used in arylation of nucleophiles  
containing the hydroxylamine moiety.  One example is the O-phenylation of 
the thallium salt of benzohydroxamic acid (Scheme 9a).[50] Interestingly,  
when a similar approach was used on the sodium salt of tert-butyl  
N-hydroxycarbamate, N-arylation dominated instead (Scheme 9b).[51]  

 

 
Scheme 9. a) O-phenylation of the thallium salt of benzohydroxamic acid  

b) N-phenylation of the sodium salt of tert-butyl N-hydroxycarbamate. 

Recently, N-arylation of hydroxylamines with protection groups both on the 
oxygen and nitrogen was described using a variety of diaryliodonium salts 
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Ghosh developed a general arylation protocol of N-hydroxyphthalimide as 
well as the similar N-hydroxysuccinimide (Scheme 10b).[54] A variety of 
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without the use of the hydrazine, which has been used in this hydrolysis  
previously.[55] 

 

 
Scheme 10. Arylation of a) double protected hydroxylamine 

 b) N-hydroxyphthalimide and N-hydroxysuccinimide.  

In 1971 Grubbs and co-workers investigated phenylation of benzophenone 
oxime salts using diphenyliodonium bromide and found that N-phenylation 
competed with the O-phenylation.[56] In Chapter 2, O-arylation of the oxime 
ethyl acetohydroxamate will be discussed. After publication of that project, 
it was demonstrated that the nature of the oxime determines the selectivity in 
the phenylations.[57] It was confirmed that the oxime discussed in Chapter 2 
exclusively led to the O-phenylated product. On the other hand,  
benzophenone oximes delivered mixtures of products with the O-phenylated 
product as the major one, whereas N-phenylation was the major pathway for  
α,β-unsaturated oximes (Scheme 11).  

 

 
Scheme 11. Arylation of oximes – competing O- and N-arylation. 
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seen in Scheme 12. Unlike oxygen nucleophiles, many arylations of nitrogen 
nucleophiles proceed well without the presence of a strong base. For  
example, arylation of anilines takes place at elevated temperatures in DMF  
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avoided by employing potassium fluoride and added water together with  
diaryliodonium trifluoroacetates. It was suggested that the fluoride (or  
trifluoroacetate) activated the amine after its coordination to the iodonium 
salt. Novák and Gonda reported N-arylation of pyrazoles using a mild base 
(Scheme 12c).[60] A large chemoselectivity study was performed and it was 
seen that electron-poor and ortho-substituted aryl moieties were favoured in 
the aryl transfer. The mechanism for this transformation was also  
investigated in a theoretical study.[61]  

 

 
Scheme 12. N-arylation of a) anilines b) aliphatic amines c) pyrazoles. 

Diaryliodonium salts have also been used in N-arylation of amide-like  
nucleophiles. Both uracil- and isatin derivatives have been arylated using 
sodium hydride as base (Scheme 13a).[62] Potassium salts of phthalimide can 
successfully be arylated in toluene at elevated temperatures, as described by 
Muñiz and co-workers (Scheme 13b).[27b] A pronounced ortho-effect was 
observed, allowing selective transfer of bis-ortho-substituted aryl moieties. 
This protocol also tolerated potassium salts of cyclic amides as substrates.  

 

 
Scheme 13. N-arylation of a) isatins b) phthalimides. 
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There are only a few described N-arylations of secondary acyclic amides 
using diaryliodonium salts. One example is the phenylation of an  
intermediate in the total synthesis of 4-methyl fentanyl (Scheme 14a).[63] The 
phenylation was also applied on a similar model substrate in around 70% 
yield. Another example is the intramolecular cyclization of an  
ortho-alkylated diaryliodonium salt (Scheme 14b).[64] Further exploration of 
aryl transfer to acyclic amides will be discussed in Chapter 4.  

 

 
Scheme 14. N-arylation of secondary acyclic amides. 

1.5. Synthesis of Iodine(III) Reagents 
In general, iodonium reagents are synthesized according to the sequence 
depicted in Scheme 15.[65] First, the monovalent aryl iodide is oxidized,  
obtaining the formal oxidation state +III and becoming polyvalent. Upon 
oxidation of iodine, the chemical shift of the ipso-carbon in the aryl moiety 
moves significantly downfield in the 13C-NMR, which can be used to  
support that the oxidation has taken place.[66] The second carbon ligand (R2) 
is then introduced to the formed iodine(III) compound. The mechanism for 
this ligand exchange is unknown, but recently the importance of acidic  
activation of the iodine(III) intermediate was highlighted.[67] In some cases, 
the counterion needs to be exchanged (L to X) after formation of the  
iodonium salt, in order to obtain a suitable reagent.  

 

 
Scheme 15. General sequence for synthesis of iodonium reagents. 
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1.5.1. Synthesis of Diaryliodonium Salts  
Many routes to diaryliodonium salts start from iodine(III) compounds that 
either have been synthesized separately or are commercially available.[24a, 24b] 
The second aryl group can be introduced via a ligand exchange with an arene 
or with a pre-functionalized aryl reagent such as an arylsilane, arylstannane 
or arylboronic acid.  

The Olofsson group has made significant contributions to this field by  
developing several one-pot methods, where the starting aryl iodides are  
oxidized using meta-chloroperbenzoic acid (mCPBA) (Scheme 16).  
Trifluoromethanesulfonic acid (TfOH) can be used to activate both the  
oxidant and the formed iodine(III) intermediate (Scheme 16a). After a ligand 
exchange with an arene, a variety of diaryliodonium triflates can be  
obtained.[68] The substitution pattern observed for the second aryl moiety is 
in line with the selectivity in an electrophilic aromatic substitution. In  
synthesis of electron-rich salts, the weaker para-toluenesulfonic acid (TsOH) 
is used instead of TfOH.[69] Symmetric diaryliodonium salts can be obtained 
directly from iodine and arenes using either the TfOH or TsOH method 
(Scheme 16b). Aryl boronic acids can be used to synthesise the reagents in a 
regiospecific way (Scheme 16c).[70] The majority of the diaryliodonium salts 
used within the projects described in this thesis were prepared using these 
methods. Recently, these salt syntheses were used in one-pot arylation of 
nitrites.[71] The diaryliodonium salts were formed in situ, prior to addition of 
the nucleophile.  

 
Scheme 16. One-pot syntheses of diaryliodonium salts developed within the Olofsson group. 

Other user-friendly one-pot syntheses of diaryliodonium salts from aryl  
iodide have appeared in recent protocols. For example, Stuart and  
co-workers have reported syntheses of unsymmetric diaryliodonium  
tosylates and trifluoroacetates in acetonitrile.[72]  
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1.5.2. Synthesis of Vinyliodonium Salts  
Vinyl(aryl)iodonium salts are structurally related to diaryliodonium salts 
with one aryl moiety replaced by a vinyl group. The T-shaped structure of 
these vinylation reagents has been confirmed by X-ray analysis.[73]  

The synthesis of vinyliodonium salts generally proceeds via three  
different strategies (Scheme 17).[65] They can be formed from a pre-made  
iodine(III) compound via a ligand exchange with a vinylic reagent  
(Scheme 17a). Alternatively, an alkyne can act as a vinyl source and add to 
the iodine(III) compound (Scheme 17b). The latter methodology has been 
used in a one-pot synthesis of β-substituted vinyl salts, starting from aryl 
iodide using FXeOTf as oxidant.[74] It is also possible to obtain  
vinyliodonium salts by nucleophilic addition to alkynyliodonium salts 
(Scheme 17c).[65] 

 

 
Scheme 17. General routes to vinyliodonium salts.  

The two most common ways to access vinyliodonium salts are based on the 
strategy in Scheme 17a and were developed by Ochiai and co-workers. In 
the first protocol, iodosylbenzene is activated by boron trifluoride and  
subsequently coupled with a vinyl silane (Scheme 18a).[73] Later on, they 
reported a similar method using DIB and vinyl boronic acids (Scheme 
18b).[75] Vinyl zirconium and vinyl stannanes have also been used as vinylic 
reagents in ligand exchange on pre-formed iodine(III) compounds.[76]   

 

 
Scheme 18. Two common ways to synthesize vinyliodonium salts. 
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1.5.3. Synthesis of Benziodoxolones  
Various derivatives of benziodoxolones can be synthesised via a ligand  
exchange on the pre-formed iodine(III) compound 1-hydroxy-
benziodoxolone (Scheme 19).[21a, 21c] This substrate in turn is obtained via an 
oxidation of 2-iodobenzoic acid.    

 

 
Scheme 19. General sequence for synthesis of benziodoxolones.  

The ligand exchange is often promoted by an activation of the  
hydroxybenziodoxolone. Trimethylsilyl triflate (TMS-OTf) has been used 
for this purpose in a popular route to alkynylbenziodoxolones, developed by 
Zhdankin and co-workers (Scheme 20a).[77] The triflate replaces the  
hydroxide of 1-hydroxybenziodoxolone and the alkynylsilane is  
subsequently added. After the ligand exchange, pyridine is added to cyclize 
the compound.  

The Olofsson group has published a one-pot synthesis of  
arylbenziodoxolones directly from 2-iodobenzoic acid (Scheme 20b).[78] 
Later on, the same group developed a similar protocol for synthesis of  
alkynylbenziodoxolones utilizing alkynylboronic esters.[79] This one-pot 
synthesis lays the foundation for the synthesis of vinylbenziodoxolones  
discussed in Chapter 5.  

 

 
Scheme 20. a) Zhdankin’s route to alkynylbenziodoxolones  
b) Olofsson’s one-pot synthesis of phenylbenziodoxolone. 
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1.6. Aim of This Thesis 
In order to freely construct complex compounds, a large variety of  
methodologies to couple together molecules are needed. Many existing  
protocols utilize transition metals that risk contaminating the final products. 
In order to avoid this, metal-free protocols are desired. Hypervalent iodine 
reagents with transferable carbon ligands are already applied as transition 
metal-free alternatives in coupling reactions. The aim of this work is to  
expand the scope of these reactions by exploring suitable nucleophiles.  

In the first part of the thesis the purpose is to transfer aryl moieties from 
diaryliodonium salts to oxygen and nitrogen nucleophiles. The first selected 
oxygen nucleophile to investigate is the oxime ethyl acetohydroxamate. This 
substrate was chosen since the arylation products can be further transformed 
into the important scaffold benzo[b]furans via a known route. Next,  
O-arylation of hydroxide and aliphatic alkoxides is studied to gain insight 
into their so far limited scope. Thereafter, the attention is shifted to nitrogen 
nucleophiles and arylation of secondary acyclic amides. These amides have 
been especially challenging in previously reported protocols. In all arylations 
studied, the ambition is to transfer a wide range of aryl moieties with varying 
electronic and steric properties, preferably using mild reaction conditions.   

In the final part of the thesis, the objective is to find a straightforward 
one-pot synthesis of vinylbenziodoxolones. These compounds ability to act 
as novel carbon ligand transfer reagents will be discussed.  
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2. Oxime Arylation – One-Pot Synthesis of 
Benzo[b]furans (Paper I) 

To further expand the scope of O-arylation reactions using diaryliodonium 
salts, we focused on arylation of protected hydroxylamines. Deprotection of 
such products would yield O-aryl hydroxylamines, which are units that in 
turn can give rise to many other useful compounds. One important example 
is the benzo[b]furans, which were synthesized from O-phenyl  
hydroxylamines by Sheradsky in the 1960s (Scheme 21).[80] The approach 
was inspired by the Fischer indole synthesis and proceeded via an  
O-phenylketoxime.   

 

 
Scheme 21. Sheradsky’s synthesis of benzo[b]furan  

inspired by the Fischer indole synthesis. 

The benzo[b]furan scaffold is found in various natural products and since it 
has been added to the list of “privileged scaffolds”,[81] derivatives are much 
sought after by the pharmaceutical industry.[82] In Figure 6 the naturally  
occurring stemofuran A[83] as well as the drug oxetorone[81] can be seen.  

 

 
Figure 6. Example of a natural product and a pharmaceutical  

containing the benzo[b]furan scaffold. 

A large number of synthetic routes to benzo[b]furans have been reported.[84] 
Common strategies include transition metal mediated formations of the furan 
ring, either via an intramolecular O-arylation or via a cyclization of an  
ortho-substituted phenol.[85]  
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form of the O-arylketoxime, followed by a re-aromatisation, cyclization and 
finally elimination of ammonia. This mechanism gained support when the 
chloride salt A was isolated (Scheme 22b).[86c] Upon heating, this  
intermediate yielded the corresponding benzo[b]furan. In 2003, Naito and 
co-workers reported that the synthesis could be performed at milder  
conditions when the O-arylketoxime was N-trifluoroacetylated.[87] This 
methodology has been used to synthesize a variety of naturally occurring and 
bioactive benzo[b]furans.[88]  

 

 
Scheme 22. a) Mechanism for benzo[b]furan synthesis from O-arylketoxime 

 b) isolation of intermediate A supported the proposed mechanism.  

One way to reach O-arylketoximes, the key substrates in this strategy  
towards benzo[b]furans, is via copper catalysed arylations of ketoximes 
(Scheme 23a).[89] Metal-free methods proceeding through SNAr can also be 
used,[86b, 86d] but they are limited to electron-withdrawing aryl moieties.  
Alternatively, O-arylketoximes can be obtained by condensation of ketones 
and O-aryl hydroxylamines (Scheme 23b).[80, 88b]  

 

 
Scheme 23. Synthesis of  O-arylketoximes via a) arylation of ketoximes  

b) condensation of O-aryl hydroxylamines and ketones. 
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in that project, we became interested in combining a synthesis of O-aryl 
hydroxylamines with a one-pot synthesis of benzo[b]furans. For this  
purpose, we were looking for other protected hydroxylamines that would be 
easier to hydrolyse after the arylation.  

In 2010, Buchwald and co-workers reported a palladium-catalysed  
arylation of the oxime ethyl acetohydroxamate (Scheme 24).[90] They further 
demonstrated the formation of benzo[b]furans from the isolated arylated 
products. In this synthesis, the O-aryl hydroxylamine is formed in situ via 
acidic hydrolysis of the arylated product. It is subsequently condensed with a 
ketone to form the O-arylketoxime, which transforms into the benzo[b]furan.  

 

 
Scheme 24. Buchwald’s arylation of ethyl acetohydroxamate and benzo[b]furan synthesis. 

Ethyl acetohydroxamate has also been reported as the nucleophilic coupling 
partner in SNAr reactions.[91] However, to the best of our knowledge, this 
nucleophile had never been arylated using diaryliodonium salts. Therefore, 
we set out to develop a metal-free arylation of ethyl acetohydroxamate, with 
the aim to implement the arylation in a one-pot synthesis of benzo[b]furans.  

2.1. Arylation of Ethyl Acetohydroxamate 

2.1.1. Optimisation of Reaction Conditions 
First, we investigated the phenylation of ethyl acetohydroxamate using  
diphenyliodonium triflate (1a) at room temperature (Table 1). Product 2a 
was obtained in satisfying 73% yield in DMF, using potassium tert-butoxide 
as base (entry 1). This combination was used in our reported arylation of  
N-hydroxyphthalimide.[54] Similar results were obtained in 1,4-dioxane and 
dichloromethane (entries 2-3) whereas the yield dropped when THF or  
toluene were used (entries 4-5). Acetonitrile was the solvent of choice as it 
delivered product 2a in 91% yield (entry 6).  

The product was obtained in a similar yield when sodium tert-butoxide 
was used as base (entry 7). The excess of base and salt could be reduced to 
1.1 equivalents (entry 8) and the reaction time could be shortened from 15 h 
to 30 minutes (entry 9). The short reaction time was very fortunate, since we 
envisioned this arylation as a first step in a one-pot synthesis. The reaction 
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could also be performed at a higher concentration without any effect on the 
yield (entry 10).  

 

Table 1. Optimisation of the phenylation a 

 
Entry 1a (equiv) Base (equiv) Solvent Time (h) Yield (%)b 

1 1.2 tBuOK (1.2) DMF 15 73 
2 1.2 tBuOK (1.2) 1,4-Dioxane 15 68 
3 1.2 tBuOK (1.2) CH2Cl2 15 78 
4 1.2 tBuOK (1.2) THF 15 50 
5 1.2 tBuOK (1.2) Toluene 15 42 
6 1.2 tBuOK (1.2) MeCN 15 91 
7 1.2 tBuONa (1.2) MeCN 15 93 
8 1.1 tBuONa (1.1) MeCN 15 91 
9 1.1 tBuONa (1.1) MeCN 0.5 93 

10c 1.1 tBuONa (1.1) MeCN 0.5 92 
a Reaction conditions: ethyl acetohydroxamate (0.25 mmol) and base were stirred at rt for 15 
min in anhydrous solvent (1.5 mL) prior to addition of 1a. The mixture was stirred at rt for 
the tabulated time. b 1H-NMR yield using 1,3,5-trimethoxybenzene (TMB) as internal  
standard. c 1 mL solvent. 

 
With the optimised conditions at hand, the influence of the counterion in the 
diphenyliodonium salt was explored. As seen in Scheme 25, the selected 
counterions triflate, tetrafluoroborate and tosylate delivered 2a in similar 
yields. The high tolerance towards different counterions is beneficial, since it 
simplifies the synthesis of the diaryliodonium salts, eliminating the need for 
an anion exchange. 

 

 
Scheme 25. Evaluation of tolerance towards different counterions X. 

 1H-NMR yields using TMB as internal standard.  
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2.1.2. Scope of the Reaction 
The scope of the reaction was evaluated using diaryliodonium salts with 
various substituents (Scheme 26). The electron-poor para-nitro-phenyl 
group could easily be transferred to this nucleophile and delivered product 
2b in high yield. Aryl moieties with alkyl substituents in the para- and  
meta-positions were also tolerated, yielding 2c and 2d.  We were pleased to 
see that electron-rich aryl groups could be transferred, demonstrated by the 
formation of product 2e. However, to obtain a high yield the number of 
equivalents of diaryliodonium salt and base had to be increased and the  
reaction time had to be prolonged. Halide substituted salts were also  
tolerated in the transformation, as shown by the formation of products 2f and 
2g. In the synthesis of 2f it was demonstrated that the formed aryl iodide 
easily could be recovered and hence in theory, be reused in a salt synthesis. 
Both symmetric and unsymmetric salts were applied in the synthesis of the 
ortho-fluorinated 2g. However, both delivered the product in moderate yield. 
In contrast to the formation of 2e, no improvement was observed upon  
increasing the amounts of reagents. Product 2h was smoothly obtained after 
arylation with a pyridyl salt. Attempts to transfer the highly sterically  
congested mesityl moiety were briefly made, but without success. When 
unsymmetric salts were used, the more electron-rich aryl groups were  
disfavoured in the transfer, as predicted by the chemoselectivity model  
discussed in section 1.3.3. Hence, a phenyl group could be used as dummy in 
formation of product 2b and an anisyl served as a disfavoured ligand in  
formation of 2d, 2g and 2h.  

 

 
Scheme 26. Arylation of ethyl acetohydroxamate. Reaction conditions: ethyl acetohydrox-
amate (0.5 mmol) and tBuONa were stirred at rt for 15 min in anhydrous MeCN (2 mL)  
prior to addition of 1. Isolated yields. a1.3 equiv of salt 1 and tBuONa. Reaction time 1 h.  
b 1H-NMR yield using TMB as internal standard.  
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2.2. One-Pot Synthesis of Benzo[b]furans 

2.2.1. Optimisation of Reaction Conditions 
With a successful arylation protocol in hand, we started to explore the main 
goal of the project – to combine the arylation with a benzo[b]furan synthesis. 
First, the solvent compatibility had to be investigated. We submitted the 
phenylated product 2a and ketone 3a to modified Buchwald conditions,[90] 
using acetonitrile instead of the reported dioxane (Scheme 27a). The desired 
benzo[b]furan 4a was obtained in 91% yield. Thereafter, we started the  
synthesis of 4a from ethyl acetohydroxamate in one-pot without isolation of 
2a (Scheme 27b). To our delight, the product was formed in 82% yield.  

 

 
Scheme 27. Benzo[b]furan synthesis using modified Buchwald conditions  

a) from 2a b) from ethyl acetohydroxamate in a one-pot reaction. 

The reaction conditions were further improved by reducing the amount of 
ketone 3a and by using aqueous HCl, instead of anhydrous HCl and added 
water (Scheme 28). We also tried to lower the reaction temperature, but that 
had a negative impact on the yield.   

 

 
Scheme 28. Optimised conditions for the one-pot synthesis of benzo[b]furans. 
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2.2.2. Scope of the Reaction  
The scope of the reaction was first evaluated using ketone 3a and various 
diaryliodonium salts 1 (Scheme 29). The electron-poor para-nitro salt, which 
performed well in the arylation, gave the product 4b in moderate yield after 
prolonged reaction time. In this reaction, O-arylketoxime 5a was isolated in 
30%, which indicates that the rearrangement is challenging for  
O-arylketoximes with electron-withdrawing substituents. When the  
trifluoromethyl-substituted salt was used, product 4c was obtained in good 
yield after 4 hours. The alkyl substituted products 4d and 4e were formed in 
good to moderate yields. Unfortunately, when the electron-rich  
para-methoxy-substituted salt was used, the reaction mixture turned black 
upon addition of the acid and product 4f could not be detected. On the other 
hand, the brominated product 4g was obtained in high yield. This was  
fortunate, since the bromide can serve as a handle for further  
transformations. It was demonstrated that the aryl iodide formed in the initial 
arylation could be recovered after the synthesis of 4g.  

  

 
Scheme 29. One-pot synthesis of benzo[b]furans. Reaction conditions: ethyl acetohydrox-
amate (0.5 mmol) and tBuONa were stirred in anhydrous MeCN (2 mL) at rt for 15 min prior 
to addition of 1. The reaction mixture was stirred for 30 min at rt before addition of 3a and 
aqueous HCl (37%). The vial was purged with argon, sealed and stirred at rt for 15 min and 
then at 70 °C for 2 h. Isolated yields. a 16 h reaction time b 4 h reaction time c 3 h reaction 
time.  
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The tolerance towards different ketones 3 was briefly investigated using salt 
1b (Scheme 30). The use of cyclohexanone delivered 4h in high yield.  
However, the diphenylated product 4i could only be obtained in moderate 
yield.  The use of a vinyl-substituted ketone delivered 4j in traces. In  
contrast, benzo[b]furan 4k, which is the natural product stemofuran A, could 
be isolated in an impressive 80% yield. This compound can in turn be  
transformed into another natural product, (+)-machaeriol B.[92] Furthermore, 
products 4l and 4m, which can be oxidized to the scaffold coumestan or 
transformed to the natural product Eupomatenoid 6,[88] respectively, could 
easily be obtained using this one-pot methodology.   

 

 
Scheme 30. One-pot synthesis of benzo[b]furans. Reaction conditions: ethyl acetohydrox-
amate (0.5 mmol) and tBuONa were stirred in anhydrous MeCN (2 mL) at rt for 15 min prior 
to addition of 1b. The reaction mixture was stirred for 30 min at rt before addition of 3 and 
aqueous HCl (37%). The vial was purged with argon, sealed and stirred at rt for 15 min and 
then at 70 °C for 2 h. Isolated yields. a 4 h reaction time. b Bis(4-bromophenyl)iodonium  
triflate (1h) used. 
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2.3. O-Phenyl Hydroxylamine and O-Phenylaldoxime 
O-aryl hydroxylamines are presumed intermediates in the presented one-pot 
synthesis of benzo[b]furans. Since these O-arylated substrates may be  
interesting in synthesis of other compounds, we wanted to be able to stop the 
reaction at this intermediate. Indeed, in the absence of a ketone, the  
O-phenyl hydroxylamine 6 was obtained in high yield (Scheme 31a). We 
also explored the possibility to add an aldehyde lacking α-protons, which led 
to the isolation of O-phenylaldoxime 7 (Scheme 31b). Derivatives of this 
compound have shown biological activity.[91c]  

 

 
Scheme 31. One-pot synthesis of a) O-phenyl hydroxylamine 6 b) O-phenylaldoxime 7. 

2.4. Conclusion 
Diaryliodonium salts proved to be suitable arylation reagents for ethyl  
acetohydroxamate. Electron-poor as well as electron-rich diaryliodonium 
salts performed well in the developed arylation protocol. It was further 
demonstrated that the arylation was compatible with a one-pot synthesis of 
benzo[b]furans. Using a variety of different diaryliodonium salts and  
ketones, substituted benzo[b]furans were obtained in modest to high yields. 
This is impressive, considering that several steps are involved in this one-pot 
synthesis. A natural product as well as precursors to natural products could 
be synthesized using this methodology. Furthermore, one-pot syntheses of 
O-phenyl hydroxylamine and O-phenylaldoxime were also demonstrated.  

In parallel with this project, Kürti and co-workers developed a similar 
protocol, were they obtained benzo[b]furans in a one-pot reaction via  
arylation of various oximes.[93] Consequently, our results were published 
back-to-back in Chem. Eur. J. Later that year, Togo reported a similar  
one-pot synthesis of benzo[b]furans using diaryliodonium salts.[94]  
Furthermore, in between submission and publication of our project, another 
O-arylation of oximes using diaryliodonium salts appeared[95] and just after 
publication another one.[52] Thereafter, the paper discussing the competing 
O- and N-phenylation on oximes discussed in Section 1.4.2. was 
published.[57] This demonstrates a high interest in the field. 
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3. Mechanistic Insights in Aryl Ether 
Formation (Paper II-III) 

Diaryliodonium salts have been used in O-arylations of various alcohols (see 
section 1.4.1.) In general, these reactions proceed via an initial deprotonation 
of the alcohol to an alkoxide, which then acts the nucleophile in the coupling 
reaction. Phenols perform well in this transformation and can couple with a 
wide range of aryl groups.[44] Our group has also developed protocols for 
arylation of aliphatic alcohols.[45, 47] In parallel with these projects, we  
speculated in the idea to form the aliphatic alkoxides in situ via an addition 
reaction rather than via a deprotonation. If fruitful, this would deliver  
aliphatic aryl ethers in one-pot. 

3.1. Side Product Problems in O-Arylations 
The envisoned strategy was explored by forming the secondary alkoxide 8a 
(Scheme 32) in situ via addition of n-butyllithium to an aldehyde.  
Diphenyliodonium triflate (1a) was added to the reaction and this delivered 
the desired ether 9a in low yield together with ketone 10a. This poor result 
was in line with observations made in a parallel O-arylation project.[47] In 
that study, it was seen that secondary alcohols delivered phenyl ethers in 
moderate yields. Also, lithium alkoxides performed worse than sodium and 
potassium alkoxides. The oxidation of alcohols had also been observed  
previously.[45]   

We decided to look further into the formation of alkyl aryl ethers from 
secondary aliphatic alcohols. Therefore, we started to optimise the yield of 
9a from the corresponding alcohol of 8a. The yield of 9a could be improved 
by the use of excess sodium tert-butoxide and iodonium salt. However, this 
also increased the number of side products, which complicated the  
purification of 9a.    

 
Scheme 32. One-pot synthesis of alkyl aryl ether 9a. 
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We were also facing problems with side product formations in other  
O-arylation projects. For example, 1-pentanol (8b) can be phenylated and  
para-nitro-phenylated in high yields to deliver the pure products 9b and 9c 
(Scheme 33a).[47] However, attempts to transfer a more electron-rich aryl 
moiety resulted in a mixture of products that were hard to separate (Scheme 
33b). Furthermore, our group has described that sodium hydroxide can be 
double arylated to yield the symmetric 4,4-nitrophenyl ether 11a (Scheme 
33c).[45] When the same reaction was performed using diphenyliodonium 
triflate (1a), heating was required and the desired product was contaminated 
with side products (Scheme 33d). The reaction could be performed at room 
temperature in dichloromethane, but the side reactions still occurred. Under 
these conditions, salt 1l delivered the desired product 11c-(p/p) together with 
a large amount of side products (Scheme 33e).  

 

 
Scheme 33. Attempts to increase the scope for published O-arylation protocols.  
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lowered the yields in arylation of aliphatic alkoxides.[39a, 39b] One side  
reaction that competed with the arylation was oxidation of the alkoxides. 
More recently, Stuart’s group reported a protocol for arylation of secondary 
alcohols.[49] In their investigation, oxidation did not constitute a large issue. 
However, the procedure was limited to the transfer of electron-poor aryl 
groups. The authors stated that their protocol failed when attempts were 
made to transfer the more electron-rich tolyl group.  

We were intrigued by the problems encountered in various O-arylation 
projects and decided to investigate this further. Especially, we wanted to 
identify the side products obtained in our arylations and gain insight into the 
mechanisms behind their formations. First, we studied the double arylation 
of hydroxide. Thereafter, we investigated arylation of primary and secondary 
aliphatic alcohols. For the latter, we focused on the mechanism for the  
oxidation. Finally, we also looked into the arylation of tertiary alcohols. 

3.2. Arylation of Hydroxide 

3.2.1. Identification of Side Products 
We started out by identifying the side products that formed when sodium 
hydroxide was arylated. Using salt 1l, the desired product 11c-(p/p) was 
obtained as complex mixture with the regioisomers 11c-(p/m) and  
11c-(m/m) (Scheme 34a). We also suspected that the iodinated ethers 11c-I 
were present in the mixture, based on 13C-NMR and GC-MS analyses. Due 
to the complexity of the NMR spectrum, the yield of each compound could 
not be determined. When salt 1a was submitted to the same conditions, the 
desired ether 11b was isolated together with the iodinated product 11b-I 
(Scheme 34b).  

 

 
Scheme 34. Side products obtained in arylation of hydroxide. 
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3.2.2. Insights into the Formation of Regioisomers 
The formation of regioisomers from salt 1l was surprising, since a ligand 
coupling mechanism only should yield ether 11c-(p/p) (Scheme 35a). The 
regioisomeric product mixture indicated a competing or alternative pathway 
via aryne intermediates. As discussed in section 1.3.4, diaryliodonium salts 
have been reported to act as aryne precursors at elevated temperatures.[32-33, 

34] However, we did not expect that this intermediate would form already at 
room temperature.i We suggest that the side products are formed according 
to the mechanisms in Scheme 35b-d. Salt 1l is initially deprotonated by the 
base to form an aryne A, to which a hydroxide adds at the para- or  
meta-position. Protonation of the anionic intermediates will result in two 
regioisomeric phenols. The phenols can ligand couple with 1l (Scheme 35c), 
yielding the desired product 11c-(p/p) as well as the regioisomer 11c-(p/m). 
Another possibility is that the phenoxides attack the aryne A (Scheme 35d), 
which leads to formation of 11c-(p/p), 11c-(p/m) and 11c-(m/m).    

 

 
Scheme 35. Proposed mechanisms for formation of the obtained products from salt 1l. 

 
We added furan to the reaction mixture in order to trap the arynes in a  
Diels-Alder reaction (Scheme 36a). Indeed, adduct 12a was isolated in 11% 
yield. Furthermore, ether 11c-(p/p) was isolated as the only diaryl ether. 
From this, it seems plausible that there is a competition between an aryne 

                                                        
i Towards the end of this investigation, Stuart and co-workers reported that diaryliodonium 
salts could be deprotonated to form arynes even below room temperature (13 °C).[37] 
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pathway and ligand coupling in this reaction and that furan blocked the  
aryne pathway.  

We wanted to see which pathway that dominated when other  
diaryliodonium salts were used under the same conditions. When the  
electron-rich salt 1m was used, no ether formation was detected (Scheme 
36b). However, the Diels-Alder product 12b was formed in 34% yield. In 
contrast, the electron-poor salt 1d delivered ether 11a in 62%, but only  
traces of the cycloaddition products 12c and 12d (Scheme 36c). The results 
indicate that ligand coupling is feasible for electron-poor salts, but for  
electron-rich salts the energy barrier for the coupling becomes so large that 
the aryne pathways dominates. However, DFT calculationsii show that aryne 
formation proceeds via a lower energy barrier than ligand coupling for both 
salt 1m and 1d. The formation of diaryl ether 11a was still preferable for salt 
1d, but via an alternative mechanism.  

 

 
Scheme 36. Trapping of arynes in arylations using different diaryliodonium salts. 
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ii DFT calculations performed by Marcus Reitti 
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drastically and 11b-I was barely detected (entry 2). Again, aryne  
intermediates were supported by the formation of the Diels-Alder adduct 
12c. Since amines are also known to add to arynes,[13a] piperidine was  
investigated as an alternative aryne trap. Upon addition of this amine, the 
iodinated product 11b-I was not formed (entry 3), whereas the N-phenylated 
piperidine 13a could be isolated in 26% yield.  

Table 2. Phenylation of hydroxide in CH2Cl2 
a 

 
Entry Additive (equiv)  11b (%)b 11b-I (%)b Trapping Product (%)c 

1 - - 40 25 - 

2  5 23 2  
12c 20 

 

3  0.5 27 0   
13a 26 

a Reaction conditions: CH2Cl2 (3 mL) was added to NaOH. Then the additive, 1a (0.8 mmol) 
and more CH2Cl2 (1 mL) were added. b Calculated yield from isolated mixture of 11b and  
11b-I. c Isolated yield.  

Since the yield of 11b was decreased, but not completely suppressed, upon 
addition of aryne traps, it is possible that this product is formed both via the 
ligand coupling pathway (Scheme 37a) and via an aryne intermediate 
(Scheme 37b).  

As the iodinated product 11b-I barely was detected when the aryne  
intermediate was trapped, we suggest that the aryne has to be involved in the 
formation of this ether. Possible mechanisms leading to 11b-I can be seen in 
Scheme 37c. First, a hydroxide adds to the aryne and the anionic  
intermediate A is formed. Even though A probably would get protonated 
easily, we speculated that it might take part in alternative pathways. For  
example, A could participate in an iodine exchange with iodobenzene, via a 
negatively charged intermediate B. This would result in the iodinated phenol 
C that could ligand couple with 1a to form 11b-I. Intermediates similar to A 
have been reported to take part in such iodine exchange with iodobenzene.[96] 
However, the addition of an aryl iodide did not alter the ratio between 11b 
and 11b-I. Another possibility is that A instead attacks salt 1a, which would 
yield the triaryl intermediate D. It has been observed that addition of  
phenyllithium to diphenyliodonium iodide yielded such an intermediate, 
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which decomposed to biphenyl and iodobenzene at -10 °C.[97] Hence, if D 
would form under our conditions it would collapse into iodobenzene and 
phenol E, or into a biphenyl and the phenol C. Again, ligand coupling of C 
with 1a would yield ether 11b-I. However, the biphenyl has not been formed 
to the same extent as 11b-I, indicating that this is not the major pathway to 
11b-I. Instead, the triaryl D could isomerize to D’ and then form  
intermediate F upon elimination of benzene. An arylation migration then 
leads to product 11b-I. Similar intramolecular arylations have been reported 
previously.[98]  

 

 
Scheme 37. a) Formation of 11b via ligand coupling b) formation of 11b via an aryne  

pathway c) speculative mechanisms for formation of 11b-I. 

We speculated that aryne formation could be avoided by holding the 
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3.2.4. Diphenyl Ether Formation in Water 
We also studied the phenylation of hydroxide in water. In this reaction, only 
a small amount of iodinated product 11b-I was formed together with the 
desired ether 11b (Table 3, entry 1). In order to supress the formation the 
side product completely, piperidine was added (entry 2). This successfully 
hindered the formation of 11b-I, but also significantly reduced the yield of 
ether 11b.  

Table 3. Phenylation of hydroxide in water a 

 
Entry Additive (equiv) 11b (%) 11b-I (%) Trapping Product (%) 

1b - - 56 3 - 

2c  1.2 17 0  13a 4 
a Reaction conditions: H2O (3 mL) was added to NaOH. Then the additive, 1a (0.8 mmol) and 
more H2O (1 mL) were added. b Calculated yield from isolated mixture of 11b and 11b-I. 
 c 1H-NMR yield using TMB as internal standard.  

These results indicate that the major pathway to 11b occurs via the aryne 
pathway. Intermediate A (Scheme 37) would be protonated quickly in water, 
which explains the low yield of 11b-I. When the reaction was performed in 
D2O (Scheme 38) the mono-deuterated diphenyl ether 11b-D was formed in 
55% yield. This result matches the yield obtained in H2O nicely (compare 
Scheme 38 and Table 3, entry 1). This suggests that one of the arylations, 
either of the hydroxide or the phenoxide, proceeds via an attack on an aryne 
in water.  

 

 
Scheme 38. Phenylation of hydroxide in deuterated water.  
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3.3. Arylation of Primary and Secondary Alcohols 

3.3.1. Regioisomeric Side Product in Arylation of 1-Pentanol 
Next, we turned the attention to arylation of aliphatic alcohols. Since we 
wanted to understand the limitations seen for these alcohols in our reported 
protocol in toluene,[47] the investigation was performed using those  
conditions. When 1-pentanol (8b) was submitted to the symmetric para-tolyl 
salt 1l, the desired alkyl aryl ether 9d and was obtained together with the 
regioisomer 9d-(m) (Scheme 39a). Traces of suspected iodinated products 
were also formed. The observed mixture of products indicated that an aryne 
intermediate was formed using this nucleophile as well. Indeed, this was 
confirmed in a trapping experiment with furan (Scheme 39b). The  
meta-isomer 9d-(m) was still detected in this case, but due to the complexity 
of the crude 1H-NMR spectrum, the ratio of 9d to 9d-(m) could not be  
calculated. Gratifyingly, the regioisomer 9d-(m) was completely suppressed 
by the addition of piperidine (Scheme 39c).  

 

 
Scheme 39. Arylation of 8b a) without aryne trap (isolated yields)  

b) with added furan (1H-NMR yields using TMB as internal standard) 
 c) with added piperidine (isolated yields). 

As the use of an aryne trap resulted in significantly reduced yield of the  
desired product 9d, we searched for strategies to avoid the aryne formation 
instead. In order to achieve this, we had to circumvent the use of a strong 
base. We hypothesised that if the alcohol coordinates to the diaryliodonium 
salt, the pKa might be low enough for a weaker base, such as piperidine, to 
abstract the proton. In case of aryne formation, the piperidine could then also 
work as trap. However, no product formation was observed when piperidine 
was used as base.  

R
OH

tBuONa (1.2 equiv)

+

I OTf

1l (1.2 equiv)

toluene, rt, 3 h

tBuONa (1.2 equiv)

toluene, rt, 3 h

O

(5.0 equiv)

O

tBuONa (1.2 equiv)

toluene, rt, 3 h

NH

(0.5 equiv)

+ N

13b-(p) + 13b-(m)
13% total yield (1:1.3 p:m)

12a 
9% NMR yield

51% total yield, ratio 80:20

R
O R

O

+

9d 9d-(m)

R =

36% total NMR-yield

R
O R

O

+

9d 9d-(m)

R
O

9d 
27%

+

a)

b)

c)
8b (1.0 equiv)



 40 

3.3.2. Oxidation in Arylation of Secondary Alcohols  
We continued our investigation by looking into the oxidation mechanism. 
The benzylic alcohol 8c (Scheme 40) was chosen as a model substrate, since 
the oxidation has been pronounced for these types of alcohols.[45] First,  
phenylation using salt 1a was studied (Scheme 40a). In this case, ether 9e 
was formed in low yield, whereas the oxidation product 10b was the major 
product. Only traces of the iodinated product 9e-I could be detected. We 
investigated the effect of furan and piperidine as additives (Scheme 40b-c). 
The yield of the desired ether 9e was barely affected and only traces of  
cycloaddition product 12c and amine product 13a were formed. The yield of 
the oxidation product also remained high, suggesting that arynes are not 
involved in the oxidation mechanism.  

 

 
Scheme 40. Phenylation of 8c a) without aryne trap b) with added furan c) with added 

 piperidine.  1H-NMR yields using TMB as internal standard. 

Stuart and co-workers have arylated secondary alcohols in high yields  
without any reported interfering oxidation.[49] Therefore, we submitted the  
alcohol 8c to their conditions using salt 1o (Scheme 41). Oxidation was still 
the major pathway, delivering the ketone 10b in 65% yield.  

 

 
Scheme 41. Arylation using to Stuart’s procedure also led to oxidation. Isolated yields. 
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McEwen and co-workers suggested that the oxidation products observed in 
their arylations of alkoxides were formed via radical pathways.[39b] This  
conclusion was based on radical trapping experiments using DPE.  
Furthermore, they observed that toluene and n-hexane also worked as radical 
traps. Even though we could see a considerable oxidation in toluene, we 
studied the effect of DPE (Table 4, entries 1-2). This trap did not have any 
significant effect on the oxidation, nor the ether formation. We also explored 
the effect of radical traps using THF as solvent (entries 3-5). Upon addition 
of DPE, the yield of ether 9e increased, but there was no drastic change in 
formation of the ketone 10b (entry 4). The same result was obtained when 
TEMPO was added (entry 5). Based on these results, it does not seem like 
the oxidation proceeds via a radical pathway.  

 
Table 4. Investigation of radical traps in the oxidation of secondary alcohols. a 

 
Entry Solvent Additive (equiv) Yield 9e (%)b Yield 10b (%)b 

1 Toluene - 21 60 
2 Toluene DPE (1.2) 24 65 
3 THF - 10 31 
4 THF DPE (1.2) 21 39 
5 THF TEMPO (1.2) 24 43 

a Reaction conditions: 8c (0.2 mmol) and tBuONa were stirred in anhydrous solvent (1.5 mL) 
for 15 min at rt. Then the additive, 1a and more solvent (0.5 mL) were added. b 1H-NMR yield 
using TMB as internal standard. 

 
To completely rule out an aryne mechanism, the reaction was performed 
using the symmetric mesityl salt 1p (Scheme 42). In this salt, no  
ortho-protons are present and hence aryne formation is impossible. Still, the 
oxidized product 10b was obtained in 39% yield. The mesitylation was also 
performed using the deuterated alcohol 8c-D. Interestingly, the product  
distribution was significantly altered – the yield of 10b decreased and ether 
9f-D was the major product. In this reaction, deuterated mesitylene was  
detected using GC-MS. 
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Scheme 42. Mesitylation of alcohol 8c and 8c-D also yielded oxidation product 10b. 

Having concluded that neither arynes nor radicals caused the oxidation, we 
suggest that the oxidation proceeds via deprotonation of the T-shaped  
intermediates seen in Scheme 43. Two deprotonation scenarios are plausible; 
either internal (Scheme 43a) or external (Scheme 43b). In order to  
distinguish between these two, we wanted to look at concentration effects in 
the reaction using 8c and salt 1p. The reaction mixture was quite  
heterogeneous in toluene, but when DMF was used a co-solvent the mixture 
became homogenous. Dilution barely had any effect on the yields of 9f and 
10b. When excess base was used, the yield of both products decreased, but 
the ratio between them were roughly the same as before. These observations,  
combined with the detection of deuterated mesitylene in oxidation of 8c-D, 
indicate that the oxidation proceeds via the internal mechanism. Our DFT 
calculations also support that the internal deprotonation is favoured over the 
external one.  

 
 

 
Scheme 43. Oxidation via a) internal or b) external deprotonation. 
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3.4. Arylation of Tertiary Alcohols  
At an early stage in the project, the oxidation mechanism was investigated 
using alcohol 8d (Scheme 44). When this substrate was submitted to the 
mesityl salt 1p, traces of compound 9h were detected. This ether resulted 
from mesitylation of the tert-butoxide base.  

 

 
Scheme 44. Arylation of the tert-butoxide base gave traces of product 9h. 

Tertiary alkyl aryl ethers with such bulky aryl groups are rarely reported in 
established arylations of alcohols. Palladium-catalysed arylation protocols 
are well suited for tertiary alcohols, and have been reported in combination 
with mono-ortho-substituted aryl coupling partners.[10c, 99] However, to the 
best of our knowledge, there are no reports on formation of  
bis-ortho-substituted tertiary alkyl aryl ethers using this approach. There are 
examples on successful palladium catalysed arylations using such bulky aryl 
moieties, but then in combination with less sterically hindered alcohols.[100] 
Copper-catalysed protocols rarely include ethers with such high steric  
congestion, even though intramolecular examples exist.[101] Metal-free SNAr 
reactions tolerate bulky alcohols together with ortho-substituted aryl  
coupling partners, but these arylations are limited to electron-poor aryl 
groups.[102] 

With the realization that we could synthesize electron-rich aryl ethers 
with high steric bulk, the project changed course and we aimed to increase 
the yield of 9h.    

3.4.1. Cation Effect and Optimisation of Reaction Conditions 
Lithium, sodium and potassium tert-butoxide were submitted to the mesityl 
salt 1p in various solvents (Table 5). These experiments revealed that  
toluene, pentane and TBME were suitable solvents, whereas THF was  
significantly lower yielding. Product formation was not detected in  
acetonitrile. Sodium and potassium tert-butoxide delivered product 9h in 
substantially higher yields compared to lithium tert-butoxide in most  
solvents. This is in agreement with the cation effect observed in arylation of 
primary alcohols.[47] The highest yield was obtained using potassium  
tert-butoxide in pentane.    
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Table 5. Mesitylation of tert-butoxide in various solvents a 

 
M Toluene Pentane TBME THF MeCN 
Li 10 9 15 5 - 
Na 53 62 54 6 - 
K 62 71 53 9 - 

a Reaction conditions: 1p (0.2 mmol) and tBuOM were stirred in anhydrous solvent (1 mL)  
at rt for 24 h. 1H-NMR yields (%) using TMB as internal standard.   

 
The reaction was further optimised, using the best conditions from Table 5 
as starting point (Table 6, entry 1). Product 9h was formed in similar yield 
using tetrafluoroborate as counterion in the salt (entry 2). The combination 
of sodium tert-butoxide and tetrafluoroborate performed equally well  
(entry 3) and was investigated further. By increasing the number of  
equivalents of the tert-butoxide, the product was delivered in 92% (entry 4) 
and this yield maintained when the reaction time was shortened to 1 hour 
(entry 5). The tolerance towards different counterions in the iodonium salt 
was investigated (entries 5-8).  Tetrafluoroborate, tosylate and bromide were 
all high yielding, whereas triflate provided the product in lower yield.      

 
Table 6. Optimisation of reaction conditions mesitylation of tert-butoxide a 

 
Entry tBuOM (equiv) X Time (h) Yield (%)b 

1 tBuOK (1.0) OTf 24 71 
2 tBuOK (1.0) BF4 24 70 
3 tBuONa (1.0) BF4 24 73 
4 tBuONa (2.0) BF4 24 92 
5 tBuONa (2.0) BF4 1 91 
6 tBuONa (2.0) OTs 1 79 
7 tBuONa (2.0) Br 1 85 
8 tBuONa (2.0) OTf 1 60 

a Reaction conditions: 1 (0.2 mmol) and tBuOM were stirred in anhydrous pentane (1 mL)  
at rt for 24 h. b 1H-NMR yield using TMB as internal standard.  
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3.4.2. Scope of the Reaction 
The scope of the reaction was evaluated using different ortho-blocked  
diaryliodonium salts as coupling partners (Scheme 45). Compound 9h could 
be isolated in 81% from the symmetric mesityl salt. The same product was  
obtained in slightly higher yield using an unsymmetric salt with TMP as 
dummy ligand. Other 2,6-disubstituted ethers, such as 9i and 9j, were also 
efficiently obtained. We were pleased to see that compound 9k, with a  
bromide incorporated, could be synthesised in high yield. The halide can be 
used in further functionalization of the product. The tri-halide substituted 
ether 9l could be isolated in 40% yield using an unsymmetric mesityl salt. 
This reaction proceeded with quite poor chemoselectivity, but fortunately the 
products could be separated easily.  

 
 

 
Scheme 45. Arylation of sodium tert-butoxide. Reaction conditions: 1 (0.5 mmol) and tBuONa 
were stirred in anhydrous pentane (2.5 mL) at rt for 3 h. Isolated yields. a 5 mmol scale. 
 b In toluene, 24 h,  Ar1 also transferred, crude ratio 2.8:1 of 9l:9h according to  
1H-NMR of the crude mixture.  

 
In order to expand the scope to other tertiary alkoxides, we had to find a 
proper base to deprotonate the corresponding alcohols. Since the  
optimisation showed that sodium was a suitable counterion, bases such as 
NaH, NaNH2 and NaHMDS were investigated. Among these, NaHMDS 
performed best and only 1.0 equivalent was needed to obtain a high yield.  
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Various tertiary aliphatic alcohols could be arylated to give ethers 9m-9s 
(Scheme 46). The strategy successfully delivered the halide-substituted 
products 9n, 9o as well as the very bulky ethers 9q and 9r. The tolerance 
towards cyclic tertiary alcohols was exemplified by the formation of 9s in 
good yield. Furthermore, the protocol allowed mesitylation of a tertiary  
allylic alcohol to yield ether 9t.  

 

 
Scheme 46. Arylation of tertiary alcohols. Reaction conditions: alcohol 8 (0.5 mmol) and 
NaHMDS were stirred in anhydrous pentane (2.5 mL) at rt for 10 min before 1 was added. 
Isolated yields. 

 
The developed methodology was also suitable for arylation of propargylic 
alcohols (Scheme 47). We were especially pleased to obtain the highly  
sterically congested propargylic ether 9w, by transfer of the triisopropyl 
phenyl group. Large steric bulk was tolerated on the alcohol part as well, as 
demonstrated by the formation of ethers 9y and 9z. Product 9ab was  
obtained after submitting the contraceptive mestranol to the symmetric  
mesityl salt. This demonstrates that the arylation protocol can be applied on 
more complex structures.  
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Scheme 47. Arylation of propargylic alcohols. Reaction conditions: alcohol 8 (0.5 mmol) and 
NaHMDS were stirred in anhydrous pentane (2.5 mL) at rt for 10 min before addition of 1. 
Isolated yields. a 1 mmol scale. b 2 mmol scale.  

The reaction was also evaluated using diaryliodonium salts without  
ortho- substituents (Scheme 48). The nitro-substituted ethers 9ac and 9ad 
were successfully obtained in this manner. The trifluoromethylated 9ae was 
also formed in similar yield. However, the reactions failed when more  
electron-rich diaryliodonium salts were used as coupling partners, due to 
aryne formation. It was further shown that primary and secondary alcohols 
containing trifluoromethyl groups could be arylated in high yields using 
ortho-blocked diaryliodonium salts, resulting in ethers 9af and 9ag.  

 

 
Scheme 48. Arylation of various alcohols. Reaction conditions: see Scheme 47. a Using  
tBuONa (2.0 equiv) instead of 8 and NaHMDS. 
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3.4.3. Towards a Sequential Reaction 
We were still interested in forming the alkoxides in situ via an addition  
reaction. In order for this approach to be compatible with organolithium 
reagents, we needed to increase the yield in arylations of lithium alkoxides. 
So far, the highest yield of ether 9h using lithium tert-butoxide was obtained 
in TBME. Therefore, this solvent served as a starting point in further  
optimisation (Table 7, entry 1). We hypothesised that the low yield was due 
to the lithium ion’s ability to coordinate strongly to the oxygen of the  
alkoxide. In order to dissociate the cation, the polar additives DMPU and 
DMSO were used (entries 2-3). However, no drastic improvement was seen. 
Instead, we switched solvent to toluene and heated the reaction to 110 °C 
(entries 4-5). This only had a small impact on the yield. Luckily, the  
combination of heating and dilution gave a significant improvement  
(entry 6). This effect was not due to simply dilution, as the same  
concentration delivered 9h in low yield at room temperature (entry 7).  
Heptane could be used as solvent (entry 8).  

Even though the yields could be improved for lithium tert-butoxide,  
sodium and potassium were still superior cations. Therefore, the one-pot 
concept using organolithium reagents was abandoned.  

 
Table 7. Optimisation using lithium as cation a 

 
Entry Additive Solvent C (mol/L)b T (°C) Yield 9h (%)c 

1 - TBME 0.2 rt 15 
2 DMPU (5.0 equiv) TBME 0.2 rt 17 
3 DMSO (5.0 equiv) TBME 0.2 rt 24 
4 - toluene 0.2 rt 10 
5 - toluene 0.2 110 25 
6 - toluene 0.05 110 64 
7 - toluene 0.05 rt 12 
8 - heptane 0.05 110 56 

a Reaction conditions: 1p (0.2 mmol) and tBuOLi were stirred in anhydrous solvent at the 
indicated temperature for 24 h. b Concentration of 1p and tBuOLi based on the added 
amounts. Heterogeneous mixtures. c 1H-NMR yield using TMB as internal standard.  
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3.5. Conclusion 
This investigation highlighted that aryne formation and oxidation competes 
with the desired ligand coupling when some nucleophiles are combined with 
diaryliodonium salts.  

In the arylation of hydroxide, the reaction proceeded smoothly with  
electron-poor diaryliodonium salts. However, in attempts to transfer more 
electron-rich aryl moieties, aryne pathways interfered with the ligand  
coupling. The side products that formed could be suppressed by trapping the 
arynes with furan or piperidine. Similar problems could be seen in arylation 
with primary alcohols. Also in this case, piperidine could be used to block 
aryne pathways. This, however, lowered the yield of the desired product.  

Oxidation is another competing pathway in arylation of aliphatic alcohols. 
This process was investigated using a secondary alcohol. It could be  
concluded that the oxidation mechanism did not proceed via arynes or  
radicals. Instead, an intramolecular deprotonation was suggested.   

By combining tertiary alcohols with fully ortho-substituted  
diaryliodonium salts, neither oxidation nor aryne formation was possible. 
This allowed for formation of highly sterically congested alkyl aryl ethers in 
high yields. An alcohol as complex as the pro-drug mestranol could be  
mesitylated successfully using this methodology. It was seen that sodium 
alkoxides performed much better than to lithium alkoxides in the reaction. 
Upon simultaneous heating and dilution of the reaction mixture, the yield 
could be increased in the arylation of lithium tert-butoxide.  
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4. N-Arylation of Secondary Amides (Paper 
IV) 

Diaryliodonium salts have been used as aryl sources in various N-arylations 
of nitrogen nucleophiles (see section 1.4.3). However, only a few examples 
of arylation of secondary acyclic amides have been reported using this  
approach.[63-64] A general protocol for this transformation would be of high 
interest, since secondary acyclic amides have been challenging substrates in 
other N-arylation strategies. The bulky and weakly nucleophilic nature of 
this substrate class has been found to be problematic in copper- and  
palladium-catalysed arylation protocols.[103] Nevertheless, Buchwald’s and 
Taillefer’s groups have reported copper-catalysed N-arylations focusing on 
these amides (Scheme 49).[104] The Buchwald group also reported a general 
protocol for the corresponding transformation using palladium.[105] Even 
though these methods are very successful for a variety of secondary amides, 
only a few examples using bulky aryl sources have been reported.  
Furthermore, the reaction temperatures needed to achieve these arylations 
are quite high (>80 °C).  

 

 
Scheme 49. Arylation of secondary acyclic amides using Pd or Cu catalysis. 

Some metal-free protocols have been reported to take place at significantly 
lower temperatures. One example is the addition of acetanilides to in situ 
formed arynes, which occurred at 50 °C.[106] Despite the mildness of the  
protocol, this strategy can lead to regioisomeric product mixtures. Recently, 
Antonchick and co-workers reported a diarylation of acetanilide  
(Scheme 50), which could be used to obtain highly sterically congested ter-
tiary amides.[107] The reaction proceeds via an oxidation of the acetanilide to 
a nitrenium ion, using a hypervalent iodine oxidant. The nitrenium ion is  
subsequently attacked by an electron-rich arene.  

 

 
Scheme 50. Diarylation of acetanilide via a nitrenium ion. 
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To overcome some of the discussed limitations, we wanted to develop a mild 
and general N-arylation protocol for secondary acyclic amides using  
diaryliodonium salts. Acetanilide was chosen as model substrate for our 
investigation. To the best of our knowledge, this amide has never been  
N-arylated using this approach. There are, however, reports on C-arylation of 
acetanilides using diaryliodonium salts in combination with transition metals 
(Scheme 51). In the presence of palladium ortho-phenylation was 
observed,[108] whereas the meta-position was preferred using copper.[109] It 
was later discovered that the meta-selectivity could be obtained in the  
absence of any catalysts at 80 °C.[110] We aimed to obtain N-arylation  
instead, by combining acetanilide with diaryliodonium salts in the presence 
of a base under metal-free conditions.  

 

 
Scheme 51. Phenylation of acetanilide using palladium (ortho-selective)  

or copper (meta-selective). 

4.1. Arylation of Acetanilide 

4.1.1. Optimisation of Reaction Conditions  
Early screenings using diphenyliodonium triflate (1a) confirmed that the 
phenyl group indeed was transferred to the nitrogen. We were also very 
pleased to see that the arylation took place at room temperature. The  
influence of different solvents, bases and amounts of reagents were  
investigated and are summarized in Table 8. DMF, which was reported as 
solvent in arylation of isatins and uracils,[62] delivered product 15a in low 
yield (entry 1). Acetonitrile and THF also performed poorly (entries 2-3), 
whereas non-polar aromatic solvents like ortho-xylene or toluene gave  
satisfactory yields (entries 4-5). We preferred the use of toluene, due to the 
lower boiling point. The yield of 15a was not affected by addition of furan or 
the radical trap DPE (entries 6-7).  

When sodium hydroxide was applied as base, a slight decrease in yield 
was observed (entry 8), whereas sodium tert-butoxide decreased the yield 
significantly (entry 9). No product formation was observed when the weaker 
base triethylamine was used (entry 10). The excess of diaryliodonium salt 
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and base could be reduced to 1.5 equivalents (entry 11), but the yield of 15a 
suffered when the amounts were lowered further (entry 12).  

It became evident that the addition order of the reagents was important for 
the outcome of the reaction. Deprotonation of the amide prior to addition of 
salt 1a had a negative effect on the yield. In order to maintain high yields, 
the reagents were either mixed neat prior to introduction of solvent, or the 
base was added to a pre-stirred mixture of 14a and 1a. The latter addition 
order was used when the reaction was scaled up to 1 mmol (entry 13). It was 
possible to shorten the reaction time when the temperature was increased 
from rt to 60 °C (entries 14-15). 
 

Table 8. Optimisation of the phenylation of acetanilide a 

 
Entry 1a (equiv) Base (equiv) Solvent Yield (%)b 

1 2.0 NaH (2.0) DMF 11 
2 2.0 NaH (2.0) MeCN 3 
3 2.0 NaH (2.0) THF n.r. 
4 2.0 NaH (2.0) o-Xylene 81 
5 2.0 NaH (2.0) Toluene 76 
6c 2.0 NaH (2.0) Toluene 76 
7d 2.0 NaH (2.0) Toluene 71 
8 2.0 NaOH (2.0) Toluene 64 
9 2.0 tBuONa (2.0) Toluene 44 

10 2.0 Et3N (2.0) Toluene n.r. 
11 1.5 NaH (1.5) Toluene 75e 
12 1.1 NaH (1.1) Toluene 51e 
13f 1.5 NaH (1.5) Toluene 70e 
14g 1.5 NaH (1.5) Toluene 60e 
15h 1.5 NaH (1.5) Toluene 75e 

a Reaction conditions: 14a (0.25 mmol), base and 1a were stirred in anhydrous solvent (5 mL) 
at rt for 24 h. b 1H-NMR yield using TMB as internal standard. c Furan (5.0 equiv) added. 
15% Diels-Alder product was formed. d DPE (1.0 equiv) added. e Isolated yields. f 1 mmol 
scale. 14a and 1a pre-stirred before addition of NaH. g 6 h. h 60 °C, 2 h. n.r. = no reaction.  
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The tolerance towards different counterions X in the diphenyliodonium salt 
was high, as triflate, tosylate and tetrafluoroborate delivered 15a in similar 
yields (Scheme 52). However, a small drop in yield was observed when  
hexafluorophosphate was used.  

 

 
Scheme 52. The effect of using different counterions X. Isolated yields. 

4.1.2. Chemoselectivity   
Next, the chemoselectivity was explored by reacting 14a with unsymmetric 
diaryliodonium salts (Scheme 53). The electronic preference in the coupling 
was explored by the use of salt 1ab. As expected, the reaction was highly 
chemoselective favouring transfer of the phenyl over the anisyl. However, 
the phenylated product 15a was obtained in a moderate 45% yield. When 
salt 1ac was used, the bulky mesityl was transferred to a larger extent than 
the phenyl, indicating a strong ortho-effect. This has been observed for other 
nitrogen nucleophiles as well.[27b, 60]  

 

 
Scheme 53. Chemoselectivity trends using unsymmetric diaryliodonium salts. 
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4.1.3. Scope of the Reaction 
The scope and the limitations of this reaction were investigated using  
different diaryliodonium salts (Scheme 54). Aryl moieties with strongly 
electron-withdrawing groups such as nitro-, cyano- and trifluoromethyl were 
easily transferred and products 15d-f were obtained in nearly quantitative 
yields. The slightly electron-donating tert-butyl salt delivered product 15g in 
moderate yield. This could be increased to 64% upon heating. Reactions 
with the even more electron-rich para-methoxy salt mainly led to recovery 
of 14a together with a complex mixture of products, presumably the desired 
15b together with its meta-regioisomer. Next, the ability to transfer halide 
substituted aryl groups was investigated. Unfortunately, the  
para-bromo-substituted product 15h was isolated in moderate yields. In this 
case, the yield did not improve upon heating. We were pleased to see that the 
ortho-fluoro substituted aryl was easier to transfer and product 15i was 
formed in quantitative yield. Attempts to transfer the pyridyl moiety to give 
15j failed. Product 15c was formed in almost quantitative yield using the 
symmetric mesityl salt. The even more sterically congested triisopropyl  
phenyl group could be transferred to give the bulky 15k in moderate yield.  

 

 
Scheme 54. Arylation of acetanilide. Reaction conditions: 14a (0.25 mmol), NaH and 1 were 
mixed neat and then stirred in anhydrous toluene (5 mL) at rt for 24 h. Isolated yields. a at 60 
°C, 24 h. b o-xylene used as solvent. n.d. = not determined. 
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4.2. Arylation of Various Amides 
A selection of substituted acetanilides was phenylated using salt 1a (Scheme 
55). Even with heating, this approach delivered product 15d in lower yield 
compared to the previously described arylation (compare to 15d in Scheme 
54). This was not surprising, considering that the nitro-group renders the 
amide less nucleophilic. We were pleased to see that more electron-rich  
acetanilides delivered products 15l and 15b in high yields. Hence, the  
reactivity of the acetanilides complemented the limitations seen with  
electron-rich diaryliodonium salts. This approach also delivered the  
previously problematic bromo-substituted product 15h in high yield.  

 

 
Scheme 55. Phenylation of amides. Reaction conditions: 14 (0.25 mmol), NaH and 1a were 
mixed neat and then stirred in anhydrous toluene (5 mL) at rt for 24 h. Isolated yields.   
a at 60 °C for 5 h.  

The scope of the reaction was further investigated by arylation of various 
secondary amides with selected diaryliodonium salts (Scheme 56). First, 
variations of the acyl group were looked into. The formamide product 15m 
was obtained in 61% after heating. Bulkier acyl groups were well tolerated 
and products 15n and 15o were isolated in good yields. The  
cyclohexyl-substituted amide performed well delivering the tertiary amide 
15p in high yield. Next, benzamides were investigated and the phenylated 
15q and the mesitylated 15r were formed in good to high yields.  
Furthermore, the electron-poor para-nitro-substituted salt delivered product 
15s in an excellent yield. Unfortunately, N-alkylated amides did not perform 
as well as N-arylated ones and 15t was obtained in moderate yield, even 
though the highly reactive nitro-substituted diaryliodonium salt was used.  
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Scheme 56. Arylation of amides. Reaction conditions: 14 (0.25 mmol), NaH and 1 were mixed 
neat before stirring in anhydrous toluene (5 mL) at rt for 24 h. Isolated yields.  a At 60 °C for 
3 h. b In o-xylene with 2.0 equiv of 1a and NaH.    

4.3. Conclusion 
A selection of secondary acyclic amides has been N-arylated under  
metal-free conditions using various diaryliodonium salts. The reactions  
proceeded at room temperature in the presence of a base. Electron-poor as 
well as ortho-substituted aryl groups were favoured in the transfer when  
unsymmetric diaryliodonium salts were used. Notably, the bulky triisopropyl 
phenyl group could be transferred to give a highly sterically congested  
tertiary amide. However, attempts to transfer the electron-rich anisyl group 
were unsuccessful.  The use of acetanilides with electron-donating  
substituents delivered the phenylated products in high yields, thus  
complementing the limitations seen with electron-rich diaryliodonium salts. 
The method tolerated sterically hindered acyl groups as well as benzamides.   

After publication of the discussed results, a similar arylation protocol was 
reported, using THF as solvent and potassium tert-butoxide as base.[111] In 
contrast to our results, they proposed a mechanism via arynes, based on  
regioisomeric products mixtures and deuterium labelling experiments.  
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5. Synthesis and Reactivity of 
Vinylbenziodoxolones (Paper V) 

So far, the work presented in this thesis has concerned the applications of 
diaryliodonium salts. For this chemistry to be available for the chemical 
community, easy routes to these hypervalent iodine reagents are required. As 
mentioned in section 1.5.1, our group has developed several straightforward 
one-pot syntheses of diaryliodonium salts, starting from aryl iodides.[68-70] 
Using similar one-pot strategies, we have reported protocols to obtain  
alkynyliodonium salts.[78-79] However, before the study presented herein, we 
had only reported one isolated example of a vinyliodonium salt obtained 
from a one-pot synthesis.[78]  

Moreover, our group has developed one-pot syntheses of the cyclic  
reagents phenyl- and alkynylbenziodoxolones.[78-79] The general reaction 
sequence for the latter can be seen in Scheme 57. First, 2-iodobenzoic acid is 
oxidized using mCPBA, which is activated by TsOH. After a ligand  
exchange with an alkynylboronic ester, an acyclic intermediate is formed. 
After a final cyclization using sodium bicarbonate, the desired  
benziodoxolones were obtained in high to excellent yields.  

 

 
Scheme 57. One-pot synthesis of alkynylbenziodoxolones. TFE = 2,2,2-Trifluoroethanol.  

Based on the success in the formation of these reagents, the idea to  
synthesize vinylbenziodoxolones in the same fashion was born. In contrast to 
alkynylbenziodoxolones,[23] the vinyl-derivatives have barely been addressed 
in the hypervalent iodine literature. To the best of our knowledge, there are 
only two reports on isolation of vinylbenziodoxolones; the first one by 
Kitamura (Scheme 58a) and the second one by Waser and co-workers 
(Scheme 58b).[112]  In both of these reports, isolated alkynyl compounds were 
used as substrates and the products carry a heteroatom substituent on the  
β-carbon. Furthermore, the use of vinylbenziodoxolones as reagents remain 
unexplored. Therefore, we set out to investigate the formation of  
vinylbenziodoxolones in a one-pot reaction and study their vinylation  
potential.  
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Scheme 58. Reported examples of isolation of vinylbenziodoxolones. 

5.1. Synthesis of Vinylbenziodoxolones 

5.1.1. Product Discovery and Characterization  
2-iodobenzoic acid was submitted to mCPBA in the presence of TfOH and 
subsequently coupled with (E)-styrylboronic acid (16a). This led the  
formation of a compound assumed to be 17a (Scheme 59). After stirring of 
this product in a two-phase mixture of dichloromethane and aqueous sodium 
bicarbonate, a white powder, presumed to be 18a, was isolated. Initial  
analysis by NMR and HRMS supported that product 18a had indeed formed. 
We named this compound class vinylbenziodoxolones VBX, in analogy with 
the popular ethynylbenziodoxolones, EBX. 

 

 
Scheme 59. Initial isolation of vinylbenziodoxolone 18a. 

Due to the novelty of compound 18a, further analyses for structure  
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iodine in 2-iodobenzoic acid was supported by a significant downfield shift 
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group was determined by the vinylic carbons at 155 ppm and 100 ppm, 
which is in agreement with the shifts reported for the corresponding acyclic 
(E)-styryl(phenyl)iodonium tetrafluoroborate.[113] Furthermore, the  
combination of HSQC, COSY and 1H-NMR revealed that those carbons 
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were connected to protons that had a coupling constant of J = 15.8 Hz with 
respect to each other, supporting an E-configuration. The triflate was visible 
in 19F and 13C-NMR for 17a, and disappeared upon the formation of 18a. 
Furthermore, the IR absorption for the carbonyl changed from 1682 cm-1 in 
17a to 1609 cm-1 in 18a. This difference in IR absorption has been reported 
previously when comparing acyclic and cyclic iodine(III) reagents.[77] The 
absorption at 1609 cm-1 is also in line with the two previously reported  
vinylbenziodoxolones.[112]  

To gain further support for the proposed structure of 18a, the compound 
was crystalized and submitted to X-ray analysis. The obtained data indeed 
confirmed the structure of 18a (Figure 7). From the O9-I1-C10 bond angle 
of 165.8 ° it could be concluded that 18a has a distorted T-shape structure, 
similar to many other benziodoxolones.[22a, 22b] The covalent bonds between 
the iodine and the vinyl as well as iodine and aryl were found to be 2.100 Å 
and 2.121 Å respectively.  

 
Figure 7. X-ray structure of 18a. Selected bond angles: O9-I1-C10 165.8°, C6-I1-C10 93.7°, 

O9-I1-C6 72.9°. Selected bond lengths: I1-C10 2.100 Å, I1-C6 2.121 Å, I1-O9 2.510 Å.  

 
At first sight, the distance of 2.510 Å between the iodine (I1) and the  
carboxylate oxygen (O9) can appear to be too long, considering that the  
corresponding bond in alkynylbenziodoxolones is significantly shorter.[114] 
However, this bond distance is due to the donating ability of the ligand in 
trans correlation, where greater donation prolongs this bond.[115] Based on 
their difference in Hammett inductive constants,[116] the donating ability is 
larger for the vinyl group compared to the alkynyl group. Hence, the  
iodine-oxygen bond will be longer in the vinylbenziodoxolone. Vinyl and 
phenyl groups have similar Hammett inductive constants and the  
iodine-oxygen bond lengths in arylbenziodoxolones are indeed comparable 
to the one obtained for 18a.[22b]  
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5.1.2. Optimisation of Reaction Conditions 
In order to increase the yield of VBX we started to optimise the reaction 
parameters for the formation of acyclic 17a. Early on, it was found that the 
quantitative cyclization to 18a was completed within 1 hour. However, for a 
long time we struggled with reproducibility problems, as both the yield and 
appearance of the final product 18a varied between reactions. This problem 
was fortunately solved when it became evident that the quality of the  
commercial boronic acid was an important factor for reproducibility.  

The two-step synthesis of 18a was studied using high-purity batches of 
boronic acid 16a and the results are summarized in Table 9. Product 18a 
could be obtained in 73% over two steps when an excess of 16a was used 
(entry 1). No effect was seen when the oxidation time was prolonged to 17 h 
(entry 2). Other acids commonly applied in syntheses of iodonium reagents 
were explored (entries 3-4). However, the use of TsOH or BF3

.OEt2 led to a 
decrease in yield.  

Thereafter, the reaction time for the ligand exchange step was prolonged, 
but no improvement in yield was observed (entry 5). The pinacol ester 16b 
delivered the product in 59% yield (entry 6), but only a small amount of 18a 
was isolated using the silane 16c (entry 7).  The reaction times could be  
decreased without sacrificing in yield (entry 8). Due to the poor atom  
economy and the high price of the boronic acids we wanted to reduce the 
excess. We were happy to see that the high yield was maintained using 1.4 
equivalents, but it suffered when the amount was decreased further  
(entries 9-10).   

Since the addition of TfOH as well as 16a was exothermic, we also  
investigated the effect of performing these additions at 0 °C (entry 11). Even 
though no significant effect was seen, this allowed for temperature control 
and hence a safer procedure suitable for larger scale synthesis.   
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Table 9. Optimisation of formation of vinylbenziodoxolone 18a.a 

 
Entry Acid (equiv) t1 (h) 16 (equiv) t2 (h) Yield 18a (%)b 

1 TfOH (1.0) 2 16a (2.0) 2 73 
2 TfOH (1.0) 17 16a (2.0) 2 69 
3 TsOH.H2O (1.0) 17 16a (2.0) 2 36 
4 BF3

.OEt2 (2.0) 17 16a (2.0) 2 <10c 
5 TfOH (1.0) 2 16a (2.0) 17 71 
6 TfOH (1.0) 2 16b (2.0) 17 59 
7 TfOH (1.0) 2 16c (2.0) 17 <5c 
8 TfOH (1.0) 0.25 16a (2.0) 1 69 
9 TfOH (1.0) 0.25 16a (1.4) 1 69 

10 TfOH (1.0) 0.25 16a (1.1) 1 60 
11d TfOH (1.0) 0.25 16a (1.4) 1 73 

a Reaction conditions: 2-iodobenzoic acid (0.4 mmol), mCPBA and acid were stirred in 
CH2Cl2 (2 mL) at rt for time t1. 16 was added and the mixture was stirred at rt for time t2. 
Intermediate 17 was precipitated in Et2O, then stirred in CH2Cl2 (2 mL) and sat. aq. NaHCO3 
(2 mL). b Isolated yield after extraction. c Isolated with unknown impurities d Addition of TfOH 
and 16a at 0 °C. 

 
Importantly, the synthesis of 18a could be performed in similar high yield in 
a sequential one-pot reaction, without isolation of the acyclic intermediate 
17a (Scheme 60). Using this optimised protocol, the reaction was executed 
on a 5 mmol scale with maintained yield.   

 

 
Scheme 60. One-pot synthesis of 18a. 
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5.1.3. Scope of the Reaction  
In order to obtain derivatives of vinylbenziodoxolone 18a, a variety of  
boronic acids 16 were submitted to the optimised reaction conditions 
(Scheme 61). When the para-trifluoromethyl-substituted styrylboronic acid 
was used, product 18b was obtained in only 7% yield. Fortunately, the yield 
increased significantly when the reaction was stirred at 50 °C for 3 hours. 
The more electron-rich para-methyl substituted boronic acid delivered  
product 18c in high yield at room temperature. However, these reaction  
conditions were too harsh for the more electron-donating para-methoxy 
boronic acid, which gave 18d with coloured impurities. The problem  
remained when the reaction was performed at lower temperatures. A more 
successful strategy was to employ the weaker tosic acid, which led to  
formation of 18d as a white powder in high yield. Disappointingly, aliphatic 
vinylboronic acids were not suitable reaction partners in this synthesis and 
the corresponding products were formed in low yields. The best result was 
obtained with a cyclohexyl-substituted boronic acid, which delivered product 
18e in modest yield.    

 

 
Scheme 61. Reaction conditions: 2-iodobenzoic acid (0.4 mmol), mCPBA and TfOH were 
stirred in CH2Cl2 (2 mL) at rt for 15 min prior to addition of 16 and CH2Cl2 (0.5 mL). After 
stirring at rt for 1h, sat. aq. NaHCO3 (2 mL) was added. Isolated yield. a At 50 °C for 3 h.  
b 2.0 equiv 16. c TsOH.H2O used as acid. d Isolation of acyclic intermediate prior to  
cyclization. 

The acyclic intermediates 17b-e were isolated and used as comparisons to 
support the cyclic structures of the final products. Besides the disappearance 
of the counterions in 17, as determined by NMR, the changes in IR  

mCPBA (1.1 equiv)
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I O
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MeO
I O
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frequencies for the carbonyl stretch were consistent with those observed 
when comparing 17a and 18a. 

It has been reported that the acyclic vinyliodonium tetrafluoroborate  
version of 18d decomposes rapidly at room temperature.[117] On the contrary, 
benziodoxolone 18d can be handled and isolated without any problem. In 
fact, all compounds 18a-e are stable solids. 18a could be stored at room 
temperature in the dark for longer than one month without any visual signs 
of decomposition.  

5.2. Reactivity Screening 

5.2.1. Initial Screening  
Vinyliodonium salts have been reported to have a quite complex  

reactivity pattern when mixed with nucleophiles under metal-free conditions. 
The substitution reaction can proceed via several reaction mechanisms such 
as ligand coupling, SN1, vinylic SN2, or addition-elimination.[118] The  
structure of the iodonium salt determines which pathways that dominates.[119] 

Phenyl(styryl)iodonium salts, which are the acyclic analogues of 18a, 
have been reported in several applications using transition metals. Examples 
include palladium- or copper-catalysed cross-couplings with alkynes,[120]  
α-vinylation of aldehydes,[121] vinylation of heteroarenes[122] as well as  
simultaneous vinylation and triflation of alkynes.[123] Recently, this iodonium 
reagent was reported in a double vinylation of an indoline derivate under 
transition metal-free conditions.[124] Earlier, studies of  
phenyl(styryl)iodonium salts under metal-free conditions had mainly been 
limited to substitution reactions with halides[125] as well as solvolysis[126] and 
photosolvolysis.[127] Based on the various different substitution patterns in 
the obtained products, several mechanisms have been suggested to operate, 
such as formation of a vinylenebenzenium ion or other cationic  
intermediates, vinylic SN2 or ligand coupling. 

Since we did not know what reactivity to expect from the cyclic reagents 
18, we started to explore their vinylation ability using conditions known to 
work well for arylations using diaryliodonium salts. First, 18a was submitted 
to a phenoxide in THF (Scheme 62a).[44a] Disappointingly, this led to  
recovery of the phenol without any detectable amount of desired vinyl ether 
19. However, 2-iodobenzoic acid was formed, showing that 18a was not 
inert under the reaction conditions. It is known that the α-protons on  
vinyliodonium salts are quite acidic and upon deprotonation a carbene can 
form, which can give rise to acetylene.[118] This might explain the  
decomposition of 18a. The search for a suitable application continued and 
the next nucleophile explored was the less basic sodium nitrite  
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(Scheme 62b). However, 18a was recovered after being submitted to the 
optimized arylation conditions.[71] 

 

 
Scheme 62. Attempts to transfer the styryl group to a) a phenol b) nitrite. 

We next shifted our attention to the resonance stabilized carbon  
nucleophiles. Recently, our group published an arylation of  
nitrocyclohexane.[41b] Furthermore, Ochai and co-workers have reported the 
vinylation of this substrate using cyclohexenyl(phenyl)iodonium salts 
(Scheme 63).[128] We decided explore this vinylation reaction using reagent 
18a. 

 

 
Scheme 63. Ochiai’s vinylation of nitrocyclohexane. 

5.2.2. Vinylation of Nitrocyclohexane  
When vinylbenziodoxolone 18a was submitted to Ochiai’s vinylation  
conditions, we were very pleased to see that the desired product 21 was 
formed (Scheme 64a), albeit in low yields. Interestingly, the major product 
was the terminal alkene 22. No competing arylation was detected. To  
compare the reactivity of 18a with an acyclic salt, phenyl(styryl)iodonium 
tetrafluoroborate (23) was submitted to the same reaction conditions. This 
instead delivered 21 as the major product (Scheme 64b).  

We looked further into the reaction using 18a with the aim to increase the 
yield of product 22. The reaction proceeded slowly and was therefore left for 
72 hours. However, the yield did not improve. Acidification of the aqueous 
phase delivered 2-iodobenzoic acid in around 70%, indicating that  
competing decomposition reactions occurred.  
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Scheme 64. Vinylation of nitrocyclohexane gave different selectivity using  

a) 18a b) 23. 1H-NMR yields using TMB as internal standard. 

By employing similar conditions to those used in our published arylation of 
nitrocyclohexane,[41b] the ratio between 22 and 21 improved and the yield of 
22 increased (Scheme 65). When two equivalents of DPE was added under 
these conditions, no change in yields were observed, which likely excludes 
radical pathways.  

 

 
Scheme 65. Improved ratio of 21 and 22 by employing DME as solvent.  

1H-NMR yields using TMB as internal standard. 

A similar terminal alkene product has been reported in reactions between the 
acyclic reagent 23 and bromide.[125b] It was suggested that this product was 
formed via addition of HBr to phenylacetylene, both resulting from  
α-deprotonation of 23. However, it seems unlikely that nitrocyclohexane 
would perform a similar addition to an in situ formed phenylacetylene. At 
this point, no mechanistic studies have been performed to elucidate how 
product 22 is formed. It would be interesting to study whether the change in 
product selectivity arises from the cyclic structure of 18a or as a  
consequence from the use of an acetate-like counterion. 
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5.3. Conclusion 
In this project, vinylbenziodoxolones (VBX) have been synthesized in a 
sequential one-pot reaction, starting from 2-iodobenzoic acid. The reaction 
proceeded via a triflic acid mediated oxidation using mCPBA, followed by a 
ligand exchange with a vinylboronic acid and finally, a cyclization.  
Vinylboronic esters could also be used as the vinyl source, at the expense of 
a slightly decreased yield. The structure of the reagent was supported by  
X-ray analysis.  

A small scope of derivatives was successfully synthesized, but the  
protocol unfortunately delivered aliphatic VBX in low yields. The reactivity 
of this new class of reagents was explored and it was seen that vinylation of 
nitrocyclohexane mainly led to formation of a terminal alkene, instead of the 
expected internal alkene. This is in contrast to the result obtained with the 
corresponding acyclic reagent, which mainly yielded the internal alkene. The 
reason for this selectivity shift remains unexplored.  

After submission of this manuscript, Yoshikai and co-workers reported an 
interesting palladium-catalysed hydrocarboxylation of various  
alkynylbenziodoxoles, which delivered vinylbenziodoxoles.[129] They also 
performed initial reactivity screenings of these reagents, mainly using  
palladium as catalyst. Later on, they looked further into the mechanism of 
their reaction.[130]  
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6. Concluding Remarks 

In this thesis, the transfer of carbon ligands from hypervalent iodine  
compounds to various nucleophiles has been further explored. In the first 
project, the oxime ethyl acetohydroxamate was O-arylated. Both  
electron-poor and electron-rich aryl moieties could be transferred from  
various diaryliodonium salts. This arylation protocol could be combined 
with a previously reported synthesis of benzo[b]furans, to allow construction 
of this privileged scaffold in one-pot. Using this methodology, the natural 
product stemofuran A was obtained and formal syntheses of other  
biologically active benzo[b]furans were performed.  

In the second project, more basic oxygen nucleophiles such as hydroxides 
and aliphatic alkoxides were investigated as coupling partners in the  
O-arylations. These nucleophiles have previously been reported to perform 
well in combination with electron-poor diaryliodonium salts. However, in 
this project it was seen that aryne formation competed with the desired  
ligand coupling when more electron-rich salts were used with these  
nucleophiles. As a result, side products formed together with the desired 
ethers. These side products could be supressed by addition of aryne traps. In 
arylation of secondary alkoxides, formation of the corresponding ketones 
revealed that oxidation was an additional competing pathway. This side  
reaction was found to not proceed via arynes or radicals, but was suggested 
to occur via an internal deprotonation of the alkoxides. By blocking the  
ortho-positions of the aryl groups and using tertiary alcohols, neither aryne 
formation nor oxidation was possible. This combination led to the formation 
of highly sterically hindered alkyl aryl ethers in high yields. The  
methodology could be applied on a variety of tertiary alcohols, including the 
pro-drug mestranol.  

In the third project, nitrogen nucleophiles were in focus and arylation of 
secondary acyclic amides was studied using acetanilide. The protocol 
worked well for electron-poor as well as bulky aryl moieties, but failed when 
electron-rich salts were used. Fortunately, electron-rich acetanilides  
performed well and complemented this limitation. A variety of N-arylamides 
could be arylated, but the protocol was low yielding for N-alkyl amides.  

The developed arylation protocols in this thesis highlight the use of  
diaryliodonium salts as a powerful metal-free alternative in O- and  
N-arylations. For all presented nucleophiles, the arylations can proceed at 
ambient temperature. The work also point out limitations in these protocols, 
especially using basic nucleophiles. Strategies to circumvent these shortages 
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have started to appear in the hypervalent iodine literature and hopefully the 
results presented herein can be used in further developments along this road.  

In the final project, a one-pot synthesis of vinylbenziodoxolones was  
developed. The cyclic structure was supported by X-ray analysis. A few 
derivatives could be synthesized, although aliphatic vinyl compounds were 
hard to obtain in this way. An initial reactivity screening showed that the 
cyclic vinylbenziodoxolones could be used in vinylation of nitrocyclohexane 
with a different selectivity compared to the corresponding acyclic vinyl  
reagent. Hopefully, this reagent will be found to perform well in applications 
to come.  

To conclude, this thesis has further expanded the scope of metal-free  
coupling reactions using hypervalent iodine reagents. Hopefully, these tools 
will simplify the tasks for molecular architects in construction of new  
compounds in the future. 
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Populärvetenskaplig Sammanfattning  

Mycket av det som vi tar för givet i dagens samhälle, som läkemedlen vi 
använder för att bota sjukdomar eller bildskärmarna vi tittar på när vi sitter 
framför våra datorer, innehåller mer eller mindre komplexa kemiska  
föreningar som har blivit designade för sin specifika uppgift. Man bygger 
upp dessa genom att transformera och koppla ihop molekyler, som utvunnits 
ur råvaror såsom olja eller skog, med hjälp av kända kemiska reaktioner.  

Att bygga ihop nya avancerade molekyler är sällan en enkel uppgift och 
för att lyckas behöver man ha många typer av reaktioner till hands. Av den 
anledningen läggs mycket forskning på utveckling av nya metoder. Även 
reaktioner som är kända kan behöva förbättras, då de till exempel kan kräva 
höga temperaturer eller användandet av giftiga reagenser. Idag används 
övergångsmetallen palladium flitigt för att åstadkomma många av de  
reaktioner som är speciellt eftertraktade när man bygger upp nya föreningar. 
Dock får det inte finnas rester kvar av palladium i läkemedel efter  
tillverkning. Därför är det istället åtråvärt att hitta sätt att genomföra dessa 
reaktioner utan metaller. I den här avhandlingen används reagens baserade 
på jod för att uppnå detta. 

När jod ingår i organiska föreningar brukar det binda till kolskelettet med 
enbart en bindning.  Detta resulterar i att jodet har åtta valenselektroner, som 
enligt oktettregeln ger den bäst stabilitet. I jodföreningarna som forskningen 
i den här avhandlingen är baserad på, har jodet istället tre bindningar och tio 
valenselektroner och är trots det stabila. Föreningar som bryter mot  
oktettregeln på det här sättet kallas hypervalenta. I de hypervalent  
jodföreningarna som används i den här avhandlingen så binder två av de tre 
grupperna på jodet med hjälp av kolatomer. När vissa elektronrika  
föreningar kommer i kontakt med dessa reagens så kan en av kolgrupperna 
föras över till den elektronrika föreningen. Av särskilt intresse för den här 
avhandlingen är överförandet av kolgrupper som är aromatiska. Detta är 
eftertraktat då bindningarna som bildas är vanligt förekommande i läkemedel 
och avancerade material.  

I två av projekten i den här avhandlingen fördes aromatiska grupper över 
från hypervalenta jodreagens till elektronrika syre-föreningar. I det första 
projektet användes detta för att snabbt och enkelt bygga upp ett molekylärt 
skelett som kallas bensofuraner. Denna typ av grundstruktur finns i många 
läkemedel och naturprodukter. Det visade sig att elektronrika och  
elektronfattiga aromatiska grupper kunde föras till syreföreningen i bra  
utbyten. Ett flertal bensofuraner, inklusive en naturprodukt, kunde tillverkas. 
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I det andra projektet gjordes en analys av hur dessa föreningar förs över. Det 
är viktigt att förstå för vidareutveckling av dessa reagens. Under projektet 
visade det sig att de hypervalenta jodföreningarna kunde reagera på flera 
olika sätt under samma reaktionsbetingelser, vilket ledde till sidoprodukter. 
Genom att stoppa en reaktionsväg med hjälp av tillsatser kunde man få en 
ren produkt.  

Det tredje forskningsprojektet fokuserade istället på överförandet av  
aromatiska ringar till elektronrika kväven, i form av amider. Just den typ av 
amider som användes i det projektet är svåra att arylera med kända metoder. 
Både elektronfattiga och väldigt bulkiga arylgrupper kunde föras över.  

I det fjärde och sista forskningsprojektet så tillverkades en ny typ av  
reagens, som potentiellt skulle kunna användas för att föra över  
vinylgrupper. Då det reagenset var helt nytt så var en stor del av arbetet  
fokuserat på att effektivisera tillverkningen av det samt att analysera dess 
struktur. I inledande reaktivitetsstudier så visade det sig att vinylgruppen på 
reagensen kunde föras över till elektronrika kolföreningar.  
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Appendix C: List of Diaryliodonium Salts  

The following diaryliodonium salts were applied in the projects discussed 
within this thesis.  
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