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The most exciting phrase 

to hear in science, the one 

that heralds the most dis-

coveries, is not "Eureka!" 

(I found it!) but 

"That's funny..." 

 
Isaac Asimov 
(1920–1992) 
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Abstract 

This thesis describes novel reaction protocols for the synthesis of diaryl-
iodonium salts and also provides an insight to the mechanism of α-arylation 
of carbonyl compounds with diaryliodonium salts. 

 
The first chapter gives a general introduction to the field of hypervalent 

iodine chemistry, mainly focusing on recent developments and applications 
of diaryliodonium salts. 

Chapter two describes the synthesis of electron-rich to electron-poor di-
aryliodonium triflates, in moderate to excellent yields from a range of arenes 
and iodoarenes. 

In chapter three, it is described that molecular iodine can be used together 
with arenes in a direct one-pot, three-step synthesis of symmetric diaryl-
iodonium triflates. A large scale synthesis of bis(4-tert-butylphenyl)-
iodonium triflate is also described, controlled and verified by an external 
research group, further demonstrating the reliability of this methodology. 

The fourth chapter describes the development of a sequential one-pot syn-
thesis of diaryliodonium salts from aryl iodides and boronic acids, furnishing 
symmetric and unsymmetric, electron-rich to electron-poor diaryliodonium 
tetrafluoroborates in moderate to excellent yields. This method was devel-
oped to overcome the regiochemical limitations imposed by the reaction 
mechanism in the protocols described in the preceding chapters.  

Chapter five describes a one-pot synthesis of heteroaromatic iodonium 
salts under similar conditions described in chapter two. 

The final chapter describes the reaction of enolates with chiral diaryliodo-
nium salts or together with a phase transfer catalyst yielding racemic prod-
ucts. DFT calculations were performed, which revealed a low lying energy 
transition state (TS) between intermediates, which is believed to be respon-
sible for the lack of selectivity observed in the experimental work. It is also 
proposed that a [2,3] rearrangement is preferred over a [1,2] rearrangement 
in the α-arylation of carbonyl compounds. 

The synthetic methodology described in this thesis is the most generally 
applicable, efficient and high-yielding to date for the synthesis of diaryl-
iodonium salts, making these reagents readily available for various applica-
tions in synthesis. 
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Chapter 1 
 
Introduction to Hypervalent Iodine 
Compounds 

Unglaublich! meaning incredible, may have been the first word uttered by 
the German chemist Conrad Willgerodt while watching chlorine gas passing 
through a vessel containing an ice-cold iodobenzene solution. The year was 
1886 when he realized that he had discovered a way to synthesize (dichlo-
roiodo)benzene (Figure 1), the first organic hypervalent iodine compound, 
which precipitated as yellow needles from the solution.[2] 

I

Cl

Cl

 
Figure 1. (Dichloroiodo)benzene. 

What Willgerodt probably did not anticipate was that he had laid the 
foundation of a completely new branch of organic chemistry. In the follow-
ing decade, Willgerodt and Victor Meyer discovered new and important 
hypervalent iodine compounds such as iodosyl-,[3]

iodyl-,[4]
iodoxy-benzene[5] 

and diphenyliodonium salts[6] (Figure 2). 

 

Figure 2. Important hypervalent iodine compounds. 
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In 1914, Willgerodt completed the book Die Organischen Verbindungen 

mit Mehrwertigen Jod, a comprehensive summary of all known hypervalent 
iodine chemistry at that time.[7] Over the course of the First World War and 
the Great Depression, the field of hypervalent iodine chemistry was "forgot-
ten" and only sporadic contributions were made to the area. However, in the 
midst of World War II, Reuben Sandin collated all of the new additions to 
the field since Willgerodt’s book, together with older works, and published 
the first review on hypervalent iodine written in English.[8] 

The next major contributor to the field was Frederick Marshall Beringer, 
who during the 1950s and 1960s improved synthetic routes towards various 
hypervalent iodine compounds and also used the reagents systematically in 
various applications. For example, he was the first to study α-arylations of 
enolizable carbonyl compounds with diaryliodonium salts.[9] 

Although the field of hypervalent iodine chemistry had constantly been 
intriguing for some, it was isolated and considered obscure by the wider 
chemical community. It was not until the discovery of the reagent now 
known as Dess-Martin periodinane (DMP) by Dess and Martin in the 1980s, 
that the field of hypervalent iodine reached out into mainstream organic syn-
thesis, as DMP exhibited unique properties in the oxidation of alcohols un-
der mild conditions (Figure 3).[10] 

Nowadays, hypervalent iodine compounds frequently demonstrate their 
power as mild, non-toxic and selective reagents in a wide range of applica-
tions.[11-13] Novel reactions and reagents are frequently discovered and the 
utility of old reagents is brought to light. For example, the usefulness of  
IBX, which was first discovered in 1893, was unveiled as late as 1994,[14] 
proving to be an even more versatile reagent than DMP in many oxidation 
reactions.[15] 

I I

OAc

OAc

Iodobenzene
(Diacetoxyiodo)-

benzene
DMP

O
I

O

OAc
OAc

AcOIF3C O Me

Me

Togni's
Reagent

8-I-1 10-I-3 10-I-3 12-I-5

+III+I +III +V

I

OTs

OH

Koser's
Reagent

10-I-3

+III

 

Figure 3. Examples of compounds with different oxidation states on I. The X-I-L 
notation is used describing number of electrons (X), and number of ligands (L) 

around the central atom (I). 
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1.1 Nomenclature, Oxidation State and Bonding 
Hypervalent iodine compounds are generally classified according to the 

oxidation state of iodine, e.g. the iodine in an aryl iodide is defined to have 
an oxidation state of +I and is not hypervalent. An easy way to determine 
whether or not an iodine compound is hypervalent is by electron counting 
i.e. compounds that have more than eight electrons in their valence shell are 
described as hypervalent. Examples of hypervalent iodine compounds with 
the oxidation state of +III and +V are shown in Figure 3 and according to 
IUPAC rules, compounds with those oxidation states can be termed as  λ3- 
and λ5-iodanes, respectively. Scheme 1 depicts how iodine compounds are 
oxidized. 

 

Scheme 1. General oxidation of iodine compounds. 

To describe the hypervalent bond, a λ3-iodane will be used as an exam-
ple.[16] The geometry is best depicted as a pseudotrigonal bipyramid (T-
shape), with an aryl group and two free electron pairs in the equatorial posi-
tions whereas the two ligands (L) are in the apical positions (Figure 4, left). 
The L–I–L bond is derived from a doubly occupied 5p orbital with two elec-
trons from iodine, and two electrons from the ligands. This is referred to as a 
three-center four-electron bond (3c-4e) or a hypervalent bond. Hypervalent 
iodine compounds react as electrophiles, which can be understood by look-
ing at the molecular orbitals (MOs) (Figure 4, right). 

L I L

Nonbonding orbital

Bonding orbital

Antibonding orbital

Ar I

L

L

+

 

Figure 4. Left: Geometry of a λ3-iodane. Right: MOs of the hypervalent bond. 

The HOMO is the non-bonding orbital, which has a node at the iodine 
atom. Hence more electrons are distributed at the ligands, rendering the 
iodine a soft electrophilic center that can be attacked by many nucleophiles. 



 4

1.2 Some λ3- and λ5-Iodanes and their Applications 
The application area of hypervalent compounds is vast, encompassing 

areas such as C-C, C-heteroatom and heteroatom-heteroatom bond forma-
tion, oxidations, radical reactions and rearrangements.[11-13] 

Iodine(V) reagents such as DMP, IBX and their analogues[11, 15] are fre-
quently used as mild reagents for the oxidation of alcohols, e.g. in total syn-
thesis of natural products.[17-19] They are also employed as oxygen transfer 
reagents and IBX can effect oxidative transformations of a variety of other 
functional groups via a Single Electron Transfer (SET) mechanism. An ex-
ample of this is the synthesis of α,β-unsaturated ketones from ketones or 
alcohols in a toluene/DMSO solvent mixture (Scheme 2).[20] 

 

Scheme 2. Selective IBX-mediated oxidation. 

Iodine(III) compounds with two heteroatom ligands, such as (diacetoxy-
iodo)benzene, are also frequently employed in oxidations of alcohols and 
alkenes, synthesis of quinones, in rearrangements and also in α-
functionalization of carbonyl compounds.[21] It was recently shown that α-
acetoxylation of carbonyl compounds could be performed with a catalytic 
amount of iodobenzene. The iodobenzene is oxidized in situ to the catalyti-
cally active species (diacetoxyiodo)benzene by the stoichiometric oxidant 
mCPBA (Scheme 3).[22]  Other catalytic reactions have also recently been 
developed, especially within the area of alcohol oxidation.[23-24] 

 

Scheme 3. Catalytic α-acetoxylation of ketones. 
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In 2006 the Togni group developed novel cyclic iodine(III) compounds 
that are used as trifluoromethylation reagents. The group has explored sever-
al application areas including the trifluoromethylation of α-nitro esters,[25] 
thiols,[25] β-ketoesters,[25-26] arenes,[27-28] phosphines,[29] alcohols[30] and nitro-
gen atoms in a Ritter type reaction,[31] all in moderate to high yields under 
mild conditions. The MacMillan group recently utilized Togni's reagent in 
combination with organocatalysis, obtaining α-trifluoro-methylated alde-
hydes in high yields and excellent enantiomeric excess (ee) (Scheme 4).[32] 

 

Scheme 4. Trifluoromethylation of aldehydes with Togni's reagent combined with 
organocatalysis leading to a diversity of products. 

Iodine(III) compounds in which the iodine bears two carbon ligands can 
undergo reactions whereby they transfer one of the ligands to a range of 
nucleophiles. They can also be used to oxidize metals to unusual oxidation 
states (e.g. Pd(II→IV)). One type of these reagents, namely diaryliodonium 
salts, is the main focus of this thesis and will be discussed in detail below. 

1.3 Diaryliodonium Salts 
A general structure of a diaryliodonium salt, also referred to as a diaryl-

λ
3-iodane, is shown in Figure 5. The salt is referred to as a symmetric salt if 

R1 = R2, and as an unsymmetric salt if R1 ≠ R2. 

 

Figure 5. General structure of diaryliodonium salts. 
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The anion (X-) of the diaryliodonium salt not only influences the solubili-
ty but also the reactivity. Generally, non-nucleophilic anions such as BF4

- 
and TfO-, are preferred over anions such as Cl-, Br- and I- in applications.[33] 

The configuration of diaryliodonium salts in solution is still debated and 
has not been proven, but a certain amount of dissociation is expected de-
pending on the anion of the salt and the type of solvent used. However, in 
the solid state a majority of all X-ray structural data reported for diaryliodo-
nium salts shows significant secondary bonding between the anion and the 
iodine atom.[13, 34] The geometry is also in agreement with that shown in Fig-
ure 6, i.e. T-shaped. 

 

Figure 6. Structure in solution versus solid state. 

1.3.1 Synthesis 

The first synthesis of a diaryliodonium salt was accomplished over 100 
years ago by Victor Meyer[6] and refined by Beringer in the 1950s to a work-
ing one-pot reaction, albeit with a small substrate scope (Scheme 5).[35] 

 

Scheme 5. Beringer’s one-pot synthesis of a diaryliodonium salt. 

Acidic Syntheses of Diaryliodonium Salts 

Acidic routes are most common in synthesis of diaryliodonium salts. 
There are three different approaches (A-C) as summarized in Scheme 6. The 
most frequently used strategy is A, where the salt is isolated after a 2-3 step 
procedure. It is however quite common to start from a commercially availa-
ble iodine(III) reagent, in order to shorten the synthetic route and examples 
of these are given below.  
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Scheme 6. General acidic routes to diaryliodonium salts. 

Addition of iodobenzene (1a) to a solution of peracetic acid in Ac2O, fur-
nishes PhI(OAc)2 (3) in good yield and short reaction time (Scheme 7).[36] 
Compound 3 can smoothly be converted to iodosylbenzene (4) by treatment 
with aqueous NaOH.[37] Kitamura developed a procedure whereby 4 was 
treated with TfOH, followed by addition of benzene (2a) to obtain dipheny-
liodonium triflate (5a) in 65% yield.[38] This route was shortened by the same 
group when they found that 3 could be treated directly with TfOH for one 
hour before the addition of 2a to obtain salt 5a in 85% yield.[39]  

 

Scheme 7. Examples of how diphenyliodonium triflate can be synthesized via me-
thod A and B. Also showed is the direct synthesis from arenes and elemental iodine. 

Other methods included in strategy A are routes employing silanes,[40] 
stannanes[41-42] or boron reagents[43-44] together with pre-formed iodine(III) 
reagents. Kita and co-workers recently showed that by mixing Koser's rea-
gent with an arene in 2,2,2-trifluoroethanol (TFE), diaryliodonium tosylates 
are obtained.[45] 
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An example of strategy B is the one-pot reaction developed by Kitamura 
and co-workers, where 1a is oxidized with K2S2O8 (Scheme 7). In the pres-
ence of benzene, diphenyliodonium triflate is obtained in 78% yield after an 
anion exchange.[46] Another method that was recently developed by the same 
group, is the reaction of benzene and molecular iodine with the same oxidant 
and acid as in their previous method (Scheme 7).[47] After 72 h at 40 ˚C, an 
anion exchange was performed delivering 5a in 71% yield. Another interest-
ing synthesis exemplifying strategy B was developed by Skulski and co-
workers in 1995.[48] CrO3 is used to oxidize iodoarenes to an iodine(III) in-
termediate, which then reacts with an arene to give diaryliodonium salts in 
moderate yields. A drawback with this protocol is the toxicity of the oxidant, 
and the products are obtained with a halo anion.  

Few diaryliodonium salts have been synthesized via strategy C. Zhdankin 
and co-workers developed a method in the early 1990s in which the 
iodine(III) source is iodosyl fluorosulfate (Scheme 8).[49-51] In the presence of 
an arene, symmetric diaryliodonium salts are obtained in moderate to good 
yields. The iodine(III) compound is, however, not commercially available 
and needs to be prepared in advance. 

 

Scheme 8. Zhdankin’s synthesis of symmetric diaryliodonium salts utilizing iodosyl 
fluorosulfate.  

Basic Syntheses of Diaryliodonium Salts 

Routes using basic conditions are not widely reported, although for cer-
tain types of diaryliodonium salts it remain the only viable synthetic route, 
e.g. for symmetric heteroaryliodonium salts. A frequently used method is 
ligand exchange on β-(dichloroiodo)chloroethylene with a lithiated arene, in 
which symmetric salts are obtained in a regiospecific manner (Scheme 9).[52-

54] The iodine(III) reagent needs to be prepared immediately prior to use as it 
is extremely unstable. 

 

Scheme 9. Synthesis of symmetric diaryliodonium salts via β-
(dichloroiodo)chloroethylene. 
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Other related methods also utilize organometallic reagents, which are 
reacted with a pre-formed vinyliodonium salt as shown in Scheme 10.[55-58] 
This type of protocol has the advantage that unsymmetric salts can be ob-
tained, in contrast to the method shown above. 

 

Scheme 10. Diaryliodonium salts can be obtained by adding lithiated arenes to vinyl 
iodonium salts.  

1.3.2 Mechanistic Limitations  

To realize some of the limitations of the synthetic routes discussed above, 
it is important to understand the reaction mechanism. Starting from an iodo-
arene, the first step is an oxidation, usually in the presence of a strong acid. 
This gives the general structure Ar-IX2, which can be isolated or used in situ 
for further reactions (Scheme 11). 

 

Scheme 11. Oxidation of iodine(I) to iodine(III). 

Upon addition of an arene, an electrophilic aromatic substitution (EAS) 
takes place (Scheme 12). As normal EAS rules apply, activated arenes (R = 
EDG) would give a mixture of ortho- and para-products. In reactions with 
iodine(III) species the selectivity is usually extremely high for the para-
position. Deactivated arenes (R = EWG) are usually too unreactive, leading 
to by-product formation as the intermediate decomposes or reacts with the 
starting iodoarene or the oxidant.  

 

 

Scheme 12. The mechanistic limitation in the EAS step. 
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This issue is to be regarded as a major limitation, as numerous symmetric 
ortho- and meta-substituted diaryliodonium salts are inaccessible. The prob-
lem can however be circumvented by the use of organometallic reagents or 
boronic acids in place of the arene. In Scheme 13, an example from Wid-
dowson’s group is highlighted where a boronic acid reacts regiospecifically 
at the ipso-position with (diacetoxyiodo)benzene.[44] 

 

Scheme 13. Widdowson’s regiospecific synthesis of diaryliodonium triflates. 

1.3.3 Application Areas 

When utilizing diaryliodonium salts in reactions with nucleophiles, one of 
the two aryl groups will be transferred.  Symmetric diaryliodonium salts are 
thus generally preferred over unsymmetric salts as no chemoselectivity prob-
lems arise. In some situations, the use of unsymmetric salts is desirable, such 
as when the starting materials are prohibitively expensive.  

Fortunately there are some rules of thumb one can follow; in metal me-
diated reactions with unsymmetric salts, the least sterically hindered arene is 
selectively transferred; if steric bulk is not a factor, then the most electron-
rich arene is preferentially transferred.[33, 59] Conversely, when diaryliodo-
nium salts are employed in non-metal-mediated reactions the most electron-
deficient arene is normally transferred, although there are reports of different 
reactivity when an ortho-substituent is present in one of the arenes (i.e. the 
ortho-effect).[33, 60] 

The most widely reported use of diaryliodonium salts as a reagent is in 
combinations with either a copper or palladium catalyst. Sanford and co-
workers have been very active in the palladium field and have spurred inter-
esting mechanistic investigations on the oxidation state of Pd.[61-62] An ex-
ample of methodology developed by the Sanford group is given in Scheme 
14, where indoles are selectively arylated in the C2-position under mild con-
ditions.[63] 

 

Scheme 14. Use of diaryliodonium salts in the selective 2-arylation of indoles. 

Gaunt and co-workers explored indole chemistry further and developed a 
copper-catalyzed protocol in which the C2 or the C3 position could be aryl-
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ated selectively.[64] Their work with Cu and diaryliodonium salts has resulted 
in several publications in the intriguing area of C-H activation (Figure 7).[65-

67] Recent findings by the group indicate that some of the reactions also work 
without the copper catalyst, although higher temperature is needed.[66-67] 

N
H

H

N
H

O

HN

tBu

O

H

X

O

H

OR, NBn2

H

CuII + Ar1Ar2IX

N
H

Ar1

N
Ar1

O

HN

tBu

O

Ar1

X

O

Ar1

OR, NBn2

Ar1

Substrates

Products

 

Figure 7. New C-H activation developed by Gaunt and co-workers. 

The Szabó group has found that Pd pincer complexes react readily with 
diaryliodonium salts, arylating allylic acetates and electron-rich trans-
alkenes through a proposed Pd(II)/Pd(IV) cycle (Scheme 15). The same 
group also performed calculations on the reaction mechanism, supporting the 
observed reactivity pattern when metals are employed with diaryliodonium 
salts.[68] 

 

Scheme 15. Powerful Heck-type coupling with Pd pincer complexes. 
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Diaryliodonium salts are also efficient arylating agents when used under 
metal-free conditions due to their highly electron-deficient nature and the 
hyperleaving group ability of iodoarenes.[69-72] An example is shown in 
Scheme 16, where a symmetric pyridyl salt is employed in the key step in 
the total synthesis of (–)-epibatidine.[69] The arylation of the 4-substituted 
cyclohexanone after enolization with a chiral base gives the product with 
excellent ee and diastereomeric ratio (dr), albeit in moderate yield. 

O

N(Boc)2

N

I

NCl Cl

Cl

O

N(Boc)2

Ar

dr 20:1, 94 ee
41%

4 Steps

H
N

N

Cl

( )-Epibatidine

Ph N
Li

Ph

 

Scheme 16. Key step in the shortest synthesis of (–)-epibatidine. 

Rawal and co-workers have shown that trimethylsilyl enol ethers are rea-
dily arylated with (2-nitrophenyl)(phenyl)iodonium fluoride, and that the 
reaction shows complete chemoselectivity i.e. only transferring the electron 
deficient arene.[73] This methodology was applied as a key step in their ste-
reocontrolled synthesis of (±)-tabersonine.[74] 

 

Scheme 17. Total synthesis of (±)-tabersonine was achieved in only 12 steps and a 
30% overall yield. The key step with the iodonium salt is highlighted. 

Other application areas of diaryliodonium salts include the arylation of 
heteroatoms, as benzyne precursors, as photoinitiators in polymerizations 
and also as precursors to 19F-labelled radio-ligands. The synthesis and cur-
rent applications of diaryliodonium salts have recently been summarized in 
an comprehensive review.[33] 
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1.4 Objectives of This Thesis 
The previously described strategies for the synthesis of diaryliodonium 

salts have many drawbacks. To summarize: 
 
Usually the protocols are confined to the synthesis of either electron-rich 

or electron-poor diaryliodonium salts and often with a narrow substrate 
scope. This makes the synthesis of these reagents less attractive, especially 
for non-specialists who will find a swarm of synthetic protocols but none 
that is general and can deliver diaryliodonium salts ranging from electron-
rich to electron-poor.  

The protocols often employ pre-formed iodine(III) compounds that are ei-
ther expensive or not commercially available. This adds a synthetic step as 
the iodine(III) reagent has to be synthesized prior to the synthesis of the de-
sired diaryliodonium salt. This is, of course, time consuming and lowers the 
overall yield. 

In those few one-pot protocols that exist, reagents such as CrO3are em-
ployed, which is highly toxic and not attractive to work with. The protocols 
often also suffer from limited substrate scope and long reaction times. 

 
With the drawbacks presented in mind, we envisioned a general one-pot 

procedure that would neither be constrained by the electronic properties of 
the substrates nor require special conditions. The protocol should be quick, 
high yielding and easy applicable for non-specialists, in order to make the 
synthesis of these reagents more attractive and thus widen their use in vari-
ous applications.  

We also envisioned the development of a novel and general pathway to α-
arylation of carbonyl compounds that was not based on the use of chiral 
bases or of diaryliodonium salts bearing a chiral backbone. 
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Chapter 2 
 
One-Pot Synthesis of Diaryliodonium Triflates 
from Aryl Iodides and Arenes 
(Paper I & II) 

A simple and atom efficient one-pot synthesis of diaryliodonium salts 
would involve treatment of an aryl iodide 1 with a commercially available 
oxidant in the presence of an arene 2 and a suitable acid, the conjugated base 
of which would end up as the anion in the diaryliodonium salt 5 (Scheme 
18). 

 

Scheme 18. Envisioned one-pot synthesis of diaryliodonium salts. 

The greatest challenge in finding such a procedure would be to find rea-
gents that are compatible with each other. Thus, a screening of possible oxi-
dants, acids and solvents that could be employed in the selected model reac-
tion between iodobenzene (1a) and benzene (2a) to yield diphenyliodonium 
salts (5) was undertaken. 

2.1 Initial Experiments 
The initial attempts with BF3·Et2O in dichloromethane with K2S2O8 as 

oxidant did indeed give a diaryliodonium species (Scheme 19), but numer-
ous anionic peaks could be detected in the mass spectrum. Problems with 
isolation of the salts were a major drawback as well formation of (4-
iodophenyl)(phenyl)iodonium salt as by-product. 
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Scheme 19. In our first protocol we had difficulties in assigning the anion (X–) of 
the different products. 

Consequently a screening of other acids began; changing BF3·Et2O to 
TsOH only resulted in recovered starting materials whereas TfOH produced 
the desired triflate salt 5a, however only in 8%, isolated from a tarry black 
residue. 

Despite our limited success with K2S2O8 as oxidant, the problems asso-
ciated with it were too many and other oxidation reagents were screened. At 
that same time Kitamura and co-workers published a paper, describing how 
they utilized this oxidant in combination with excess trifluoroacetic acid (see 
Chapter 1.3, Scheme 7).[46] 

Oxone® is a powerful oxidant, but it is not readily soluble in organic sol-
vents. If the cation in Oxone® (i.e. K+) is changed to e.g. n-Bu4N

+, the oxi-
dant also shows higher solubility in organic solvents, and especially in dich-
loromethane.[75] Regrettably, when applying this oxidant in our reaction only 
starting materials were recovered. 

Recently, Stavber and co-workers[76-77] showed that aqueous H2O2 could 
oxidize I– to I+ in their environmentally benign protocol for iodination of 
arenes, and we were keen to apply it in our system. Trace amounts of 5a 
could be detected by 1H-NMR, however, only when the reaction was per-
formed in MeCN with TfOH (Scheme 20). 

 

Scheme 20. Reaction with hydrogen peroxide. 

Peracetic acid[36] can easily oxidize iodine compounds and more recently 
mCPBA has also been utilized.[22-23, 78] Surprisingly, mCPBA had never been 
used in the direct synthesis of diaryliodonium salts. 

Gratifyingly, when mCPBA and BF3·Et2O were used in our model reac-
tion, pure diphenyliodonium meta-chlorobenzoate (6a) was obtained in 33% 
yield (Scheme 21). A drawback of this method was that an excess of ben-
zene was needed, together with long reaction times. 

We thus continued exploring this reaction and found that it was improved 
when TfOH was used in place of BF3·Et2O. The amount of 2a and acid 
could be reduced and the diaryliodonium salt could be obtained in higher 
yield than with BF3·Et2O (Scheme 21). A problem however, was that the 
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crude mixture contained an inseparable mixture of 6a and 5a, in a ratio of 
10:1. 

I

O

O
Cl

33%
I

I

mCPBA (1.5 eq.), BF3�Et2O (5.0 eq.)

mCPBA (1.5 eq.), TfOH (2.0 eq.)

81% crude
5a:6a in 1:10

1a

2a (11 eq.)
CH2Cl2, 20 h, rt

2a (1.1 eq.)
CH2Cl2, 20 h, rt

OTf

6a

I

O

O
Cl

 

Scheme 21. Initial experiments with mCPBA as oxidant. 

When quenching the reactions in Scheme 21 with a saturated solution of 
NaHCO3, we could always observe a significant change of color. Hence, we 
decided to see what happened if we concentrated the solution without 
quenching the reaction. Fortunately, addition of diethyl ether to the crude 
concentrated reaction mixture precipitated out a solid that was identified as 
pure diphenyliodonium triflate (5a) in high yield, while the 3-chlorobenzoic 
acid stayed in solution. The basic workup used initially, apparently gives a 
rapid anion exchange, expelling the weaker triflate anion to m-
chlorobenzoate. These promising initial results lead us to further investiga-
tions. 

2.2 Optimization Studies 
When using stoichiometric amounts of all reagents, the reaction was slug-

gish and only delivered the product in low yield (Table 1, entry 1). We could 
not recover any iodobenzene, which is an indication of a working oxidation 
process but an inefficient EAS. Hence, the amount of TfOH was increased to 
2 eq. which resulted in that 5a could be isolated in a high yield compared to 
the first entry (entry 2). An increase of mCPBA to 2 eq. instead resulted in 
decreased yield (entry 3), which could be due to over-oxidation to iodine 
(V). The amount of benzene also had a slight impact on the reaction out-
come, as shown in entries 4 and 5. Increasing the temperature considerably 
reduced the reaction time, delivering 5a in good yields after 3 h at 40 °C 
(entry 6) or 10 min at 80 °C (entry 7). The best results could be obtained 
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when 3 eq. of TfOH was used, in which case 5a was obtained in 89% yield 
after only 10 minutes at room temperature (entry 8). 

A subsequent temperature study using 3 eq. TfOH revealed that the reac-
tion is much faster than we had anticipated. Amazingly, the reaction was 
complete within 10 min even at temperatures as low as -50 ºC. However 0 ºC 
or room temperature (Table 1, entry 9) was deemed to be the most conve-
nient temperature for further reactions. The use of anhydrous reaction condi-
tions (inert atmosphere, anhydrous solvent) was tested and shown to have no 
beneficial effect on the outcome of the reaction. 

 
Table 1. Optimization of reaction conditions for synthesis of salt 5a.[a] 

 
 

Entry 2a 

(eq.) 
mCPBA 

(eq.) 
TfOH 

(eq.) 
T 

(ºC) 
Time Yield 

(%)[b] 

1 1.1 1.1 1.1 rt 18 h 5 

2 1.1 1.1 2.0 rt 18 h 68 

3 1.1 2.0 2.0 rt 18 h 60 

4 2.0 1.1 2.0 rt 18 h 75 

5 5.0 1.1 2.0 rt 21 h 82 

6 1.1 1.1 2.0 40 3 h 83 

7 1.1 1.1 2.0 80 10 min 73 

8 1.1 1.1 3.0 80 10 min 89 

9 1.1 1.1 3.0 rt 10 min 92 
[a] Reaction conditions: 1a (1.0 eq. 0.23 mmol), 2a and mCPBA were dissolved in 
CH2Cl2 (1 mL), TfOH was added dropwise at 0 ºC and the reaction was stirred at the 
indicated temperature and time. [b] Isolated yield. 

Performing control experiments with 2 eq. of TfOH showed that the rate 
is reduced considerably with less acid (Table 2, entries 1 and 2). Changing 
the solvent to Et2O, CHCl3 or CH3CN resulted in decreased yields (entries 3-
5), whereas changes in concentration were less important (entries 6 and 7). 
The reaction also proceeded under solvent free conditions, however it gave a 
lower yield (entry 8).We continued our investigation by checking whether 
TfOH was needed in the oxidation or only mediated the EAS step. Reacting 
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iodobenzene, benzene and mCPBA in the absence of TfOH, indeed gave a 
slow oxidation (seen by 1H-NMR) but no diaryliodonium salt was formed 
(entry 9). Purification by flash chromatography in CH2Cl2/MeOH instead of 
precipitation gave 5a in slightly lower yield (entry 10).  
 

Table 2. Resumed optimization of reaction conditions for synthesis of salt 5a.[a] 

Entry TfOH 
(eq.) 

Solvent T 

(ºC) 
Yield 
(%)[b] 

1 2.0 CH2Cl2 rt 58 

2 2.0 CH2Cl2 0 56 

3 3.0 Et2O 0 5 

4 3.0 CHCl3 0 66 

5 3.0 CH3CN 0 -[e] 

6 3.0 CH2Cl2
[c] 0 84 

7 3.0 CH2Cl2
[d] 0 91 

8 3.0 Neat 0 52 

9 0 CH2Cl2 0 -[e] 

10 3.0 CH2Cl2 0 79[f] 
[a] Reaction conditions: As described under Table 1. All reactions employed benzene 
(1.1 eq.) and mCPBA (1.1 eq.) and were run for 10 minutes at the temperature indi-
cated above. [b] Isolated yield. [c] 2 mL. [d] 0.5 mL. [e] No product formed. [f] Isolated 
by flash chromatography. 

2.3 Arene Scope 
Most previous protocols have been restricted to the synthesis of either 

electron-rich or electron-deficient diaryliodonium salts, as the reactivity of 
the iodoarenes and arenes varies with the electronic properties.[39-44, 57, 79] To 
determine the generality of this novel one-pot reaction, it was applied to the 
synthesis of various diaryliodonium salts 5 by reaction of iodobenzene (1a) 
with a range of arenes 2 (Table 3). 

The use of iodobenzene as iodoarene and arene yielded (4-iodophenyl)-
(phenyl)iodonium triflate (5b), as a single regioisomer (entry 2). Other aryl 
halides also participated in the reaction, giving salts 5c-e with small amounts 
of ortho-substituted product detectable by NMR (entries 3-5). We continued 
by reacting 1a with various alkyl-substituted arenes, which delivered salts 
5f-j in good yields, surprisingly also for sterically hindered arene 2i (entries 
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6-10). Regioselectivity became an issue with 1-bromo-3,5-dimethylbenzene 
(2k), which gave an inseparable mixture of salts 5k’ and 5k’’ (entry 11). The 
electron-rich arenes acetanilide (2l), anisole (2m) and thiophene (2n) were, 
as expected, very reactive under the standard conditions. By decreasing the 
temperature, salts 5l-n could be obtained in good yields (entries 12-14). 
 
Table 3. Synthesis of substituted diaryliodonium salts 5 from PhI (1a) and arenes 2. 

 

Entry Ar-H  

2 
Salt 5

[a] Yield 

(%)[b] 

1 
PhH 
2a  

5a 92 

2 
PhI 
2b 

 
5b 85 

3 
PhBr 

2c 
 

5c 71[c] 

4 
PhCl 
2d 

 
5d 57[c] 

5 
PhF 
2e 

 
5e 92[c] 

6 
PhMe 

2f 
 

5f 85 
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7 
PhtBu 

2g 
 

5g 86 

8 
 

2h 

 
 

5h 66 

9 
 

2i 

 
 

5i 80 

10  
2j 
 

 

5j 78 

11  
2k 

 

 

 

5k’ 

 

 

5k’’ 

 
94 

5k’ : 5k’’ 
1.2 : 1 

12 
PhNHAc 

2l 

 

5l 83 

13 
PhOMe 

2m 
 

5m 87 

14 
Thiophene 

2n  
5n 82 

[a] Formed with complete regioselectivity unless stated otherwise. The anion is omit-
ted for clarity. [b] Isolated yield. [c]

 Less than 5% ortho-isomer detectable by 1H-
NMR. 
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2.4 Aryl Iodide Scope 
We subsequently investigated the aryl iodide scope, and the results are 

shown in Table 4. When 4-bromoiodobenzene (1b) reacted with benzene, 
salt 5c was obtained in good yield (entry 1). Further reactions with 1b deli-
vered symmetric salt 5o, and anisole was also successfully employed to give 
the novel salt 5p (entries 2 and 3). The chloro-substituted substrate 1c 
showed similar reactivity to 1b, as shown in entries 4-6. 2-Iodotoluene (1d) 
was deemed an interesting substrate as ortho-substituted salts cannot be ob-
tained selectively in reactions with iodobenzene. Iodide 1d was therefore 
reacted with various arenes, giving salts 5s-z in high yields (entries 7-14). 
The sterically hindered arene 2i yet again afforded the desired product, albeit 
in moderate yield (entry 12). As expected, 1d was more reactive than 1a, but 
still delivered salts with high purity, including in the reaction with anisole 
(entry 14). Similar to 1d, 4-iodotoluene (1e) was reacted with benzene and 
toluene, respectively, to deliver salts 5f and 5aa (entries 15 and 16). The 
reason for the moderate yield of 5aa is unclear, as the reactivity of 1e should 
be similar to 1d. 

Table 4. Synthesis of substituted diaryliodonium salts 5 from aryl iodides 1 and 
arenes 2. 

 
 

Entry Ar
1
-I 

1 

Ar
2
-H 

2 

Salt 5
[a] Yield 

(%)[b] 

1 
 

1b 

PhH 
2a  

5c 

78 

2 1b 
PhBr 

2c  
5o 

91 

3 1b 
PhOMe 

2m  
5p 

58 



 23 

4 
 

1c 

PhH 

2a  
5d 

65 

5 1c 
PhCl 
2d  

5q 

83 

6 1c 
PhOMe 

2m  
5r 

57 

7 
 

1d 

PhH 
2a  

5s 

85 

8 1d 
PhF 
2e  

5t 

82 

9 1d 
PhMe 

2f  
5u 

90 

10 1d 
PhtBu 

2g  
5v 

89 

11 1d 

 
2h 

 
5w 

62 

12 1d 

 
2i 

 
5x 

51[c] 
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13 1d 
 

2j 
 

5y 

84 

14 1d 2m 
 

5z 

56[c] 

15 
 

1e 

2a 
 

5f 

71 

16 1e 2f 
 

5aa 

52 

17 
 

1f 

2a 
 

5g 

66[c] 

18 
 

1g 

2a 
 

5ab 

85 

19 
 

1h 

2a 
 

5ac 

59 

20  
1i 

2a  
5ad 

63 

21 

1j 

2a 
 

5ae 

73 
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22 
 

1k 

2a 
 

5af 

60 

23 1k 2m 
 

5ag 

53 

[a] Formed with complete regioselectivity. Anion omitted for clarity. [b] Isolated yield. 
[c] Purified by flash chromatography. 

The general strategy for the synthesis of unsymmetric salts is to start from 
the less electron-rich aryl iodide and the more electron-rich arene rather than 
from the reverse reaction pathway (compare the yields of 5f and 5g in  

Table 3 and Table 4). Thus, highly deactivated aryl iodides 1g-j, bearing 
–NO2, –CF3 or –CO2H substituents, all reacted cleanly with benzene, deli-
vering salts 5ab-ae in good yields (entries 18-21). 

(Aryl)(pyridyl)iodonium salts had previously been inaccessible by acidic 
routes. We were thus interested in seeing if these substrates could be synthe-
sized using our protocol. Indeed, when 2-chloro-5-iodopyridine (1k) was 
reacted with benzene or anisole, salts 5af and 5ag were obtained in moderate 
yields (entries 22 and 23). Diaryliodonium salts containing this pyridyl 
moiety have been used in an efficient total synthesis of (–)-epibatidine (see 
Chapter 1, Scheme 16).[69] In that report however, salt 5af was obtained in 
moderate yield after several reaction steps, and the authors were unsuccess-
ful in the preparation of salt 5ag.[80] 

The formation of iodonium salts 5 from iodoarenes 1 and substituted 
arenes 2 was in most cases highly regioselective, yielding para-substituted 
salts. Likewise, the reaction of 1a with thiophene (2n) afforded only 2-
substituted 5n. 

2.5 Limitations to the Developed Protocol 

2.5.1 Electron-Rich Aryl Iodides 

All reactions with electron-rich iodoarenes resulted in a black tarry solu-
tion when TfOH was added (Appendix C). A brief investigation was thus 
performed with 4-iodoanisole (1l). In the absence of TfOH we found that 
mCPBA smoothly oxidized 1l and compound 7 could be isolated in 80% 
yield (Scheme 22). 
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Scheme 22. Oxidation of the highly electron-rich 4-iodoanisole works fine without 
TfOH. Sequential synthesis of 6b or 5m from 7 was however unsuccessful. 

Addition of benzene to 7 resulted in recovered starting materials, whereas 
addition of benzene together with TfOH resulted in a black tarry solution. 
This indicates that the acid is needed in the EAS step, however, it causes 
side reactions when added to very electron-rich systems. As this limits the 
possibility to synthesize symmetric electron-rich salts, another method was 
developed in our group to obtain such salts.[81] 

2.5.2 Electron-Poor Arenes 

In reactions starting from iodobenzene and an electron-deficient arene, the 
formation of 5b was the major product (Figure 8). 

 

Figure 8. Salt 9 was obtained instead of the expected product 8. 

Heating 1-iodo-4-nitrobenzene (1g) with nitrobenzene at 80 ˚C for 14 h 
was expected to deliver the unsymmetrical (4-nitrophenyl)(3-nitrophenyl)-
iodonium triflate 8. Surprisingly, compound 9, where mCBA had reacted as 
an arene, was isolated as the only product in 35% yield (Figure 8). This de-
monstrates a limitation to our developed protocol as arenes that are more 
deactivated than mCBA are not suitable, hence symmetric deactivated salts 
cannot be obtained. 

Another limitation is the regioselectivity restriction. As the last step is an 
EAS, the regioselectivity is dependent on the arene (see Chapter 1.3.2, 
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Scheme 12), and we have seen that the reaction is highly regioselective in 
delivering only para-products, thus, symmetric ortho- and meta-substituted 
products are inaccessible. 

2.6 Conclusions 
In conclusion, we have developed a powerful and efficient one-pot proce-

dure for the preparation of diaryliodonium triflates. The protocol is high 
yielding, has a broad substrate scope, easy applicability and very short reac-
tion times. 

The general strategy for the synthesis of unsymmetric salts is to start from 
the less electron-rich aryl iodide and the more electron-rich arene rather than 
from the reverse reaction pathway. 
  



 28

 
  



 29 

Chapter 3 
 
One-Pot Synthesis of Diaryliodonium Triflates 
from Iodine and Arenes 
(Paper I, II & III) 

Aryl iodides are readily available but more costly than the parent arene. 
Formation of diaryliodonium salts directly from iodine and arenes, via in situ 
generation of the aryl iodide, would conveniently circumvent the need for 
aryl iodides as a starting material. Finding such a reaction pathway would 
greatly simplify the synthesis of these reagents. 

Halogenation of arenes is usually performed with X2 and a Lewis acid, 
which withdraws electrons from the diatomic molecule, thereby polarizing 
the bond. This is regarded as a standard procedure for chlorination and bro-
mination of arenes. Iodination of arenes is, however, usually carried out in 
the presence of an oxidant (e.g. peroxy acid) to generate the iodine electro-
phile I+.[82] 

Kitamura and co-workers showed that (diacetoxyiodo)arenes could be 
formed directly from arenes and iodine in the presence of K2S2O8, presuma-
bly with the corresponding aryl iodide as intermediate.[83] Hence, we envi-
sioned a direct one-pot synthesis of diaryliodonium triflates (5), from arenes 
(2) and molecular iodine with mCPBA and TfOH. 

3.1 Optimization 
A complete transformation of molecular iodine into two molecules of di-

aryliodonium salt would require 3 equivalents of mCPBA and four equiva-
lents of arene. We thus started our investigation with that reagent stoichi-
ometry (Scheme 23). 
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Scheme 23. Schematic overview of the formation of two equivalents of 5a from I2 
and benzene. 

To keep the triflic acid:product ratio at 2:1,[84] 4 eq. of TfOH was added 
which indeed delivered salt 5a in 45% yield in this one-pot, three-step reac-
tion (Table 5, entry 1).[85] Longer reaction time resulted in 61% yield (entry 
2), and an increase of the triflic acid:product ratio to 3:1 gave 5a in 92% 
yield within 10 min at rt (entry 3). Increasing the amount of mCPBA to 4 eq. 
or the use of excess benzene increased the yield slightly (entries 4-6) at 
longer reaction times. 

Table 5. Synthesis of salt 5a directly from benzene and iodine.[a]
 

 
 

Entry 2a 

(eq.) 
mCPBA

(eq.) 
TfOH 

(eq.) 
T(ºC) Time Yield 5a 

(%)[b] 

1 4.1 3 4 rt 10 min 45 

2 4.1 3 4 rt 20 h 61 

3 4.1 3 6 rt 10 min 92 

4 4.1 4 4 rt 21 h 72 

5 4.1 4 4 rt 10 min 41 

6 10 4 4 rt 22 h 81 

7 4.1 3 4 60 10 min 92 

8 4.1 3 4 80 10 min 93 

9 4.1 3 3 80 10 min 46 

10[c]  10 3 3 80 10 min (51) 

11[c] 10 4 4 80 10 min (66) 

12[c] 10 6 6 80 10 min (72) 
[a] Reaction conditions: I2 (1.0 eq.), 2a, mCPBA and TfOH were stirred in CH2Cl2 at 
the indicated temperature and time. [b] Isolated yield. Numbers in parentheses are 
results obtained after flash chromatography. [c] LiI (1 eq.) was used instead of I2. 



 31 

As seen in the aryl iodide reactions, the reaction time could be shortened 
drastically by increasing the temperature, and 5a was obtained in excellent 
yields with 4 eq. of TfOH (entries 7 and 8). It is thus possible to choose reac-
tion conditions depending on which parameter is deemed most important; 
time, reagent quantity or temperature, which should be of interest when scal-
ing up the reaction (see Section 3.3). Further investigations showed that de-
creasing the amount of triflic acid lowered the yield (entry 9). Lithium iodide 
could successfully be employed as iodine source, although an excess of rea-
gents was needed to give useful yields of 5a (entries 10-12). The formation 
of lithium triflate complicated the isolation of salt 5a in these last reactions 
and purification was thus performed with flash chromatography instead of 
precipitation from diethyl ether. 

3.2 Substrate Scope 
To determine the substrate scope of this efficient reaction, a number of 

arenes were tested (Table 6). The aryl halides 2c-e gave symmetric salts 5o, 
5q and 5ah with complete para-selectivity (entries 2-4). Toluene (2f) 
yielded a mixture of salts 5u and 5aa with 3:1 regioselectivity favoring or-

tho-iodination (entry 5). Pure 5u was obtained, albeit in low yield, when the 
reaction was run for one hour at 0 °C (entry 6). Tert-butylbenzene (2g) 
proved to be an excellent substrate and delivered salt 5ai in 78% yield (entry 
7). Other alkyl-substituted arenes, such as p-xylene (2h) and mesitylene (2j), 
gave salts in moderate yields (entries 8 and 9). Even highly substituted  
arene 2o participated in the reaction to give salt 5al (entry 10) in modest 
yield. 

Table 6. Direct synthesis of salts 5 from arenes and iodine. 

 
 

Entry Ar–H 

2 

Salt 5
[a] Yield 

(%)[b] 

1 
PhH 
2a  

5a 

93 

2 
PhBr 

2c  
5o 

64 
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3 
PhCl 
2d  

5q 

57 

4 
PhF 
2e  

5ah 

71 

5 
PhMe 

2f 

 
5u 

 

 
5aa 

 

52 
5u:5aa 

3:1 

6[c] 
PhMe 

2f  
5u 

31 

7 
PhtBu 

2g  
5ai 

78 

8 

 
2h 

 
5aj 

47 

9 
 

2j 
 

5ak 

52 
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10 

 
2o 

 
5al 

24 

[a] Anion omitted for clarity. Salts 5 formed with complete regioselectivity apart 
from entry 5. [b] Isolated yield. [c] 1 h, 0 °C. 

As this one-pot reaction involves several sequential steps and many poss-
ible sources of byproducts, it is surprising that salts in Table 6 are easily and 
cleanly obtained in moderate to excellent yields.  

All attempts with electron-rich arenes under our reaction conditions only 
resulted in black tar (See Appendix D). To obtain electron-rich symmetric 
salts another method developed by our group can be used.[81] Attempts were 
also made to obtain unsymmetric diaryliodonium salts by using two different 
arenes in the reaction, however, this always resulted in product mixtures.[86] 

After the completion of this work, Kitamura and co-workers also pub-
lished a direct synthesis of diaryliodonium triflates from iodine. Their proto-
col however required heating for 72 h and a subsequent anion exchange step 
to obtain the products (see Chapter 1, Scheme 7).[47] 

3.3 Large Scale Synthesis 
The open access journal Organic Syntheses has, since 1921, provided the 

chemistry community with detailed, reliable, and carefully checked proce-
dures for the synthesis of organic compounds.[87] Anyone can submit a pro-
posal for the journal. If the proposed procedure is accepted by the board, the 
submitters needs to carry out the proposed reaction on a large scale (general-
ly 5-50 g, depending on the reaction) and must be written in considerably 
more detail than typical experimental procedures in other journals. After 
resubmission of the large scale procedure, one of the board members under-
takes the mission to check the procedure for reproducibility and that all cha-
racterization data is correctly assigned. This is unique to this journal and 
gives procedures reported therein a quality stamp. 

As the procedure shown earlier in this chapter has so many advantages in 
the preparation of symmetric diaryliodonium salts, we predicted that it 
would be worthy publication in Organic Syntheses. 

3.3.1 Selection of a Suitable Substrate 

Our first suggestion and submission was a synthetic protocol for dipheny-
liodonium triflate (5a) but the board thought that it was too similar to a pro-
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cedure published in the 1950s (Scheme 24).[88] Thus, they suggested us to 
prove the efficiency on a different substrate. 

Scheme 24. Published synthesis of diphenyliodonium iodide by Kennedy and co-
workers. 

A SciFinder® search for diaryliodonium triflates revealed a large number 
of hits[89] for salt 5ai, which piqued our interest in this compound. Further-
more, 5ai is one of few commercial available salts. The scale-up of the syn-
thesis of 5ai would also demonstrate the efficiency of the procedure as the 
use of costly iodoarenes such as 4-iodo-tert-butylbenzene could be avoided 
(Figure 9). 

 

Figure 9. Approximate costs for tert-butylbenzene (2g) and 4-iodo-tert-
butylbenzene (1f).[90]

 

Bis(4-tert-butylphenyl)iodonium triflate (5ai, Scheme 25) was therefore 
chosen as target based on both the popularity of this compound and to dem-
onstrate the power of the protocol. 

 

Scheme 25. The diaryliodonium salt (5ai) chosen for scale-up reactions. 

3.3.2 Scale-up, Isolation and Results 

Several factors change when scaling up a reaction such as: stirring prob-
lems, reagent addition issues, handling difficulties associated with hazardous 
reagents, unpredictable exotherms, cumbersome purification, and costly 
optimization. All these factors need to be taken into consideration when scal-
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ing up. A stepwise scale up is often necessary, as predicting a 100 fold scale 
up effect is harder and less accurate than for example a 10 fold increase. 

In Section 3.1 it was shown that several parameters, such as time, reagent 
amount and temperature can be altered to suit the current need. Increasing 
the temperature of a solvent above its boiling point is not only hazardous, 
but also impractical at larger scales, as large pressure vessels are expensive 
and rarely used in academia. Thus, we decided that other parameters would 
be investigated first, and that a temperature increase would be considered 
only as a last resort. 

By scrutinizing Table 5 (Section 3.1) it becomes evident that the reaction 
time is dependent on the amount of TfOH used, and that increasing the 
amount of arene from 4.1 to 10 eq. has small impact on the yield or rate of 
the reaction. The use of anhydrous reaction conditions (inert atmosphere, 
anhydrous solvent) was once again shown to have no beneficial effect on the 
outcome of the reaction. 

When salt 5ai was previously synthesized from I2 and tert-butylbenzene, 
it had proved to be difficult to precipitate from diethyl ether. It was believed 
that the aliphatic groups made the salt more lipophilic and slightly soluble in 
diethyl ether and in combination with remaining mCBA and TfOH in the 
mixture, caused the observed difficulties with precipitation. 

Thus, several work-up methods were tried, firstly the use of other ethers 
such as diisopropyl ether and tert-butyl-methyl ether, neither of which pro-
moted precipitation. Secondly, pentane and diethyl ether/pentane mixtures 
were tried, but also turned out to be ineffective. Adding the crude reaction 
mixture directly on a silica plug to separate the mCBA also failed to improve 
precipitation. Hence, we turned our focus to TfOH. Indeed, washing the 
crude reaction mixture with distilled water before concentrating it to dryness 
removed most of the acid from the solution, and it was found that salt 5ai 

then precipitated directly from diethyl ether without any difficulties. 
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Table 7 summarizes the scale-up reactions ranging from 0.21 mmol to 21 
mmol. Entry 1 shows a scale-up reaction between iodine and benzene not 
reported by us before. It is noteworthy as it can directly be compared to Ki-
tamura’s reported large scale procedure (Scheme 26, see also Section 3.2).[47] 

 

Scheme 26. Kitamura's one-pot synthesis from I2 and benzene. 

The optimized reaction between tert-butylbenzene (2g) and iodine on a 
0.2 mmol scale is shown in entry 2 (Table 7), which delivers the product in 
79% yield. This reaction was scaled up by a factor of 8 and isolated with a 
similar yield (entry 3). Entries 4-6 demonstrates further scale-up, up to a 
100-fold increase over entry 2, which to our delight gave yields in the same 
range as in the small scale reactions, even after lowering the amount of 
TfOH from 6 eq. to 5 eq. Entry 7 and 8 are the results obtained by the check-
ers, verifying that the procedure works and that the yield is within the range 
submitted by us. 

Table 7. Summary of the scale-up reactions.[a] 

Entry Arene TfOH 

(eq.) 
Scale 

(mmol)[b] 
Isolated 

(g) 
Yield 

(%) 

1 2a 6 11.6 4.5 90 

2 2g 6 0.212 0.090 79 

3 2g 6 1.75 0.77 81 

4 2g 6 13.6 6.2 84 

5 2g 5 20.8 8.8 78 

6 2g 5 18.1 8.2 83 

7[c] 2g 5 18.1 7.7 78 

8[c] 2g 5 9.10 3.9 79 
[a] 

mCPBA (3.1 eq.), Arene (4.1 eq.), CH2Cl2 (~ 1 mL/0.1 mmol I2). The product is 
isolated within 45 min. Isolated yields are reported after drying under vacuum for 14 
h. [b] Theoretical amount of product. [c] Reactions done by the checkers. 
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3.4 Conclusions 
A novel, direct synthesis of diaryliodonium triflates from iodine and 

arenes has been devised. The reaction times are often short and yields range 
from moderate to excellent. The utilization of molecular iodine and the use 
of both iodine atoms is seldom seen in the literature, which makes this pro-
tocol highly attractive, as it is atom efficient and also circumvents the need 
for expensive aryl iodides. We have shown that the reaction is easily scaled 
up without reduction in yield (Scheme 27). 

 

Scheme 27. Optimized conditions for the large scale reaction. The product is iso-
lated within 45 minutes at a 21 mmol scale. 

 The procedure was also controlled and verified by an external research 
group, further demonstrating the reliability and reproducibility of this me-
thodology. 
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Chapter 4 
 
Regiospecific Synthesis of Diaryliodonium 
Tetrafluoroborates 
(Paper IV) 

Limitations in synthetic protocols are common and usually arise from in-
compatibility between reagents and substrates. In some special cases, how-
ever, the reactivity pattern of the substrates can be a limitation. This was 
evident in our one-pot procedure from aryl iodides and arenes, as the synthe-
sis of symmetric salts with ortho- and meta-substituents is not possible. 

Searching the literature for procedures that circumvent the electrophilic 
aromatic substitution (EAS) rules, only a handful can be found. Surprisingly, 
all of them employed pre-formed iodine(III) reagents in reaction with si-
lanes,[40] stannanes,[41-42] boron reagents[43-44] or lithiated arenes[57-58] (Scheme 
28). 

 

Scheme 28. Regiospecific routes to diaryliodonium salts. 

To increase the range of readily accessible diaryliodonium salts and cir-
cumvent the need for preformed iodine(III) reagents, we thus envisioned a 
regiospecific one-pot reaction starting from iodoarenes and a suitably acti-
vated arene source. 
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4.1 Initial Experiments 
Due to their high reactivity and low toxicity compared to silanes and 

stannanes respectively, arylboronic acids were deemed as the most interest-
ing arene source to start our investigation with. We also decided to continue 
employing mCPBA and TfOH, as they were well established reagents in our 
previous work. 

When mixing mCPBA and phenylboronic acid (10a) an unwanted reac-
tion took place, resulting in a black tarry mixture. Fortunately, this could be 
avoided by adding the boronic acid as the last reagent, delivering 5a in 24% 
yield, with 5b as a minor by-product (Scheme 29). 

 

Scheme 29. Initial experiments with TfOH. 

After initial optimization attempts, the use of triflic acid was abandoned 
in this model reaction, as the yield remained stubbornly low. BF3·Et2O was 
deemed as an interesting alternative, as it could give rise to diaryliodonium 
salts with a tetrafluoroborate anion in situ.[91-92], [93] Such salts are highly at-
tractive and have been employed in several recent papers on Pd-catalyzed 
arylation reactions.[59, 63, 94] There is, however, no general and easy method to 
synthesize various diaryliodonium tetrafluoroborates.[43, 95-98] When iodoben-
zene and phenylboronic acid were reacted in the presence of mCPBA and 
BF3·Et2O at room temperature, diphenyliodonium tetrafluoroborate (11a) 
was indeed formed, albeit in 29% yield (Table 8, entry 1). 

4.2 Optimization 
As in the reactions with TfOH, an unwanted reaction between mCPBA 

and 10a was observed. Upon delaying the addition of the boronic acid i.e. 
when the pre-oxidation time was between 15-60 minutes, we observed a 
dramatic increase in the yield of 11a (Table 8, entries 2-4). Temperature 
variation did not improve the results, neither during the pre-oxidation step I 
(entries 5 and 6) nor in step II. Shortening the time in step II did not lower 
the yield significantly (entry 7).  
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Table 8. Optimization of the synthesis of 11a.[a] 

 
 

Entry BF3⋅⋅⋅⋅Et2O 

(eq.) 
Step I 
(min) 

T 

(°C) 
Step II 

(min) 
Yield 

(%)[b] 

1 2.0 0 rt 60 29 

2 2.0 15 rt 60 59 

3 2.0 30 rt 60 75 

4 2.0 60 rt 60 78 

5 2.0 30 0 60 47 

6 2.0 30 40 60 61 

7 2.0 30 rt 30 74 

8 2.5 30 rt 30 80 

9 2.5 30 rt 15 82 

10 3.0 30 rt 15 78 

11[c] 2.5 30 rt 15 83 
[a] Reaction conditions: 1a (0.27 mmol) and mCPBA (0.30 mmol) were dissolved in 
CH2Cl2 (1 mL), BF3⋅Et2O was added and the reaction was stirred at the indicated 
temperature for the time given in Step I. 10a (0.30 mmol) was subsequently added at 
0 ˚C, the mixture was then stirred at rt for the time given in Step II. [b] Isolated yield. 
[c] 1 g scale. 

The use of 2.5 eq. of BF3⋅Et2O resulted in a slightly higher yield (entry 8), 
and lowering the time in step II furnished 11a in only 45 min reaction time 
(entry 9). Increasing the amount of BF3⋅Et2O to 3.0 eq. resulted in similar 
yield (entry 10). The isolation of salt 11a was easily done by a fast elution of 
the crude reaction mixture through a silica plug, followed by precipitation 
from diethyl ether, which gave the salt in high yield and purity. Furthermore, 
the protocol was easily scaled up to 1 g without loss in yield or purification 
efficiency (entry 11). 
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4.3 Arylboronic Acid Scope 
To investigate the scope of this reaction, the optimized conditions were 

subsequently applied to other substrates. Iodobenzene was reacted with elec-
tron-deficient and electron-rich arylboronic acids 10 to give unsymmetrical 
salts 11b-p in high yields (Table 9). The halo-substituted arylboronic acids 
10b-f participated exceptionally in the reaction, yielding ortho-, meta- and 
para-substituted salts 11b-f (entries 2-6). Likewise, ortho- and meta-methyl-
substituted boronic acids 10g, h delivered salts 11g, h (entries 7 and 8). Ster-
ically hindered substrates such as 2,6-dimethylphenylboronic acid (10i) 
could also be employed (entry 9).  

The synthesis of electron-deficient diaryliodonium salts generally requires 
heating and prolonged reaction time. It was therefore satisfying that salts 
11j-m, obtained from electron-deficient boronic acids with various substitu-
tion patterns, could be isolated in good yields in only 45 minutes (entries 10-
13). Electron-rich substrates, such as para-methoxy- and 1-naphthylboronic 
acids (10o, p), delivered salts 11o, p in high yields when the reactions were 
performed at low temperature (entries 15 and 16). Unfortunately, meta-
methoxy-phenylboronic acid did not give the expected meta-substituted 
iodonium salt. A para-substituted salt was obtained instead, presumably via 
the electrophilic aromatic substitution pathway. 

Table 9. Synthesis of salts 11 from 1a and arylboronic acids 10.[a] 

 

 

Entry Ar-B(OH)2 

10 

Salt 11
[b]

 Yield 

(%)[c] 

1 
 

10a 

 
11a 82 

2 

 

10b 

 

11b 88 

3 
 

10c 

 
11c 58 

4 
B(OH)2Br

 
10d 

 
11d 75 
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5 
 

10e 

 
11e 78 

6 
 

10f 

 
11f 73 

7 

 

10g 

 

11g 80 

8 
 

10h 

 
11h 84 

9 

 

10i 

 

11i 81 

10 
 

10j 

 
11j 73 

11 
 

10k 

 

11k 69 

12 
 

10l 

 
11l 56 

13 
 

10m 

 
11m 65 

14 
 

10n 

 
11n 85 

15[d] 
 

10o 

 
11o 84 

16[d] 

 

10p 

 

11p 81 

[a] Reaction conditions: 1a (0.27 mmol) and mCPBA (0.30 mmol) were dissolved in 
CH2Cl2 (1 mL), BF3⋅Et2O was added and the reaction was stirred for 30 min at rt. 10 
(0.30 mmol) was subsequently added at 0 ˚C and stirred for 15 min. [b] Anion omit-
ted for clarity. [c] Isolated yield. [d]

 10 was added at –78 ˚C.  
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4.4 Aryl Iodide Scope 
Substituted symmetric salts are generally difficult to obtain, as the system 

either becomes too unreactive (electron-poor substrates) or too reactive 
(electron-rich substrates). Reported procedures are generally limited in scope 
and give moderate yields. Gratifyingly, our protocol delivered both electron-
poor and electron-rich salts, as depicted in Table 10. 

Halogenated iodoarenes 1m and 1b were smoothly oxidized and coupled 
with 10b and 10e, respectively, yielding symmetric salts 11q and r (entries 2 
and 3). Likewise, 2-iodotoluene (1d) and ortho-tolylboronic acid (10g) gave 
salt 11s (entry 4). Again, the deactivated substrates showed high reactivity, 
giving salts 11t-v within 1.5 hours at rt (entries 5-7). The low yield reported 
for compound 11v, is due to competitive Baeyer-Villiger oxidation. 

Table 10. Synthesis of symmetric salts 11 from aryl iodides 1 and arylboronic  
acids 10. 

 
 

Entry Ar-I 

1 

Ar-B(OH)2 

10 

Salt
[a]

 

(11) 

Yield 

(%)[b]
 

1 1a 10a 11a 82 

2 1m 10b 11q 85 

3 1b 10e 11r 66 

4 1d 10g 11s 74 

5[c] 1i 10j 11t 51 
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6[c] 
1h 10k 11u 56 

7[d] 1n 10m 11v 31 

8[e] 1l 10o 
11

w 
46 

9[e] 1o 10p I

2
11x 37 

[a] Anion omitted for clarity. [b] Isolated yield. [c] 60 min pre-oxidation time. [d] In 
acetonitrile. [e] Special conditions were required. 

Highly activated iodoarenes 1l and 1o also participated in the reactions 
with the corresponding arylboronic acids 10o and p, but even at –78 ˚C side 
reactions took place and moderate yields were obtained (entries 8 and 9). 
Although the yields in entries 5-9 are moderate, the synthesis retains its ap-
peal due to its simplicity, short reaction time, easy purification and large 
substrate scope. 

As previously stressed, our developed one-pot synthesis of triflate salts 
(Chapter 2 and 3) was unable to deliver symmetric ortho- and meta-salts due 
to mechanistic reasons. It was therefore of interest to investigate whether the 
boronic acid route could, in a short reaction time, deliver diaryliodonium 
triflates via an in situ anion exchange. This was attempted on tetrafluorobo-
rate salt 11q, which was synthesized as described above. TfOH was added to 
the reaction mixture and after 15 minutes of stirring at rt, the corresponding 
triflate salt 12 was obtained in high yield (Scheme 30). 

F

I

1m

1) mCPBA, BF3 Et2O

CH2Cl2, 30 min, rt

2) F

B(OH)2

F

I

F
BF4

10b

15 min, rt

TfOH
(1.1 eq.)

15 min, rt

F

I

FOTf

11q 12

75 %

 

Scheme 30. In situ anion exchange from tetrafluoroborate to triflate. 
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4.5 Conclusions 
We have demonstrated an efficient and fast novel one-pot synthesis of 

symmetric and unsymmetric diaryliodonium tetrafluoroborates from iodo-
arenes and arylboronic acids. Both electron-deficient and electron-rich salts 
can be synthesized in a regiospecific manner, and the substitution pattern can 
easily be varied. An in situ anion exchange with triflic acid also gives access 
to the corresponding diaryliodonium triflates, some of which were inaccessi-
ble with previous protocols. 
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Chapter 5 
 
Synthesis of Heteroaromatic Iodonium Salts 
(Appendix B) 

Numerous synthetic routes to diaryliodonium salts have been published 
since the discovery of the compounds more than a century ago. Few of these 
routes are however  applicable when at least one aryl group is a heterocycle. 
It is easy to envisage the importance of these compounds, as with the newly 
developed metal-mediated couplings, the use of heteroaromatic iodonium 
salts would indeed be interesting, as would their application in medicinal 
chemistry. 

Section 1.3.1 summarized two synthetic routes towards heteroaromatic 
iodonium salts, none of which is performed under acidic conditions. The 
Carroll group has recently published a route to (phenyl)(3-pyridyl)iodonium 
salt in their pursuit for efficient Positron Emission Tomography (PET) imag-
ining reagents.[99] This route however is a time consuming four step proce-
dure which includes the use of chlorine gas (Scheme 31).[100] They also point 
out in their paper that there is no one-step procedure to different (aryl)- 
(3-pyridyl)iodonium salts directly from 3-iodopyridine. 

 

Scheme 31. Caroll and co-workers approach to (aryl)(3-pyridyl)iodonium salts. 

In Chapter 2 we showed that the synthesis of heteroaryl containing  
iodonium salts indeed is possible under acidic and oxidative conditions, but 
no general route to these products was investigated. We thus decided to 
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study this reaction further by using different heteroaromatic substrates under 
the conditions developed previously (Scheme 32). 

 

Scheme 32. The first one-pot synthesis of pyridyl containing substrates under oxida-
tive and acidic conditions reported. 

5.1 Initial Experiments and Optimization 
Based on our previous results with the heteroaromatic substrates from 

Chapter 2, we decided that 3-iodopyridine would be a suitable model sub-
strate, as the substitution in the 3-position remains and the chlorine is re-
moved which we did not expect to differ in the outcome of the reaction too 
much from the original protocol. 

Reacting 3-iodopyridine under the conditions described in Scheme 32 
with benzene unfortunately resulted in a mixture of by-products. Protonated 
and oxidized starting material could be indentified together with some prod-
uct. Different addition orders were tried but all gave mixtures containing 
either protonated or oxidized starting material. 

After initial optimization (see Appendix B) we eventually found that if 
the nitrogen is protonated before the addition of mCPBA, the reaction pro-
ceeds smoothly with selective oxidation of the iodine. The product then 
forms in the typical EAS manner. Scheme 33 summarizes the optimum con-
ditions found for 3-iodopyridine. Next we decided to investigate the sub-
strate scope of this methodology.  

 

Scheme 33. The optimum conditions found for 3-iodopyridine. 

5.2 Substrate Scope and the Identity of the Products 
Initially we decided to synthesize products in which one of the arenes 

bore bulky substituents. In Section 1.3.3, it was stated that the least sterically 
hindered aryl group is selectively transferred in metal catalyzed reactions. 
However, in metal-free arylation reactions it is necessary to differentiate the 



 49 

arenes by varying the electronic properties of the substituents, as the most 
electron-deficient aryl group is transferred preferentially. Thus, we under-
took the synthesis of heteroaromatic iodonium salts that had a bulky- or an 
electron-rich aryl group in parallel to each other. 

Subjecting 1p and anisole to slightly modified conditions appeared to de-
liver the expected product. However, the yield was significantly higher than 
the theoretical maximum for 5an (Scheme 34). 

 

Scheme 34. Reaction that indicated something fishy. 

After repeating the reaction several times with similar results, it was con-
cluded that the product 5an may have been isolated as the pyridinium triflate 
(5an’). If this proved to be the case, then the yields reported for the products 
synthesized in parallel and presented in Table 11 (vide infra) might be 
wrong, including those previously prepared. 

The products from Chapter 2 were thus re-confirmed of their structure. 
5af could be compared to a sample of the same compound prepared via a 
basic route i.e. no protonation was possible, and it was found once again to 
have identical analytical data.[101] From the spectroscopic data, it was con-
cluded that neither salt 5af nor 5ag were protonated (Figure 10). 

 

 

Figure 10. Products previously synthesized were not protonated. 

 It had been observed that the 1H-NMR spectrum of 5an changes depend-
ing on the concentration of the solution. This concentration effect was not 
observed for compound 5af, which matched our theory that 5an was proto-
nated and the concentration therefore affected the pH of the solution in the 
NMR tube. In order to investigate this effect, two more 1H-NMR spectra of 
5an were recorded. The first of these was run with the addition of triethyla-
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mine to the sample in order to provide a non
second was run with the addition of TfOH giving a fully protonated refe
ence spectrum. With spectra for the two extremes of protonation in hand, it 
could be seen that the 1H-NMR data obtained 
ferent concentrations of 5an fitted between the two reference spectra, ind
cating different degrees of protonation

Figure 11. Various amounts of compound 

Another approach taken in order to verify the protonation was to synthe
ize compound 5ao, as integration of the peaks in the 
the product should provide a measure of the number of equivalents of triflate 
anion present. The 19F-NMR would be expected to show peaks with a 1:3 
ratio in the non-protonated case, versus a 1:6 ratio for the protonated product 
(Figure 12). 

 

sample in order to provide a non-protonated reference, and the 
second was run with the addition of TfOH giving a fully protonated refer-
ence spectrum. With spectra for the two extremes of protonation in hand, it 

data obtained from solutions containing dif-
fitted between the two reference spectra, indi-

ent degrees of protonation (Figure 11). 

 

ompound 5an in 0.5 ml of MeOD-d4. 

Another approach taken in order to verify the protonation was to synthes-
, as integration of the peaks in the 19F-NMR spectrum of 

the product should provide a measure of the number of equivalents of triflate 
NMR would be expected to show peaks with a 1:3 

protonated case, versus a 1:6 ratio for the protonated product 
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Figure 12. Experiment that showed us amount of fluorine present in the product. 

Indeed, it was found that the 19F-NMR integration gave a value of 1:5.5, 
indicating that 5ao’ is the true structure. 

This work was made as a last entry to this project and the compounds ta-
bulated in Table 11 summarize the experiments done before, thus their struc-
ture is not verified yet. This is the reason for the doubly tabulated yields, 
where column A gives the yield if non-protonated and B if the compound is 
protonated.  

 

Table 11. Synthesis of (aryl)(heteroaryl)iodonium triflates 5am-5ax from iodoa-
renes 1 and arenes 2. 

N

TfOH (4.0 eq)

DCM, 5 min, rt

mCPBA (1.5 eq)

N

H OTf

R R
Ar-H (1.1eq)
60 ºC, 30 min N

R

OTf
I I

Ar
I

N

R

OTf
I
Ar

5A 5B
H

TfO

or

 
 

Entry 

 

Iodoarene 
1 

Ar-H 
2 

Product 
5 

Yield
[a] 

(%) 

5A 5B 

1  
1p 

PhH 
2a  

5am 

93 69 

2 1p 

2j 
 

5ap 

97 74 
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3 1p 

 
2p 

 
5aq 

74 59 

4  
1k 

2j 
 

5ar 

61 47 

5 
 

1q 

2j 
 

5as 

99 77 

6 1q 2p 
 

5at 

(102) 82 

7 
 

1r 

2j 
 

5au 

93 71 

8 1r 2p 
 

5av 

79 62 

9  
1s 

2j 
 

5aw 

84 63 

10 1s 2p 
 

5ax 

(101) 79 

Mes = Mesityl, TRIP = 2,4,6-Triisopropylphenyl.[a] A: Yield if product is not proto-
nated on N. B: Yield if product is protonated on N.  

 
In the reaction between 3-iodopyridine with mesitylene (2j) or 1,3,5-

triisopropylbenzene (2p), salts 5ap and 5aq were obtained (Table 11, entries 
2 and 3). 2-iodo pyridine unfortunately did not react under these conditions, 
and protonated starting material was recovered. 4-Iodopyridine was not tried, 
as the same results were expected, based on the strongly electron-deficient 
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nature of these protonated species (see Appendix B). Pyridine 1k also 
reacted with 2j, delivering 5ar (entry 4). 3-iodoquinoline reacted with 2j and 
2p delivering 5as and 5at, respectively (entries 5 and 6). Pyrazoles 1r and 1s 
also furnished the corresponding MES- and TRIP-substituted products in 
good yields (entries 7-10). 

5.3 Future Work and Conclusions 
The degree of protonation of the products in Table 11 has not been identi-

fied completely and this remains to be done. It is interesting to note that 
products 5af and 5ag, which have a chlorine substituent ortho to the pyridyl 
nitrogen, are isolated as non-protonated products. A simple explanation 
might be that the chloride substituent withdraws electrons from the nitrogen 
making it less basic.  

A thorough investigation of the effect of both substituent type (EWG, 
EDG, sterics) and substitution pattern (o-, m-, p- to N) on different hetero 
iodoarenes would be interesting. Also, a workup where the products can be 
isolated in the non-protonated form needs to be developed. 
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Chapter 6 
 
α-Arylation of Enolates by Rearrangement  
(Paper V) 

α-Functionalized carbonyl compounds are of great interest as they are 
frequently used as intermediates for further transformations. A plethora of 
methods exists to prepare these compounds, depending on what kind of sub-
stituent is to be introduced. Alongside both classical enolate chemistry and 
cutting-edge organocatalysis, stands the field of hypervalent iodine chemis-
try, contributing many reagents capable of effecting e.g. oxygenation, halo-
genations, trifluoromethylation, alkenylation, alkylation and arylation.[21] 

6.1 α-Arylation of Carbonyl Compounds 
α-Arylation of carbonyl compounds is a great challenge in organic chem-

istry and it is only in the late 1990s that reliable methods employing metal 
catalysis have been developed.[102-105] As mentioned previously, hypervalent 
iodine reagents can be used for the arylation of carbonyl compounds, which 
was showed by Beringer and co-workers in 1960 (Scheme 35).[9] 

 

Scheme 35. The first reported α-arylation with diphenyliodonium chloride. 

The reported yields were low and diarylation was a problem, but the 
group continued to pursue this new application area of diaryliodonium 
salts.[106-109] They also observed that when unsymmetric diaryliodonium salts 
were used, the most electron deficient aryl group was transferred preferen-
tially. 
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A more recent metal-free example includes the excellent umpolung strat-
egy on Weinreb amides with Grignard reagents developed by the Somfai 
group (Scheme 36).[110-112] 

 

Scheme 36. α-Arylation of Weinreb amides developed by the Somfai group.  

Metal catalyzed α-arylation reactions were developed independently by 
the groups of Hartwig, Buchwald and Miura in 1997.[102-104] The methods are 
very similar and initially faced the same difficulties, but the challenges were 
overcome in different ways (i.e. the pKa span of carbonyl compounds and 
condensation by-product formation).[113] An example of the power within 
this methodology is the one-step synthesis of the tert-butyl ester of Naproxen 
shown in Scheme 37.[114-115] 

 

Scheme 37. One-step reaction to a Naproxen derivative developed independently by 
Buchwald and Hartwig. 

Enantioselective α-arylation of enolates is still an ongoing challenge. It is 
only recently that enantioselective metal-mediated arylations have been suc-
cessful, and even then, only for special substrates.[104] Likewise, only a lim-
ited number of metal-free enantioselective arylations have been reported. 
The Jørgensen group utilized chiral phase transfer catalysts (PTCs) to suc-
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cessfully α-arylate β-ketoesters.[116-117] The quaternary ammonium salt effi-
ciently blocks one face of the enolate which upon SNAr attack on the elec-
tron deficient fluroarene, yields enantiomerically enriched products (Scheme 
38). 

 

Scheme 38. The stereoselective α-arylation of a β-ketoester with a chiral PTC de-
veloped by the Jørgensen group. 

There is only one example in the literature where a chiral diaryliodonium 
salt has been utilized in α-arylations of carbonyl compounds. Ochiai and co-
workers beautifully demonstrated the α-phenylation of β-ketoesters with an 
diaryliodonium salt bearing a binaphthyl core (Scheme 39). 

 

Scheme 39. The only asymmetric α-phenylation with a chiral diaryliodonium salt 
reported. 

Another approach, mentioned already in Chapter 1.3.3, Scheme 16, is the 
use of a chiral base to desymmetrize the substrate before addition of the di-
aryliodonium salt. In this case the ee and dr were very high but the substrate 
scope is small.[118] 

Recently, new chiral diaryliodonium salts have been reported by the 
Olofsson group, however they have not yet been used in organic 
synthesis.[119] The Ishihara group reported a C2-symmetric iodoarene that 
was used catalytically in enantioselective α-spirolactonizations.[120] Fujita 
and co-workers have adopted a similar strategy for the oxylactonization of 2-
vinylbenzoic acids type compounds, giving the products in up to 97% ee.[121] 
It will be interesting to see if any of these novel compounds will be tested in 
α-arylations of carbonyl compounds after an conversion to the corresponding 
diaryliodonium salt. 
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6.1.1 Aim of the Project 

Evidently, α-arylation of carbonyl compounds is possible but chemists are 
still looking for a general method where any given carbonyl compound can 
be α-arylated. With easily accessible electrophilic diaryliodonium salts, we 
were eager to explore whether these reagents could be employed in new 
metal-free methods and extend it to enable asymmetric induction and thus 
enantioselective α-arylation.  

As the approach of having diaryliodonium salts with a chiral backbone, or 
the use of a chiral base had previously been investigated, two easier and 
alternative approaches were deemed interesting to investigate: one in which 
diaryliodonium salts having a chiral anion (e.g. (1S)-10-camphorsulfonate, 
(CSA-)), and a second where chiral Phase Transfer Catalysts (PTCs) are 
employed. In the former approach, it is hypothesized that the chiral counte-
rion directs the electrophile to a preferred face of the enolate; in the latter 
approach, the PTC blocks one face of the enolate so that arylation can only 
occur from the other face. These strategies would yield enantiomerically 
enriched products, as the final step of the reaction is generally believed to be 
a reductive elimination (red. elim.) and is expected to proceed with retention 
between the carbon attached to the iodine and one of its ligands (i.e. aryl 
group) (Scheme 40).[122][123] 

 

Scheme 40. Hypothesized reaction pathway in which enantiomerically enriched 
compounds can be obtained. 

6.2 Approaching α-Arylation– the Asymmetric Way 
As model substrates in our reactions the cyclic five- and six-membered β-

ketoesters (Figure 13) were chosen for ready comparison with other related 
approaches.[60, 108, 116-117, 124] 

 

Figure 13. β-keto esters to be used in our α-arylation study. 
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6.2.1 α-Arylation with Diaryliodonium Salts having a Chiral 
Counterion 

Preparation of Diaryliodonium Salts with a Chiral Counterion 

The literature contains many examples of chiral Koser type reagents that 
have been synthesized from either (diacetoxy)iodobenzene or Koser's re-
agent via an ligand exchange (Figure 14).[125-126] Also other hypervalent re-
agens having internal chiral anions / auxiliaries are known and are mainly of 
the benziodoxole or benziodazole types (Figure 14).[127-129]  

 

Figure 14. Chiral Koser type of reagents previously reported in the literature. 

On the other hand, reports of diaryliodonium salts bearing chiral anions 
are sparse, indeed, only one paper dating back to 1907 was found, in which 
the synthesis of diphenyliodonium tartrate was reported.[130] The basis of this 
claim was that the optical rotation value was greater in solution with the 
diphenyliodonium tartrate, than an equivalent amount of free tartaric acid in 
solution.[8] 

We decided to synthesize novel diaryliodonium salts bearing the anion 
from (1S)-10-camphorsulfonic acid (CSA). By replacing TfOH with CSA in 
the synthesis described in Chapter 2, we expected that diphenyliodonium 
(1S)-10-camphorsulfonate would be formed. However, no product was iso-
lated from this reaction, likely due to CSA being a much weaker acid.[131] 
Thus, these products were prepared by performing an anion exchange on the 
relevant diaryliodonium triflate using an aqueous solution of sodium (1S)-
10-camphorsulfonate. It was necessary to repeat the extraction procedure 
four times to obtain pure diaryliodonium (1S)-camphor-10-sulfonates 13a 

and 13b (Scheme 41) as determinated by 1H-NMR and 19F-NMR. 
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Scheme 41. Anion exchange from TfO- to CSA- on diaryliodonium salts 5a and 5ai. 

Arylation Results 

Initial arylation reactions with compound 13a were carried out in toluene 
using CsOH as the base, it was hoped that tight electrostatic interactions in 
this solvent would increase the chance of chiral induction by the anion 
(Table 12, entries 1 and 2). These reactions were isolated in moderate yield 
however, no ee was observed. This could be attributed in part to solubility 
problems with the diaryliodonium salts.  

Table 12. Conditions tested for β-ketoesters14 and 15 with salt 13a and 13b. 

O

OEt

O

n

1) Base, Solvent

2) 13a or 13b

O

OEt

O

n

Ar

n = 1: 14
n = 2: 15

n = 1, Ar = Ph: 14a

n = 2, Ar = Ph: 15a

n = 1, Ar = 4-tBu-Ph: 14b

n = 2, Ar = 4-tBu-Ph: 15b  

Entry β-ketoester Base Solvent Salt 13 ee Product 

1 14 CsOH Toluene 13a 0 14a 

2 15 CsOH Toluene 13a 0 15a 

3 14 NaOtBu THF 13b 0 14b 

4 15 NaOtBu THF 13b 0 15b 

 
It was therefore decided that the reactions would be run in THF, which 

gave rise to a homogeneous solution (entries 3 and 4). To our disappoint-
ment, the reactions proceeded with the complete absence of any chiral induc-
tion, providing only racemic product. 



 61 

6.2.2 α-Arylation Using a Phase Transfer Catalyst 

Choice of PTC 

In the introduction to this Chapter, Jørgensen’s successful asymmetric 
enolate arylation using PTCs was discussed.[116-117] The PTC (16) depicted in 
Figure 15 was shown to give the highest selectivity with respect to C vs. O-
arylation, as well as the highest yield and ee in their reactions, and thus it 
became the PTC of choice in our arylation reactions. Catalyst 16 was synthe-
sized according to the procedure reported in their first paper,[116] as the sub-
sequent paper[117] does not report the same analytical data.[132] 

 

Figure 15. PTC 16 that was used in our arylation reactions. 

Arylation Results 

We adopted similar conditions to those used by Jørgensen and co-
workers.[116-117] Thus, we were surprised when subjecting 14 to either CsOH 
or KOH with a catalytic amount of PTC (16) gave only racemic product 
(Table 13, entries 1-3). To suppress any possible background reaction, we 
added the PTC in stoichiometric amounts which unfortunately also returned 
racemic product (entries 4-6) in moderate yield. 
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Table 13. Conditions tested for β-ketoesters 14 and 15 with PTC 16. 

 

Entry β-

ketoester 

Salt 5 Base PTC 16 

(eq.) 
ee Product 

1 14 5a CsOH 0.2 0 14a 

2 14 5ai CsOH 0.2 0 14b 

3 14 5a KOH 0.2 0 14a 

4 14 5a KOH 1.0 0 14a 

5 15 5a KOH 1.0 0 15a 

6 15 5a CsOH 1.0 0 15a 

 
It was both unexpected and disappointing to find that even in the presence 

of stoichiometric amounts of PTC no ee was observed. 
These results, combined with the results from the arylation with chiral 

salts made us question the previous hypothesized reaction pathway. Thus, 
we decided to investigate the reaction mechanism further by means of a 
theoretical study, as the expected reductive elimination (i.e. [1,2] rearrange-
ment) did not seem to be concerted (Scheme 42). 

 

Scheme 42. The expected reductive elimination did not seem to be concerted as the 
product was racemic. 
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6.3 Mechanistic Considerations 
To apprehend the results one has to understand the underlying mechanis-

tic background. The reactions of diaryliodonium salts with nucleophiles 
takes place via an initial ligand exchange on iodine, either by an associative 
or a dissociative pathway (Scheme 43).[16] 

 

Scheme 43. Schematic presentation of two suggested ligand exchange pathways. 

The associative pathway involves association of a ligand Nu-, to the di-
aryl-λ3-iodane in the first step, followed by pseudorotations (e.g. Berry or 
turnside rotations)[133] and release of another ligand, L-, to reform the neutral 
diaryl-λ3-iodane. In contrast, the dissociative mechanism involves the forma-
tion of an ionic intermediate from the diaryl-λ3-iodane structure and the ex-
change of ligands (L- to Nu-). This is, as in the first step, in equilibrium with 
the T-shaped diaryl-λ3-iodane. 

From here the reaction takes on one or both of the following paths: A) 
Reductive elimination leading to the coupling products directly or B) Homo-
lytic cleavage leading to a pair of radicals before the recombination, forming 
the products (Scheme 44). 

 

Scheme 44. Two different pathways leading to product formation. 

It was discovered by Sandin and co-workers in the 1930s, that decompo-
sition of diaryliodonium salts occurs by formation of radicals.[134] However, 
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it was not until the work of Barton et al. in the 1980s that the reductive eli-
mination pathway was proven with the addition of radical traps, revealing 
that the radical mechanism is a competitive side reaction to the reductive 
elimination.[135] More recent studies have shown that the radical mechanism 
is unlikely to be operating in enolate arylation at all.[60, 136] 

Let us then consider our results again. We argued in Section 6.2 that the 
final step of the reaction is expected to be a [1,2] rearrangement and the 
chiral information thus must be transferred,[137] regardless of whether any 
pseudorotations takes place, as the reductive elimination is a concerted reac-
tion and proceeds with retention of configuration of the ligands. In α-
arylation of ketones with diaryliodonium salts, it is generally believed that 
the product forms via a “C-I” intermediate and as such, we never considered 
the optional “O-I” intermediate with the enolate oxygen acting as a ligand. 
Although it has previously been suggested that an “O-I” intermediate may be 
formed,[124, 138-140] such a compound had never been isolated until recently as 
shown by Quideau and co-workers in their mechanistic investigation on dea-
romatization of phenols (Figure 16).[141] 

 

Figure 16. Isolated intermediate by Quideau and co-workers. 

Thus we widened our mechanistic view to include the “O-I” intermediate 
as a possibility in our α-arylation reaction (Scheme 45). 

 

Scheme 45. The “C-I” [1,2] and the “O-I” [2,3] rearrangement routes. 

Suddenly the reaction profile becomes much more interesting. Interme-
diates C and D may initially form via the associative or the dissociative 
pathway from A and B. Thus, it becomes evident that it is only via the “C-I” 
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pathway and intermediate D that enantiomerically enriched compounds can 
be obtained in our project, as the “O-I” pathway and formation of interme-
diate C, would not retain any chiral information due to the rotation around 
the “C-O” bond. 

6.4 Calculations 
As the experimental results were disappointing yet intriguing, we decided 

to initiate collaboration with Prof. Per-Ola Norrby to perform calculations on 
the two different mechanisms. Thus, Prof. Norrby executed B3LYP calcula-
tions[142] on a model reaction of the smallest enolizable compound (i.e. ace-
taldehyde) with diphenyliodonium chloride (Ph2ICl), both in the gas phase 
and in THF. The chloride anion was chosen to ensure that any results indi-
cating a dissociative pathway would be general also for more weakly coordi-
nated anions, such as triflate or tetrafluoroborate.[16, 143] The obtained results 
from the calculations in THF are depicted in Figure 17. 

 

Figure 17. Energy levels (in kJ/mol) of possible intermediates and TS structures in 
the reaction of ethenolate with diphenyliodonium chloride in THF. Dotted lines 
indicate rapid association and/or dissociation equilibria. 
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Structures A and B are too close in energy to determine whether the initial 
ligand exchange follow a dissociative or an associative pathway, as we are 
comparing a neutral species with an ionic species. With less coordinating 
anions, e.g. TfO- or BF4

-, structure B is more likely to be an intermediate 
with the direct formation of C and D. If the reaction is operating via the as-
sociative mechanism, intermediates E and F would initially form but rapidly 
lose a ligand to the more stable complexes C and D. The energy barrier 
going from anionic intermediates E and F directly to the product G is very 
high and unlikely. Surprisingly, the TS to form product G from C or D is 
slightly lower for the [2,3] rearrangement (C → G) than for the [1,2] rear-
rangement (D → G). The most interesting finding is the low energy η3-TS 
between the isoenergetic intermediates C and D as any chiral induction ob-
tained in the first part of the mechanism will be lost in this fast equilibrium. 

Calculations were also performed on the competing [1,2] and [2,3] rear-
rangements for compound 14 (Figure 18), and once again the [2,3] rear-
rangement was favored, implying that the results shown in Figure 17 are 
valid for various types of enolizable compounds. 

I

O

RO

O

 

Figure 18. Favored [2,3] rearrangement TS in the arylation of compound 14 with 
diphenyliodonium chloride. 

Consequently, the calculations thus provide us with a degree of insight in-
to the lack of enantioselectivity observed in the experimental work. 

6.5 Conclusions 
It is not possible to determine whether the reaction initially follows the 

dissociative or the associative pathway. Regardless of this, we found a low 
lying η3-TS between two intermediates which will destroy any asymmetric 
induction obtained in the first step of the reaction. We have also found that 
there is a slight preference for the [2,3] rearrangement over the [1,2] rear-
rangement in the transition state to product formation (Scheme 46). The cal-
culations thus support the lack of selectivity observed in the experimental 
data.  
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Scheme 46. Summary of the possible reaction pathways, with a fast equilibrium 
between the intermediates leading to product formation via the [2,3] rearrangement. 

It may be possible to improve the asymmetric induction of enolates with 
diaryliodonium salts by influencing the neutral, prochiral intermediate C, if 
one of the arenes has a chiral backbone similar to the binaphthyl core shown 
in Scheme 39, or by increasing the energy barrier between intermediates C 
and D. It is possible to differentiate the enantiotopic faces irreversibly by 
using a chiral base for the enolate formation as shown in Scheme 16 (Chap-
ter 1.3.3), however, this approach have a rather small substrate scope. Ionic 
species such as the CSA- anion are not expected to influence neutral complex 
C, likewise with chiral Lewis bases (e.g. to form ionic compounds like E 
and F in Figure 17), as the following reductive elimination is expected to be 
too high in energy. 
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Concluding Remarks 

 
New efficient methodology for the synthesis of diaryliodonium salts has 

been developed. The methodologies have broad substrate scopes, delivering 
a range of electron-poor to electron-rich diaryliodonium salts in high yields 
and short reaction times. The need for preformed iodine(III) reagents is cir-
cumvented as aryl iodides or molecular iodine can be used directly. The 
reactions are successful on a multigram scale, are tolerant of air and moisture 
and can be conducted from readily available starting materials. It is hoped 
that such features will broaden the appeal of these reagents in synthesis by 
making them readily accessible. 

 
A new mechanism of α-arylation of enolizable carbonyl compounds by 

diaryliodonium salts has been presented and is supported by DFT calcula-
tions. The finding of a low energy η3-TS between two intermediates ex-
plained the lack of chiral induction in our experiments. 
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Appendix A 
 
Contribution to Papers I – V 

The following is a description of my contribution to publications I - V: 
 
 

I. Shared the synthetic work with Dr. Berit Olofsson. Contributed to 
the writing of the supporting information. 
 

II. I performed the major part of the synthetic work from aryl iodides 
and arenes. Dr. Mingzhao Zhu did most of the direct synthesis 
from arenes and iodine. I wrote parts of the supporting informa-
tion. 

 
III. I supervised the diploma worker David Aili, who made initial op-

timizations and experiments with different aryl boronic acids. I 
continued his work with further optimization and finished the 
project. I took part in writing the article and wrote the supporting 
information. 

 
IV. I performed the synthetic work and took part in writing the ar-

ticle. 
 

V. I designed parts of the project and performed initial experiments. 
Prof. Per-Ola Norrby performed the calculations and Dr. Tue B. 
Petersen finished the synthetic work. 

 
  



 72

 



 73 

Appendix B 
 
Experimental Part to Chapter 5 

Figure B 1 summarize heteroaromatic iodoarenes tried in the synthesis of 
(aryl)(hetroaryl)iodonium triflates but failed. 

 

Figure B 1.  Heteroaromatics that gave no or poor yield of the desired products with 
mesitylene or triisopropylbenzene. 

 
Table B 1 summarizes the optimization reactions between 3-iodopyridine 

and benzene. The yields are tabulated in columns A and B, where the yields 
in A are values before the findings that this compound was isolated in the 
protonated form.  

Initial experiments were based on the conditions from Scheme 32. We 
began the investigation by determining whether an excess of the oxidant 
improved the yield of the reaction (Table B 1, entries 1-3). As 1.5 eq. of 
mCPBA gave the best yield, we then increased the amount of TfOH to 4eq., 
which in turn increased the yield further (entry 4). It was found that the reac-
tion proceeds extremely rapidly, and that the product can be isolated in good 
yield after only 10 minutes (entry 5). Increasing the time to 30 minutes gave 
a significantly higher yield (entry 6). Unfortunately, lowering the reaction 
temperature to rt or 40 °C (entries 7 and 8) resulted in loss of reactivity as no 
product could be isolated, at temperature of 60 °C furnished the product in 
93% yield A (entry 9). 
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Table B 1. Summary of the optimization between 3-iodopyridine (1p) and benzene 
(2a). 

 
 

Entry mCPBA 

(eq.) 
TfOH 

(eq.) 
T 

(°C) 
Time 

(h) 
Yield (%)[a] 

A B 

1 1.1 3.0 80 3 78[b] 54 
2 2.0 3.0 80 3 76[b] 52 
3 1.5 3.0 80 3 84[b] 60 
4 1.5 4.0 80 3 92 68 
5 1.5 4.0 80 10 min 72 48 
6 1.5 4.0 80 0.5 84 60 
7 1.5 4.0 rt 0.5 -[c] - 
8 1.5 4.0 40 0.5 -[c] - 
9 1.5 4.0 60 0.5 93 69 

[a] 
A: Yield if product is not protonated on N. B: Yield if product is protonated on 

N. [b] NMR yields. [c] No product could be isolated. 

General Experimental Conditions for Products 5am – 5ax 

NMR spectra were recorded using MeOD-d4 as solvent. Chemical shifts 
are given in ppm relative to the residual peak for MeOD-d4 (

1H-NMR δ 3.31, 
13C-NMR 49.0) with multiplicity (s: singlet, d: doublet, t: triplet, q: quartet, 
m: multiplet, br: broad, app: apparent), integration and coupling constants 
(Hz). All reaction were carried out in sealed tubes to allow for reactions 
above the boiling point of CH2Cl2, and run without any precautions to avoid 
moisture or air, i.e. without inert gas or dried solvent. TfOH (≥ 99%) was 
stored under an argon atmosphere. Newly purchased mCPBA contains a 
variable quantity of H2O. Prior to use, mCPBA was dried in batches under 
vacuum for 1 h and the percentage of active oxygen determined by iodomet-
ric titration. The dried, titrated mCPBA was then stored at 4 °C for future 
use.[144] All other reagents were used as received (or synthesized according to 
the literature where stated) without further purification. 
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General Procedure for the Synthesis of Products 5am, 5ap– 5ax 

A typical example is shown between 1p and 2j yielding product 5ap: 
 
3-iodopyridine (50 mg, 0.24 mmol) was dissolved in CH2Cl2 (1 mL) and 

TfOH (4 eq.) was added. The mixture was stirred for 5 minutes before the 
addition of mCPBA (1.5 eq.) followed by the addition of mesitylene (2j, 1.1 
eq.). The reaction was stirred at 60 °C for 30 minutes before cooled down to 
room temperature and concentrated. Et2O was added (1 mL) to the vial, 
cooled to 0 °C and stirred for 30 minutes to give a precipitate. The precipi-
tate was washed with Et2O (3 x 1 mL) to give compound 5ap as a beige solid 
(A: 97%; B: 74%). 

 

Analytic Data for Compounds 5am, 5ap – 5ax 

Phenyl(3-pyridyl)iodonium triflate (5am) 

 

Synthesized from 1p and 2a in (A: 93%; B: 69%) yield as light grey 
solid; mp: 127-130 °C; 1

H-NMR (5 mg in 0.5 mL MeOD-d4, 400 MHz): 
δ 9.29 (d, J = 1.6, 1H), 8.86 (dd, J = 1.2, 4.8, 1H), 8.70 (ddd, J = 1.2, 2.0, 
8.4, 1H), 8.25 (app. d, J = 8.5, 2H), 7.73 (app. t, J = 7.6, 1H), 7.65 (ddd, J = 
0.8, 5.2, 8.4, 1H), 7.57 (app. t,J = 8.0,2H); 13

C-NMR (20 mg in 0.5 mL 
MeOD-d4, 100 MHz): δ 152.3, 151.1, 147.2, 136.9, 134.2, 133.5, 129.2, 
121.8 (q, J = 316), 116.3, 115.4; HRMS (ESI): m/z calcd for C11H9NI [M]+: 
281.9774; found: 281.9759. Note: Concentration effect found. 

Mesityl(3-pyridyl)iodonium triflate (5ap) 

 

Synthesized from 1p and 2j in (A: 97%; B: 74%) yield as a beige solid; 
mp: 153-155 °C; 1

H-NMR (5 mg in 0.5 mL MeOD-d4, 400 MHz): δ 9.07 
(dd, J = 0.8, 2.4, 1H), 8.84 (dd, J = 1.2, 4.8, 1H), 8.44 (ddd, J = 1.4, 2.4, 8.4, 
1H), 7.66 (ddd, J = 0.8, 4.8, 7.0, 1H), 7.28 (s, 2H), 2,68 (s, 6H), 2.38 (s, 3H); 
13

C-NMR (20 mg in 0.5 mL MeOD-d4, 100 MHz): δ 150.6, 150.0, 147.1, 
146.6, 143.8, 131.7, 129.7, 122.4, 121.7 (q, J = 317), 113.4, 27.1, 21.0; 
HRMS (ESI): m/z calcd for C14H15NI [M]+: 324.0244; found: 324.0252. 
Note: Concentration effect found. 
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2,4,6-Triisopropylphenyl(3-pyridyl)iodonium triflate (5al) 

 

Synthesized from 1p and 2p in (A: 74%; B: 59%) yield as a white solid; 
mp: 149-150 °C; 1

H-NMR (5 mg in 0.5 mL MeOD-d4, 400 MHz): δ 9.00 
(dd, J = 0.6, 2.3, 1H), 8.82 (dd, J = 1.3, 4.8, 1H), 8.34 (ddd, J = 1.3, 2.3, 8.3, 
1H), 7.64 (ddd, J = 0.8, 4.8, 8.4, 1H), 7.37 (s, 2H), 3.45-3.40 (m, 2H), 3.06-
2.99 (m, 1H), 1.31 (d, J = 6.8, 12H), 1.27 (d, J = 7.0, 6H); 13

C-NMR (20 mg 
in 0.5 mL MeOD-d4, 100 MHz): δ 157.6, 153.6, 151.0, 150.6, 145.9, 129.5, 
126.8, 123.3, 121.8 (q, J = 316), 114.1, 40.8, 35.4, 24.5, 24.0; HRMS (ESI): 
m/z calcd for C20H17NI [M]+: 408.1183; found: 408.1192. Note: Concentra-
tion effect found. 

Mesityl(6-Chloro-3-pyridyl)iodonium triflate (5ar) 

 

Synthesized from 1k and 2j in (A: 61%; B: 47%) yield as a brown solid; 
mp: 163-164 °C; 1

H-NMR (MeOD-d4, 400 MHz): δ 8.82 (dd, J = 0.7, 2.4, 
1H), 8.28 (dd, J = 2.4, 8.6, 1H), 7.58 (dd, J = 0.5, 8.5, 1H), 7.26 (s, 2H), 2,67 
(s, 6H), 2.36 (s, 3H); 13

C-NMR (MeOD-d4, 100 MHz): δ 155.9, 154.3, 146.3, 
145.4, 143.5, 131.5, 129.2, 122.4, 121.8 (q, J = 314), 111.4, 27.0, 21.0; 
HRMS (ESI): m/z calcd for C14H14ClNI [M]+: 357.9854; found: 357.9843. 

Mesityl(3-quinolyl)iodonium triflate (5as) 

 

Synthesized from 1q
[145] and 2j in (A: 99%; B: 77%) yield as a light 

brown solid; mp: 155-156 °C; 1H-NMR (MeOD-d4, 400 MHz): δ 9.45 (d, J = 
1.9, 1H), 9.41 (d, J = 2.1, 1H), 8.27-8.15 (m, 3H), 7.95-7.94 (m, 1H), 7.30 (s, 
2H), 2.77 (s, 6H), 2.38 (s, 3H); 13

C-NMR (MeOD-d4, 100 MHz): δ 150.2, 
149.5, 146.5, 144.2, 143.8, 136.7, 131.6, 131.5, 131.2, 130.5, 125.8, 122.8, 
121.7 (q, J = 316), 107.3, 27.2, 21.0; HRMS (ESI): m/z calcd for C18H17NI 
[M]+: 374.0400; found: 374.0399. 
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2,4,6-Triisopropylphenyl(3-quinolyl)iodonium triflate (5at) 

 

Synthesized from 1q
[145] and 2p in (A: >100% (102%); B: 82%) yield as a 

off-white solid; mp: 135-138 °C; 1
H NMR (MeOD-d4, 400 MHz): δ 9.34-

9.32 (m, 2H), 8.21-8.19 (m, 2H), 8.14-8.10 (m, 1H), 7.95-7.91 (m, 1H), 7.40 
(s, 2H), 3.61-3.54 (m, 2H), 3.07-3.00 (m, 1H), 1.36 (d, J = 6.7, 12H), 1.28 
(d, J = 7.0, 6H); 13

C NMR (MeOD-d4, 100 MHz): δ 157.6, 153.7, 150.4, 
148.1, 145.5, 136.2, 131.4, 131.0, 130.3, 127.1, 126.9, 123.9, 121.9 (q, J = 
316), 108.4, 40.9, 35.5, 24.7, 24.1; HRMS (ESI): m/z calcd for C24H29NI 
[M]+: 458.1339; found: 458.1314. 

3,5-Dimethyl-1H-pyrazol-4-yl(mesityl)iodonium triflate (5au) 

 

Synthesized from 1r and 2j in (A: 93%; B: 71%) yield as a slightly brown 
solid; mp: 156-158 °C; 1

H-NMR (MeOD-d4, 400 MHz): δ 7.20 (s, 2H), 2.64 
(s, 6H), 2.36 (s, 9H); 13

C-NMR (MeOD-d4, 100 MHz): δ 150.0, 145.4, 142.9, 
131.4, 121.3, 121.8 (q, J = 317), 81.8, 26.1, 20.8, 12.2; HRMS (ESI): m/z 
calcd for C14H18N2I [M]+: 341.0509; found: 341.0515. 

3,5-Dimethyl-1H-pyrazol-4-yl(2,4,6-triisopropylphenyl)iodonium triflate 

(5av) 

 

Synthesized from 1r and 2p in (A: 79%; B: 62%) yield as an off-white 
solid; mp: 139-140 °C; 1H-NMR (MeOD-d4, 400 MHz): δ 7.30 (s, 2H), 3.43-
3.36 (m, 2H), 3.05-2.98 (m, 1H), 2.37 (s, 6H), 1.29 (d, J = 6.8, 12H), 1.25 (d, 
J = 7.0, 6H); 13

C-NMR (MeOD-d4, 100 MHz): δ 156.5, 153.0, 149.7, 126.3, 
122.8, 121.8 (q, J = 317), 81.9, 40.5, 35.3, 24.4, 24.0, 12.3; HRMS (ESI): 
m/z calcd for C20H30N2I [M]+: 425.1448; found: 425.1451. 
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1H-Pyrazol-4-yl(mesityl)iodonium triflate (5aw) 

 

Synthesized from 1s
[146] and 2j in (A: 84%; B: 63%) yield as a brown sol-

id; mp: 172-173 °C; 1
H-NMR (MeOD-d4, 400 MHz): δ 8.23 (s, 2H), 7.18 (s, 

2H), 2.71 (d, 6H), 2.32 (s, 3H); 13
C-NMR (MeOD-d4, 100 MHz): δ 145.4, 

142.6, 140.3, 131.0, 124.2, 121.8 (q, J = 316),79.0, 27.0, 20.9; HRMS (ESI): 
m/z calcd for C12H14N2I [M]+: 313.0196; found: 313.0192. 

1H-Pyrazol-4-yl(2,4,6-triisopropylphenyl)iodonium triflate (5ax) 

 

Synthesized from 1s
[146] and 2p in (A: >100% (101%); B: 79%) yield as 

an off-white solid; mp: 170-174 °C; 1
H-NMR (MeOD-d4, 400 MHz): δ 8.17 

(s, 2H), 7.27 (s, 2H), 3.57-3.48 (m, 2H), 3.03-2.96 (m, 1H), 1.36 (d, J = 6.7, 
12H), 1.26 (d, J = 6.9, 6H); 13

C-NMR (MeOD-d4, 100 MHz): δ 156.5, 152.5, 
140.1, 125.9, 125.6, 121.8 (q, J = 317), 79.7, 40.4, 35.3, 24.4, 24.0; HRMS 
(ESI): m/z calcd for C18H26N2I [M]+: 397.1135; found: 397.1142. 
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Appendix C 
 
Limitations from Chapter 2 

Figure C 1 and Figure C 2 summarize different combinations tried in the 
synthesis of diaryliodonium triflates but failed. 

  

Figure C 1. Arenes that gave no or poor yield of the desired iodonium salts with 
iodobenzene. 

 

Figure C 2. Aryl iodide and arene combinations that gave no or poor yield of the 
desired diaryliodonium salts. 
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Appendix D 
 
Limitations from Chapter 3 

Figure D 1 summarizes all arenes that were too activated/deactivated or 
for some other reason gave very low or no yield in the direct synthesis with 
iodine. 

 

 

Figure D 1. Substrates that gave no or poor yield in reactions with iodine. 



 81 

Acknowledgements 

I would like to express my gratitude to the following people: 
 
Min handledare Docent Berit Olofsson. För all din kunskap, entusiasm, din 
starka vilja att genomföra saker, samt för att jag fick möjligheten att doktore-
ra i din grupp och vara med om att bygga upp ett nytt forskningsfält under de 
gångna fem åren. Det har varit fantastiska år och jag tackar för allt! 
 
Jan-Erling Bäckvall för visat intresse för mitt arbete. 
 
Prof. Luiz Silva Jr. for our collaboration and the nice exchange period in 
your laboratory at Universidade de São Paulo, São Paulo, Brazil. 
 
Prof. Per-Ola Norrby, Dr. Mingzhao Zhu, Dr. Tue Petersen, David Aili, 

Leticia Pardo and Ylva Wikmark for fruitful collaboration.  
 
All people that is still present or continued onwards from the BO-group: 
Nazli Jalalian, Joel Malmgren, Dr. Mingzhao Zhu, Dr. Eleanor Merritt, Dr. 

Tue Petersen, Dr. Marinus Bouma, Felix Klinke, David Aili, Jan Caspar, 

Ylva Wikmark, Eloísa Ishikawa, Dr. Vania Carneiro, Leticia Pardo and Re-

han Khan. 
 
Iris Tébéka, Joaquim Matheus, Eloísa Ishikawa, Rafael da Silva Soares, Dr. 

Vania Carneiro, Dr. Graziela Bianco, Dr. Marcus Craveiro, Dr. Ramon 

Vasconcelos, Dr. Fernanda de Siqueira, Andréa Faccio, Carlos Figueiredo, 

Katerine Lucheis, Heloisa Cuenca and Dr. Luiz Longo for making my stay 
in Brazil unforgettable. Obrigado!  
 
Dr. Eleanor Merritt, Dr. Tue Petersen, Dr. Clinton Ramstadius, Nazli Jala-

lian och Joel Malmgren för att ni tog er tid att korrekturläsa avhandlingen. 
 
Mina kära kamrater på kontoret: Annika Träff, Madeleine Warner, Nazli 

Jalalian och Elina Buitrago! 
 
Alla i HABO och JEB gruppen! 
 
Till alla tidigare disputerade från avdelningen! 



 82

Administrativa personalen för att ni får allt att fungera. Särskilt tack till Britt 

Eriksson och Kristina Romare för att ni alltid ställer upp! 
  
Dr. Jens Frigell, Dr. Fabrice Odille, Docent Kenneth Wärnmark för tiden i 
Lund. Tack för allt ni lärde mig under examensarbetet! 
 
Dr. Frigell, Dr. Ramstadius, Dr. Olsson, Dr. Landström, Dr. Ekström för 
trevliga utflykter. 
 
Dr. Kristina Lund och Dr. Ulrika Olsson för att ni fortfarande kallar mig för 
lammet! Underbart! 
 
Elin Säwen, Anna Laurell, Mikaela Gustafsson för alla trevliga lunchmöte! 
 
Till alla mina vänner som stöttat mig på distans (Skåne) och direkta närhet 
(Stockholm)! 
 
Mieczyslawa och Piotr mina underbara föräldrar! 
 
Pawel och Lukas mina underbara brorsor samt Sandra, Elly, Donna och Lea! 
 
Anna min finaste! Älskar dig! 
 
 
 
 
 



 83 

References 

[1] Following ACS Standard Abbreviations/Acronyms. The list can be 
found at the homepage for Organic Letters: Information for Authors: 
Guidelines for Authors. 

[2] C. Willgerodt, J. Prakt. Chem. 1886, 33, 154-160. 
[3] V. Meyer, W. Wachter, Ber. 1892, 25, 2632-2635. 
[4] C. Willgerodt, Ber. 1892, 25, 3494-3502. 
[5] C. Hartmann, V. Meyer, Ber. 1893, 26, 1727-1732. 
[6] C. Hartmann, V. Meyer, Ber. 1894, 27, 426-432. 
[7] C. Willgerodt, Die Organischen Verbindungen mit Mehrwertigen 

Jod, Enke, Stuttgart, 1914. 
[8] R. B. Sandin, Chem. Rev. 1943, 32, 249-276. 
[9] F. M. Beringer, P. S. Forgione, M. D. Yudis, Tetrahedron 1960, 8, 

49-63. 
[10] D. B. Dess, J. C. Martin, J. Org. Chem. 1983, 48, 4155-4156. 
[11] V. V. Zhdankin, J. Org. Chem. 2011, 76, 1185-1197. 
[12] V. V. Zhdankin ARKIVOC 2009, (i), 1-62. 
[13] V. V. Zhdankin, P. J. Stang, Chem. Rev. 2008, 108, 5299-5358. 
[14] M. Frigerio, M. Santagostino, Tetrahedron Lett. 1994, 35, 8019-

8022. 
[15] A. Duschek, S. F. Kirsch, Angew. Chem. Int. Ed. 2011, 50, 1524-

1552. 
[16] M. Ochiai, in Top. Curr. Chem., Vol. 224 (Ed.: T. Wirth), Springer, 

Berlin, 2003, pp. 5 - 68. 
[17] K. C. Nicolaou, P. S. Baran, Y. L. Zhong, K. Sugita, J. Am. Chem. 

Soc. 2002, 124, 2212-2220. 
[18] K. C. Nicolaou, K. Sugita, P. S. Baran, Y. L. Zhong, J. Am. Chem. 

Soc. 2002, 124, 2221-2232. 
[19] K. C. Nicolaou, P. S. Baran, Y. L. Zhong, S. Barluenga, K. W. Hunt, 

R. Kranich, J. A. Vega, J. Am. Chem. Soc. 2002, 124, 2233-2244. 
[20] K. C. Nicolaou, T. Montagnon, P. S. Baran, Y. L. Zhong, J. Am. 

Chem. Soc. 2002, 124, 2245-2258. 
[21] E. A. Merritt, B. Olofsson, Synthesis 2011, 517-538. 
[22] M. Ochiai, Y. Takeuchi, T. Katayama, T. Sueda, K. Miyamoto, J. 

Am. Chem. Soc. 2005, 127, 12244-12245. 
[23] Y. Yamamoto, H. Togo, Synlett 2006, 798-800. 
[24] R. D. Richardson, T. Wirth, Angew. Chem. Int. Ed. 2006, 45, 4402-

4404. 



 84

[25] I. Kieltsch, P. Eisenberger, A. Togni, Angew. Chem. Int. Ed. 2007, 
46, 754-757. 

[26] P. Eisenberger, S. Gischig, A. Togni, Chem. Eur. J. 2006, 12, 2579-
2586. 

[27] M. S. Wiehn, E. V. Vinogradova, A. Togni, J. Fluorine Chem. 2010, 
131, 951-957. 

[28] K. Stanek, R. Koller, A. Togni, J. Org. Chem. 2008, 73, 7678-7685. 
[29] P. Eisenberger, I. Kieltsch, N. Armanino, A. Togni, Chem. Commun. 

2008, 1575-1577. 
[30] R. Koller, K. Stanek, D. Stolz, R. Aardoom, K. Niedermann, A. 

Togni, Angew. Chem. Int. Ed. 2009, 48, 4332-4336. 
[31] K. Niedermann, N. Früh, E. Vinogradova, M. S. Wiehn, A. Moreno, 

A. Togni, Angew. Chem. Int. Ed. 2011, 50, 1059-1063. 
[32] A. E. Allen, D. W. C. MacMillan, J. Am. Chem. Soc. 2010, 132, 

4986-4987. 
[33] E. A. Merritt, B. Olofsson, Angew. Chem. Int. Ed. 2009, 48, 9052-

9070. 
[34] A. Varvoglis, in Top. Curr. Chem., Vol. 224 (Ed.: T. Wirth), 

Springer, Berlin, 2003, p. 84. 
[35] F. M. Beringer, R. A. Falk, M. Karniol, I. Lillien, G. Masulio, M. 

Mausner, E. Sommer, J. Am. Chem. Soc. 1959, 81, 342-351. 
[36] J. G. Sharefkin, H. Saltzman, Org. Synth. Coll. 1973, 5, 660-662. 
[37] H. Saltzman, J. G. Sharefkin, Org. Synth. Coll. 1973, 5, 658-659. 
[38] T. Kitamura, J. Matsuyuki, K. Nagata, R. Furuki, H. Taniguchi, 

Synthesis 1992, 945-946. 
[39] T. Kitamura, J. Matsuyuki, H. Taniguchi, Synthesis 1994, 147-148. 
[40] G. F. Koser, R. H. Wettach, C. S. Smith, J. Org. Chem. 1980, 45, 

1543-1544. 
[41] V. V. Zhdankin, M. C. Scheuller, P. J. Stang, Tetrahedron Lett. 

1993, 34, 6853-6856. 
[42] V. W. Pike, F. Butt, A. Shah, D. A. Widdowson, J. Chem. Soc., 

Perkin Trans. 1 1999, 245-248. 
[43] M. Ochiai, M. Toyonari, T. Nagaoka, D.-W. Chen, M. Kida, 

Tetrahedron Lett. 1997, 38, 6709-6712. 
[44] M. A. Carroll, V. W. Pike, D. A. Widdowson, Tetrahedron Lett. 

2000, 41, 5393-5396. 
[45] T. Dohi, M. Ito, K. Morimoto, Y. Minamitsuji, N. Takenaga, Y. 

Kita, Chem. Commun. 2007, 4152-4154. 
[46] M. D. Hossain, T. Kitamura, Tetrahedron 2006, 62, 6955-6960. 
[47] M. D. Hossain, Y. Ikegami, T. Kitamura, J. Org. Chem. 2006, 71, 

9903-9905. 
[48] P. Kazmierczak, L. Skulski, Synthesis 1995, 1027-1032. 
[49] N. S. Zefirov, T. M. Kasumov, A. S. Koz'min, V. D. Sorokin, P. J. 

Stang, V. V. Zhdankin, Synthesis 1993, 1209-1210. 



 85 

[50] P. J. Stang, V. V. Zhdankin, R. Tykwinski, N. S. Zefirov, 
Tetrahedron Lett. 1992, 33, 1419-1422. 

[51] P. J. Stang, R. Tykwinski, V. Zhdankin, J. Heterocycl. Chem. 1992, 
29, 815-818. 

[52] F. M. Beringer, R. A. Nathan, J. Org. Chem. 1969, 34, 685-689. 
[53] F. M. Beringer, R. A. Nathan, J. Org. Chem. 1970, 35, 2095-2096. 
[54] P. J. Stang, B. Olenyuk, K. Chn, Synthesis 1995, 937-938. 
[55] T. Kitamura, R. Furuki, H. Taniguchi, P. J. Stang, Tetrahedron Lett. 

1990, 31, 703-704. 
[56] T. Kitamura, R. Furuki, H. Taniguchi, P. J. Stang, Tetrahedron 

1992, 48, 7149-7156. 
[57] T. Kitamura, M. Kotani, Y. Fujiwara, Tetrahedron Lett. 1996, 37, 

3721-3722. 
[58] N. S. Pirguliyev, V. K. Brel, N. G. Akhmedov, N. S. Zefirov, 

Synthesis 2000, 81-83. 
[59] N. R. Deprez, M. S. Sanford, Inorg. Chem. 2007, 46, 1924-1935. 
[60] C. H. Oh, J. S. Kim, H. H. Jung, J. Org. Chem. 1999, 64, 1338-1340. 
[61] T. W. Lyons, M. S. Sanford, Chem. Rev. 2010, 110, 1147-1169. 
[62] D. C. Powers, T. Ritter, Nat. Chem. 2009, 1, 302-309. 
[63] N. R. Deprez, D. Kalyani, A. Krause, M. S. Sanford, J. Am. Chem. 

Soc. 2006, 128, 4972-4973. 
[64] R. J. Phipps, N. P. Grimster, M. J. Gaunt, J. Am. Chem. Soc. 2008, 

130, 8172-8174. 
[65] R. J. Phipps, M. J. Gaunt, Science 2009, 323, 1593-1597. 
[66] C.-L. Ciana, R. J. Phipps, J. R. Brandt, F.-M. Meyer, M. J. Gaunt, 

Angew. Chem. Int. Ed. 2011, 50, 458-462. 
[67] H. A. Duong, R. E. Gilligan, M. L. Cooke, R. J. Phipps, M. J. Gaunt, 

Angew. Chem. Int. Ed. 2011, 50, 463-466. 
[68] K. J. Szabó, J. Mol. Cat. A 2010, 324, 56-63. 
[69] V. K. Aggarwal, B. Olofsson, Angew. Chem. Int. Ed. 2005, 44, 

5516-5519. 
[70] P. Gao, P. S. Portoghese, J. Org. Chem. 1995, 60, 2276-2278. 
[71] J. H. Ryan, P. J. Stang, Tetrahedron Lett. 1997, 38, 5061-5064. 
[72] F. M. Beringer, W. J. Daniel, S. A. Galton, G. Rubin, J. Org. Chem. 

1966, 31, 4315-4318. 
[73] T. Iwama, V. B. Birman, S. A. Kozmin, V. H. Rawal, Org. Lett. 

1999, 1, 673-676. 
[74] S. A. Kozmin, V. H. Rawal, J. Am. Chem. Soc. 1998, 120, 13523-

13524. 
[75] B. M. Trost, R. Braslau, J. Org. Chem. 1988, 53, 532-537. 
[76] J. Pavlinac, M. Zupan, S. Stavber, Synthesis 2006, 2603-2607. 
[77] J. Pavlinac, M. Zupan, S. Stavber, Org. Biomol. Chem. 2007, 5, 699-

707. 
[78] T. Dohi, A. Maruyama, M. Yoshimura, K. Morimoto, H. Tohma, Y. 

Kita, Angew. Chem. Int. Ed. 2005, 44, 6193-6196. 



 86

[79] A. Shah, V. W. Pike, D. A. Widdowson, J. Chem. Soc., Perkin 

Trans. 1 1997, 2463-2465. 
[80] For the synthesis and use of 5af, see B. Olofsson and V. K. 

Aggarwal, Proc. 2nd Int. Conf. on Hypervalent Iodine, 2006, 47-50. 
The attempts to synthesize salt 5ag are unpublished. 

[81] M. Zhu, N. Jalalian, B. Olofsson, Synlett 2008, 592-596. 
[82] Y. Ogata, K. Aoki, J. Am. Chem. Soc. 1968, 90, 6187-6191. 
[83] M. D. Hossain, T. Kitamura, Tetrahedron Lett. 2006, 47, 7889-7891. 
[84] See section 2.2; at least 2 eq. of TfOH is needed to obtain 1 eq. of 

diphenyliodonium triflate. 
[85] Iodobenzene was detected in reactions with short reaction time, 

supporting the assumption that iodobenzene is an intermediate in the 
reaction. 

[86] These mixtures were tried: benzene + chlorobenzene; benzene + 
toluene or benzene + anisole. 

[87] http://www.orgsyn.org/ 
[88] H. J. Lucas, E. R. Kennedy, Org. Synth. Coll. 1955, 3, 355. 
[89] 9 Mar 2011, 249 references were found. Almost 2/3 refer to the use 

in patents. 
[90] Prices are calculated based on the current prices at 

http://www.sigmaaldrich.com/ (9 Mar 2011). 
[91] M. Ochiai, Y. Kitagawa, N. Takayama, Y. Takaoka, M. Shiro, J. 

Am. Chem. Soc. 1999, 121, 9233-9234. 
[92] R. Gronheid, G. Lodder, M. Ochiai, T. Sueda, T. Okuyama, J. Am. 

Chem. Soc. 2001, 123, 8760-8765. 
[93] For a discussion on the formation of BF4 anions from BF3, see: J. 

Blid; P. Brandt; P. Somfai, J. Org. Chem. 2004, 69, 3043-3049. 
[94] D. Kalyani, N. R. Deprez, L. V. Desai, M. S. Sanford, J. Am. Chem. 

Soc. 2005, 127, 7330-7331. 
[95] M. Ochiai, M. Toyonari, T. Sueda, Y. Kitagawa, Tetrahedron Lett. 

1996, 37, 8421-8424. 
[96] D.-W. Chen, M. Ochiai, J. Org. Chem. 1999, 64, 6804-6814. 
[97] T. M. Kasumov, V. K. Brel, A. S. Koz'min, N. S. Zefirov, Synthesis 

1995, 775-776. 
[98] M. Yoshida, K. Osafune, S. Hara, Synthesis 2007, 1542-1546. 
[99] L. Cai, S. Lu, V. W. Pike, Eur. J. Org. Chem. 2008, 2853-2873. 
[100] M. A. Carroll, J. Nairne, J. L. Woodcraft, J. Labelled Compd. 

Radiopharm. 2007, 50, 452-454. 
[101] Unfortunately we found that the melting point differed by about 

 40 °C. The salt synthesized via the basic route is believed to be 
contaminated by LiCl impurities from its synthesis. 

[102] F. Bellina, R. Rossi, Chem. Rev. 2009, 110, 1082-1146. 
[103] B. Schlummer, U. Scholz, in Modern Arylation Methods, Wiley-

VCH Verlag GmbH & Co. KGaA, 2009, pp. 69-120. 



 87 

[104] C. C. C. Johansson, T. J. Colacot, Angew. Chem. Int. Ed. 2010, 49, 
676-707. 

[105] A. C. B. Burtoloso, Synlett 2009, 320-327. 
[106] F. M. Beringer, S. A. Galton, S. J. Huang, J. Am. Chem. Soc. 1962, 

84, 2819-2823. 
[107] F. M. Beringer, P. S. Forgione, Tetrahedron 1963, 19, 739-748. 
[108] F. M. Beringer, P. S. Forgione, J. Org. Chem. 1963, 28, 714-717. 
[109] F. M. Beringer, W. J. Daniel, S. A. Galton, G. Rubin, J. Org. Chem. 

1966, 31, 4315-4318. 
[110] S. Hirner, O. Panknin, M. Edefuhr, P. Somfai, Angew. Chem. Int. 

Ed. 2008, 47, 1907-1909. 
[111] S. Hirner, D. K. Kirchner, P. Somfai, Eur. J. Org. Chem. 2008, 

2008, 5583-5589. 
[112] S. Hirner, P. Somfai, J. Org. Chem. 2009, 74, 7798-7803. 
[113] G. C. Lloyd-Jones, Angew. Chem. Int. Ed. 2002, 41, 953-956. 
[114] S. Lee, N. A. Beare, J. F. Hartwig, J. Am. Chem. Soc. 2001, 123, 

8410-8411. 
[115] W. A. Moradi, S. L. Buchwald, J. Am. Chem. Soc. 2001, 123, 7996-

8002. 
[116] M. Bella, S. Kobbelgaard, K. A. Jørgensen, J. Am. Chem. Soc. 2005, 

127, 3670-3671. 
[117] S. Kobbelgaard, M. Bella, K. A. Jørgensen, J. Org. Chem. 2006, 71, 

4980-4987. 
[118] Compounds not containing N(Boc)2 substituent gave much higher 

yields. 
[119] N. Jalalian, B. Olofsson, Tetrahedron 2010, 66, 5793-5800. 
[120] M. Uyanik, T. Yasui, K. Ishihara, Angew. Chem. Int. Ed. 2010, 49, 

2175-2177. 
[121] M. Fujita, Y. Yoshida, K. Miyata, A. Wakisaka, T. Sugimura, 

Angew. Chem. Int. Ed. 2010, 49, 7068-7071. 
[122] No stereochemical investigation has been performed on iodane 

compounds but its occurrence have cleary been demonstrated for 
hypervalent sulphur and phosphorus compounds. See the following 
reference. 

[123] S. Oae, Y. Uchida, Acc. Chem. Res. 1991, 24, 202-208. 
[124] M. Ochiai, T. Shu, T. Nagaoka, Y. Kitagawa, J. Org. Chem. 1997, 

62, 2130-2138. 
[125] D. G. Ray, III, G. F. Koser, J. Am. Chem. Soc. 1990, 112, 5672-

5673. 
[126] E. Hatzigrigoriou, A. Varvoglis, M. Bakola-Christianopoulou, J. 

Org. Chem. 1990, 55, 315-318. 
[127] J. P. Brand, D. F. Gonzalez, S. Nicolai, J. Waser, Chem. Commun. 

2011, 47, 102-115. 
[128] V. V. Zhdankin, A. Y. Koposov, L. Su, V. V. Boyarskikh, B. C. 

Netzel, V. G. Young, Jr., Org. Lett. 2003, 5, 1583-1586. 



 88

[129] U. H. Hirt, M. F. H. Schuster, A. N. French, O. G. Wiest, T. Wirth, 
Eur. J. Org. Chem. 2001, 2001, 1569-1579. 

[130] R. Pribram, Liebigs Ann. Chem. 1907, 351, 481-485. 
[131] pKa values: CSA: 1.2, TfOH: ~ -14. 
[132] The quasienantiomer was synthesized and it was confirmed that the 

data reported for compound 16 in the full paper is the data for the 
quasienantiomer. 

[133] J.-P. Finet, Ligand Coupling Reactions with Heteroaromatic 

Compounds, Vol. 18, Pergamon, Oxford, 1998. 
[134] R. B. Sandin, M. Kulka, R. McCready, J. Am. Chem. Soc. 1937, 59, 

2014-2015. 
[135] D. H. R. Barton, J.-P. Finet, C. Giannotti, F. Halley, J. Chem. Soc., 

Perkin Trans. 1 1987, 241-249. 
[136] M. Ochiai, Y. Kitagawa, M. Toyonari, ARKIVOC 2003, (vi), 43-48. 
[137] This would be valid for the associate pathway when the chiral salts 

and when the PTC is employed. In the dissociate pathway the use of 
PTC would transfer the chiral information whereas the chiral salt 
might not. 

[138] J. W. Greidanus, W. J. Rebel, R. B. Sandin, J. Am. Chem. Soc. 1962, 
84, 1504-1505. 

[139] P. E. Lee, R. H. Soderberg, J. Am. Chem. Soc. 1972, 94, 4132-4134. 
[140] K. Chen, G. F. Koser, J. Org. Chem. 1991, 56, 5764-5767. 
[141] A. Ozanne-Beaudenon, S. Quideau, Angew. Chem. Int. Ed. 2005, 44, 

7065-7069. 
[142] Free energies at the B3LYP/lacvp* level in Jaguar 7.5. 
[143] T. Okuyama, T. Takino, K. Sato, K. Oshima, S. Imamura, H. 

Yamataka, T. Asano, M. Ochiai, Bull. Chem. Soc. Jpn. 1998, 71, 
243-257. 

[144] A. I. Vogel, B. S. Furniss, A. J. Hannaford, V. Rogers, P. W. G. 
Smith, A. R. Tatchell, Longman, London, New York, 1978, p. 1280. 

[145] A. Klapars, S. L. Buchwald, J. Am. Chem. Soc. 2002, 124, 14844-
14845. 

[146] R. E. Sammelson, J. E. Casida, J. Org. Chem. 2003, 68, 8075-8079. 
 
 


