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Abstract 

This thesis consists of three different parts. The first part, Chapter 1, is a gen-
eral introduction and background to the chemistry discussed in the later chap-
ters. The recurring aim throughout all the chapters, and all the research cov-
ered in this thesis, is the development of milder and more atom-economical 
catalytic methods to synthesize important building blocks for synthetic chem-
istry, with an emphasis on the construction of carbon-halogen bonds. 
 
The second part consists of Chapters 2 and 3, and is based on the use of allylic 
alcohols as synthetic equivalents of ketones. Chapter 2 covers the tandem 
isomerization / bromination of allylic alcohols into a-bromoketones and alde-
hydes under very mild conditions. Furthermore, the regiochemical outcome of 
the reaction is completely controlled by the structure of the allylic alcohol. 
Chapter 3 thoroughly describes the isomerization of allylic alcohols into car-
bonyl compounds. This is the first reported general catalyst for the isomeriza-
tion of both primary and secondary allylic alcohols which do not require ad-
vanced P/N ligands, expensive additives and which operates at rapidly at am-
bient temperature.  The mechanism of this reaction is studied in depth. 
 
The third part consists of Chapters 4 and 5. Chapter 4 describes the ortho-
iodination of benzoic acids through directed C-H activation, and Chapter 5 
expands this method into amides. These processes give access to synthetically 
desirable 2-iodobenzoic acids and amides with various substitution patterns. 
The functional-group tolerance of this approach is studied, along with the tol-
erance of substituents on the aromatic ring itself. Remarkably, the process de-
scribed in Chapter 4 was found to be highly effective at mild temperatures, 
and to proceed without the use of any additives. The mechanism was studied 
experimentally, and also, through collaboration, by computational methods. 
After evaluating mechanistic aspects of the reaction (Chapter 4), the method 
was extended to use amides as directing groups.  
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Populärvetenskaplig sammanfattning  

Dagens samhälle har ett stort behov av biologiskt aktiva kemikalier som kan 
användes till exempel som läkemedel eller i jordbruket. Dessa konstrueras 
vanligtvis genom att sätta ihop flera små molekyler. För att uppnå detta behö-
ver dessa små molekyler ha så kallade reaktiva sajter, eller med andra ord, de 
behöver vara funktionaliserade med speciella atomer. Arbetet i denna doktors-
avhandling undersöker och utvecklar nya metoder för att skapa dessa funkt-
ionaliteter i molekyler, vilka kan användas för att konstruera dessa viktiga 
substanser och material som behövs i vårt samhälle. 

Metoderna som beskrivs i avhandlingen baseras på användandet av metal-
katalysatorer för att konstruera bindningar mellan kol och halogener. Haloge-
nerna som används är bromid- och jodidatomer. När en molekyl har en (eller 
flera) sådana bindningar, kan den i ett enkelt kemiskt steg omvandlas till andra 
ämnen. Antalet möjliga omvandlingar för sådana molekyler blir nästan obe-
gränsade. Därför är tillgången till denna typ av kemikalier viktig, med dem 
kan vi enkelt skapa kemiska bibliotek. 

Genom detta arbetet har hållbarhet varit prioriterat. Detta genom att an-
vända lösningsmedel som inte är mindre farliga för människor, stabila och 
strukturellt simpla, men effektiva, katalysatorer, samt genom att undvika an-
vändandet av onödiga kemiska tillsatser. 
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1 Introduction 

1.1 Catalysis 
Catalysis is the process in which a substance, the catalyst, increases the reac-
tion rate of a chemical reaction without being consumed itself. Generally, the 
catalyst allows one or several different transformations to take place by lower-
energy pathways that would not otherwise be accessible, leading to the same 
product as in the uncatalyzed reaction.2 The activation energy of the overall 
reaction is decreased, while the overall Gibbs energy remains the same.  

The catalyst can be either heterogeneous or homogenous. A heterogeneous 
catalyst is in a different phase from the reactants, for example a platinum-
metal sheet or palladium on charcoal. In these cases, the catalyst does not go 
into solution. 

A homogenous catalyst is in solution in the reaction mixture, in the same 
phase as the reactants. Many homogenous catalysts consist of a metal center 
and (organic) ligands. The nature of the ligands in such a metal catalyst will 
have a great influence on which reactions the metal complex can catalyze. The 
ligands mainly affect the metal center through their electronic properties 
(electron-donating and electron-withdrawing ligands), but also as a result of 
their bite angles.  

A catalyst will not necessarily be a metal complex, but could also be an 
organic compound (organocatalysts) or a proton. 

The research presented in this doctoral thesis will only deal with homoge-
neous metal complexes. 

1.2 Green chemistry 
The 12 principles of green chemistry were proposed in 1998.3 They aim to 
reduce the overall environmental impact of the chemical industry. Although 
they are 12 separate principles, the principles are closely related, and could be 
summarized into a few points. The principles target the production of chemi-
cal waste, through encouraging more efficient pathways, the use of catalysis, 
and avoiding unnecessary derivatizations. Furthermore, the concern for hu-
man health and safety is recurrent, and the use of safer and less toxic chemi-
cals is encouraged. Finally, environmental and economical concern is central 
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throughout the whole concept; for example, the principles encourage the use 
of a small amount of a catalyst rather than stoichiometric amounts of reagents. 

The development of new methods in chemistry requires thinking from a 
sustainable perspective. A newly developed procedure should be greener than 
what is already described. Although it may not be possible at this moment to 
develop the optimal sustainable reaction, taking small steps forward will, in 
the end, be what makes the chemical industry, academia, and the world overall 
a slightly better place. 

1.2.1 Atom economy 
One of the principles of green chemistry is atom economy. It was first intro-
duced by Barry Trost in 1991,4 and was postulated as “In the quest for selec-
tivity, a second feature of efficiency is frequently overlooked – how much of 
the reactants end up in the product”. 

It is very important to decrease the amount of waste formed in chemical 
transformations. The limitations in the amounts of raw materials available and 
the desire to limit the environmental impact of the chemical industry increase 
the demand for catalytic transformations as an alternative to stoichiometric 
processes.  

The concept of atom economy allows the efficiency of a reaction to be 
measured not in terms of % yield, but rather in terms of % atom economy. 
This is calculated as the molecular weight (MW) of the final product divided 
by the total MW of all the reactants. 

1.3 Allylic alcohols and the definition of their 
nomenclature used in this thesis 

The simplest allylic alcohol is allyl alcohol (2-propen-1-ol). Allylic alcohols 
can have different substitution patterns on the alcohol carbon and on the al-
kene. To simplify the nomenclature of the substitution, in this work, the no-
menclature of allylic alcohols that has been used classifies the alcohols as ei-
ther primary or secondary, i.e., with one or two carbon substituents, respec-
tively, on the alcohol carbon (Figure 1a). The carbons of the allylic alcohols 
are named C1, C2, and C3, where C1 is the alcohol carbon, and C2 and C3 
belong to the alkene. The substitution pattern of the alkene can range from 
unsubstituted, or terminal, to trisubstituted (Figure 1b). The use of a, b, and g 
is not used to avoid any confusion with the nomenclature of carbonyl com-
pounds; Ca of a carbonyl compound does not correspond to the same position 
as Ca of an allylic alcohol. 
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Figure 1: Nomenclature of allylic alcohols. a) Allyl alcohol, primary and secondary 
allylic alcohols; b) Alkene substitution patterns. 

1.4 Weinreb amides 
Weinreb amides, or N-methoxy-N-methylamides, first described in 1981, are 
carbonyl building blocks with a unique reactivity. These compounds were first 
synthesized to address the problem of overaddition in the synthesis of ketones 
from carboxylic acid derivatives using organolithium or Grignard reagents. 
The unique reactivity originates from the fact that the two oxygen atoms are 
both able to coordinate to the metal (Scheme 1).5 

 
Scheme 1: Weinreb amides react with a Grignard reagent to form a 5-membered 
chelate with the metal, which is stable until acidic workup. 

Weinreb amides can also be used to synthesize aldehydes through reaction 
with LiAlH4. This reactivity makes Weinreb amides a powerful class of build-
ing blocks, and they can be used when other carboxylic acid derivatives can-
not for certain transformations.5  
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1.5 Transfer-hydrogenation reactions 
A transfer-hydrogenation reaction is a transformation where a hydrogen atom 
is transferred from a donor (other than hydrogen gas) to an acceptor via a 
mediator. The intermolecular transfer of hydrogen atoms was originally de-
veloped during the early 20th century for the reduction of ketones to alcohols.6 
Aluminum isopropoxide was used as a mediator to transfer hydrogen from an 
alcohol solvent, commonly isopropanol, to a ketone substrate. Furthermore, 
the oxidation of alcohols to ketones could also be carried out using the same 
concept but using a hydrogen acceptor (i.e., acetone).7 These transformations 
are equilibria; the conversion of the reaction is dependent on the stoichiometry 
of the substrate and the donor or acceptor. However, in these early examples, 
a stoichiometric amount of aluminum isopropoxide as the mediator was nec-
essary. This method produced undesirable amounts of waste, and was eco-
nomically disadvantageous. Thus, modern protocols commonly use isopropa-
nol as a hydrogen donor, or acetone as a hydrogen acceptor, in the presence 
of a transition-metal catalyst8 as the mediator (Scheme 2). 
 

  
Scheme 2: General depiction of transition-metal-catalyzed transfer hydrogenation. 

In general in transition-metal-catalyzed processes, the alcohol is oxidized 
and a metal hydride is formed through a b-hydride elimination step. After 
substrate exchange on the metal center, the hydride is transferred to the elec-
trophilic carbon in the carbonyl compound through a migratory insertion. This 
process can also be intramolecular, i.e., a hydrogen atom is transferred from 
one functional group to another within the same molecule. An example of this 
is the isomerization of allylic alcohols (Section 1.6). In this reaction, the hy-
drogen is moved from the carbon bearing the hydroxy group (C1) to one of 
the carbons of the alkene moiety (C3). It is therefore a formal 1,3-hydrogen 
shift. The mechanisms of such processes will be discussed further in Section 
3.3. 
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1.6 Isomerization of allylic alcohols 
Isomerization reactions are, in essence, transformations that change the struc-
ture of a molecule, without changing its molecular formula. When such trans-
formations involve interconversion of functional groups, as in the isomeriza-
tion of allylic alcohols into carbonyl compounds, they are highly valuable in 
organic synthesis.9 The isomerization of allylic alcohols into carbonyl com-
pounds can be mediated by a transition-metal catalyst. In this process, the al-
cohol moiety is oxidized, and the alkene is reduced, and the use of stoichio-
metric and possibly toxic reagents is avoided (Scheme 3).  

 
Scheme 3: Sequential oxidation and reduction, and isomerization of allylic alcohols. 

Since the pioneering example by Trost and Kulawiec10 in 1993 using a ho-
mogeneous catalyst, the isomerization of allylic alcohols has become a pow-
erful method. The efficient isomerization of more complex structures has been 
facilitated by the development of different  reaction conditions, and the use of 
complexes of various metals,11 including ruthenium,12 rhodium,13 palladium,14 
and iridium.15 Importantly, a number of examples report the isomerization of 
allylic alcohols in water as the solvent,12a,d,13a,15d,16 which allows easier sepa-
ration of the catalyst from the reaction mixture, and decreases the use of or-
ganic solvents. Further aspects of this are discussed in Section 1.10. 

Although many examples have been reported, the scope of these reactions 
is commonly limited to substrates with few substituents, and the catalysts are 
selective for either primary or secondary allylic alcohols, with a recent excep-
tion.14b Another aspect to take into account is that several of the described 
catalysts are not selective for the allylic alcohol functional group, but they 
also isomerize isolated double bonds. Furthermore, current protocols suffer 
from the need for advanced ligands and expensive counterions, increasing the 
overall cost of the reaction. Thus, the development of a general and simple 
catalyst that would allow the isomerization of both primary and secondary 
allylic alcohols under very mild reaction conditions remains a challenge. 
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1.7 Electrophilic halogenation of alkenes, formation of 
a-bromocarbonyl compounds, and common 
brominating agents. 

The halogenation of alkenes can be carried out through electrophilic halogen-
ation, which relies on the formation of highly reactive halonium ions, such as 
bromonium and iodonium ions. When an elemental halogen such as bromine 
(Br2) is used, the product is a 1,2-disubstituted product formed via a cyclic 
bromonium intermediate. To selectively obtain monobrominated products, 
other sources of bromonium ions need to be used.17 Common reagents for the 
electrophilic bromination of alkenes include, apart from elemental bromine, 
N-bromosuccinimide (NBS), N-bromophthalimide, tetrabutylammonium tri-
bromide (TBAB-Br2), 2,2-dibromomeldrum’s acid, and 1,3-dibromo-5,5-di-
methylhydantoin (DBDMH), among others (Figure 2).18 

 
Figure 2: Common brominating agents yielding bromonium ions. 

 
a-Brominated carbonyl compounds are versatile building blocks in syn-

thetic organic chemistry due to their two adjacent electrophilic carbon atoms 
(i.e., C=O and C-Br). These compounds can undergo, for example, nucleo-
philic substitution reactions.19,20 Their synthesis can be carried out through 
basic or acidic enolization followed by bromination through the addition of, 
for example, elemental bromine (Scheme 4, a: left).21 However, both acidic 
and basic conditions suffer from poor chemo- and regioselectivity when there 
are two enolizable positions. In the functionalization of ketones with two 
enolizable carbons (a and a´) where the alkyl chains are electronically and 
sterically similar, the regioselectivity cannot be controlled (Scheme 4, b). 
When basic conditions are used, there are further drawbacks related to 
chemoselectivity. The incorporation of halogen atoms at the a-carbon in-
creases the acidity of the remaining a-protons (Scheme 4, a: right), which 
results in multiple halogenations on the same carbon (Scheme 4, c).22 In the 
case of methyl ketones this is known as the haloform reaction.22  
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Scheme 4: a-Bromination of ketones through electrophilic bromination. a) Left: 
Mechanism of the bromination; Right: Relative acidity of halogenated carbonyl com-
pounds. b) Possible products of bromination through the acidic pathway. c) Possible 
products of bromination through the basic pathway. 

These drawbacks in selectivity not only affect the yield of the desired prod-
uct, but they also make the separation of the different products very difficult, 
which can decrease the yield further and also substantially increase production 
costs. Obtaining the desired bromoketone in a selective manner would require 
the installation and removal of different groups to affect the electronic prop-
erties of the two enolizable positions. Thus, a direct route to obtain the desired 
product would allow the synthesis of numerous compounds that were previ-
ously inaccessible or difficult to synthesize. 

Allylic alcohols can be considered to be synthetic equivalents of carbonyl 
compounds.23-25 When allylic alcohols are isomerized into carbonyl com-
pounds, enolates are formed as catalytic intermediates, and these can be 
trapped by different electrophiles. This process yields the desired functional-
ized carbonyl compounds as single constitutional isomers (Figure 3). 

 
Figure 3: Allylic alcohol reactivity. Left: Distinctive difference in reactivity between 
positions. Right: Reactive position of the intermediate metal enolate. 
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As described above, a transition-metal-catalyzed isomerization of an allylic 
alcohol can form an enolate with control of the regiochemistry. This enolate 
could, in turn, react with a source of electrophilic bromine to form an a-bro-
moketone with the desired regioisomer as the only product. Thus, the use of 
allylic alcohols as carbonyl equivalents for a-bromination reactions would be 
an efficient way to overcome the problems with selectivity observed in tradi-
tional protocols (Chapter 2). 

1.8 Transition-metal-catalyzed C–H activation 
The activation of otherwise inert C(sp2)-H bonds through transition-metal ca-
talysis is an efficient and direct way to synthesize new C-C bonds with high 
atom economy. In 1993, Murai and coworkers26 presented a pioneering Ru 
catalyst that was able to form C-C bonds by inserting an olefin into the ortho 
C-H bond of different aromatic ketones, opening up a whole new field in 
catalysis (Scheme 5). 

 
Scheme 5: Pioneering carbonyl-directed C-H activation by Murai. 

Since then, this field has developed into a highly sophisticated area, utiliz-
ing numerous directing groups, catalysts, and reaction conditions. Due to the 
versatility of C-H-activation approaches, this is a very active field of research 
in both academia and industry.27 The abundance of C-H bonds in organic 
molecules makes the possibilities in this area almost endless, but together with 
that a great number of challenges must be overcome. Furthermore, the selec-
tivity is determined by directing groups as described in Section 1.8.1, and 
these groups are a source of both possibilities and difficulties. As part of the 
development of new and more sustainable chemical processes, as described 
in Section 1.2, the functional groups used as directing groups should be the 
same groups that occur in the target molecules, without modification. There-
fore, new methods need to be designed based on the use of many different 
functional groups as directing groups without the need for extra transfor-
mations and chemical modifications, in the presence of other functional 
groups.  
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1.8.1 Directing groups, catalysts, and conditions 
The process of C-H activation uses different directing groups to bring the 
catalyst into close proximity to the C-H bond to be activated (Figure 4). Ni-
trogen-based directing groups such as pyridines have been used in a wide 
range of reactions,27 including carbon-halogen-bond formations.28,29 Oxygen-
containing directing groups such as carbonyl groups, especially amides, have 
also been extensively explored in C-C-bond-forming reactions.30 They have 
also been thoroughly studied in halogenation reactions.31-33 Aromatic rings 
with weakly coordinating directing groups such as carboxylic acids have 
proved more difficult to activate due to their weaker interactions with the 
metal center. However these have, more recently, also been used in various 
transformations.34,35 

 
Figure 4: The use of directing groups aligns the catalyst towards the C-H bond. 

The use of C-H activation in organic synthesis is commonly referred to as 
a direct approach, since it does not involve any prior activation or function-
alization of the substrate. This may be contrasted with the use of traditionally 
activated substrates, for example halogenated compounds. Thus, C-H activa-
tion represents an atom-economical approach for the synthesis of various 
compounds, previously inaccessible or tedious. However, C-H activation 
generally has other demands on the reaction conditions. The selectivity needs 
to be tuned towards one specific C-H bond in a molecule containing several 
reactive positions, while leaving the others untouched. This should be 
achieved through the use of a directing group as well as an appropriate catalyst 
and ligands. Other requirements such as a high reaction temperature or addi-
tives decrease the atom economy and the functional-group tolerance of the 
process. Such additives commonly include, but are not limited to, various sil-
ver salts, bases, oxidants, and ligands. Furthermore, the use of solvents that 
are toxic and/or have high-boiling points, such as 1,2-dichloroethane, DMF, 
and toluene is common, and this makes the transformations less appealing. 
The addition of additives to the reaction mixture may also increase the com-
plexity of the mechanism by promoting the formation of larger clusters of 
coordination complexes, and thus lowering the energies of the different tran-
sition states.36 Silver salts may be used as additives for various reasons. Ag(I) 
salts are mild oxidants, they abstract halides to form active catalysts, and, as 
explained in a recent study,37 they may be responsible for the C-H activation. 
Overall, the use of additives tends to both increase the yield and the complex-
ity of the reaction. This makes mechanistic studies a difficult task. 
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1.8.2 Common mechanisms of metal-catalyzed aromatic C-H 
activation 

There are three mechanisms that describe the activation of aromatic car-
bon-hydrogen bonds. They are the oxidative addition,38 electrophilic aromatic 
substitution (SEAr),39 and concerted metalation deprotonation (CMD)40 mech-
anisms. The SEAr mechanism is, unlike the oxidative addition and CMD-type 
mechanisms, not a true C-H activation, as the C-H bond does not interact 
with the metal complex. However, a very recent paper41 indicated that there 
is not a solid border between the different mechanisms, and that the CMD-
mechanism can show electrophilic aromatic substitution-type behavior. 

The oxidative addition mechanism is initiated by oxidative addition of the 
C-H bond to a transition metal, and it involves a reductive elimination step 
resulting in formation of the new C-Y bond (Scheme 6, a). Overall, the mech-
anism involves oxidation of the metal followed by reduction back to its orig-
inal oxidation state. This means that electron-rich metal complexes are more 
prone to follow this pathway.  

 

 
 Scheme 6: Examples of mechanisms for C-H-activation processes: a) Oxidative ad-
dition pathway. b) SEAr pathway. c) CMD pathway.  

The SEAr mechanism starts with a nucleophilic attack of the aromatic ring 
on the metal center to give a Wheland-type intermediate. Upon deprotonation, 
the aromaticity is recovered. The metallacycle can then evolve by different 
pathways, resulting in the formation of a new C-Y bond (Scheme 6, b). This 
process can be redox neutral. 
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The CMD-type mechanism, sometimes referred to as the  s-bond metath-
esis mechanism, uses a ligand, commonly a carbonate or carboxylate, to ex-
tract the hydrogen as a proton through a six-membered cyclic transition state. 
This process is redox-neutral (Scheme 6, c). 

1.9 Robustness screening 
Investigating the functional-group tolerance of a method is very important. 
The ideal process is chemospecific, and the tolerance of other functionalities 
is complete. A good complement to a thorough investigation of a broad sub-
strate scope is a robustness screening, as described by Glorius.42 Investigating 
the substrate scope of a reaction takes time, but gives clear results as to what 
specific substrates can be tolerated. A robustness screening on the other hand, 
is fast, and gives a good idea about which functional groups are tolerated, 
which inhibit catalytic reactivity, and which give unwanted side-reactions 
with the starting material. 

The robustness screening is carried out by running the reaction under stand-
ard conditions, but with the addition of one equivalent of an additive contain-
ing a functional group. The screening is evaluated by observing the amounts 
of product formed, additive remaining, and starting material recovered. If the 
yield is comparable to that of the standard reaction, and the additive remains, 
the functionality is tolerated. The disadvantage of this type of screening is that 
it does not take into account the electronic effects of the additive, and how 
that could affect the reactivity of the substrate if it was directly attached.  

1.10 Water as the solvent 
The use of water as a solvent in synthesis has several advantages. The recov-
ery of organic compounds is easily carried out using a benign organic solvent, 
such as ethyl acetate. Furthermore, water is non-toxic, environmentally 
friendly, and cheap. Most importantly however, from a synthetic point of 
view, is the hydrophobic effect.43 This can drive the formation of larger struc-
tures (micelles) due to the lipophilicity of organic molecules, which in general 
increases the rate of organic reactions. On the other hand, water has a signifi-
cant drawback in that it is expensive to purify. The high boiling point of water 
makes purification by distillation a very energy-demanding process.  
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1.11 Fluorinated alcohols 
Fluorinated alcohols such as 1,1,1,3,3,3-hexafluoropropan-2-ol (HFIP or hex-
afluoroisopropanol) and 2,2,2-trifluoroethanol (TFE) have remarkably differ-
ent properties compared to their non-fluorinated analogues.44a-c For example, 
they are slightly acidic (pKa 9.3 and 12.4, respectively, in water), they are 
excellent hydrogen-bond donors, they are able to stabilize cationic species, 
and they are highly polar – HFIP is the more polar of the two, with a higher 
polarity than water. 

These alcoholic solvents have recently also been used in C-H-activation 
processes.45 Although they are commonly used in this field, the extent of their 
mechanistic roles is not fully understood. 

1.11.1 Health aspects of halogenated solvents 
Toxicity of chemicals can be of acute or chronic nature. Acute effects are for 
example, but not limited to, dizziness and corrosive reactions. These effects 
are mediated by short term exposure and relatively high concentrations of a 
substance are usually needed. Chronic effects, on the other hand, include long 
term effects, such as the induction of cancer. The risk of developing cancer 
from a chemical substance accumulates over time when a person is repeatedly 
exposed to the particular substance. The amount required to develop chronic 
effects are related to the time of exposure, but is in general substantially lower 
than for acute toxic effects.46 

Polyhalogenated compounds are known to be toxic and hazardous to the 
environment – PCBs are one of the best-known examples due to their inherent 
toxicity to sea-life,47 in combination with their long life in the environment,48 
and their (suspected) carcinogenicity.49 

1,2-Dichloroethane (1,2-DCE) is a common chlorinated solvent. However, 
it is both mutagenic and carcinogenic,50 and thus requires thorough precau-
tions to be taken when it is used on a larger scale, to minimize risks. In es-
sence, this means that this solvent should not be used when developing new 
methods, and that it will, in time, most probably be phased out, along with all 
other chlorinated solvents. 

The fluorinated alcohols TFE51 and HFIP52 on the other hand, have both 
been shown to be non-mutagens. Their main hazard though, is through their 
acidity: They are severely irritating to the skin, eyes and respiratory system. 
In addition, it should be noted that there are studies indicating that fluorinated 
solvents could be hazardous to the fertility.51 

The current regulatory view53 is that DNA reactive mutagens act without 
threshold, i.e. even very low doses might possess a carcinogenic potential. 
Therefore, the accepted daily exposure of a mutagenic carcinogen is in a range 
lower than that of most compounds with other toxic effects.54 While the skin 
irritative properties of the acidic fluorinated alcohols have a threshold dose 
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below which no irritation occurs,52 the potential induction of cancer by the 
chlorinated solvents may theoretically be caused by a single mutation, which 
could occur after a very low exposure. 

Due to the non-mutagenicity, fluorinated alcohols can thus be considered 
a, for the human health, less hazardous alternative to chlorinated solvents for 
long term occupational exposure. 

1.12 Cp*Ir(III) catalysts 
Iridium complexes are common and versatile catalysts for processes such as 
hydrogenation, transfer-hydrogenation, and isomerization reactions.55 Irid-
ium(III) half-sandwich complexes, especially the pentamethylcyclopentadi-
enyl (Cp*) iridium(III) chloride dimer, are considered some of the most robust 
Ir catalysts. As further described throughout this thesis, they have a high sta-
bility to air and water, and importantly they can be highly active at mild tem-
peratures. [Cp*IrCl2]2 is commercially available, and can be used in the syn-
thesis of several related analogues such as [Cp*IrBr2]2, [Cp*IrI2]2,56 
[Cp*Ir(H2O)3]SO4,57a and [(Cp*Ir)2(OH)3]OH•11H2O57b with very little ef-
fort. These catalysts can be stored for long times with no need for special pre-
cautions, such as a glove box or refrigeration. 

1.12.1 Catalysts used in this thesis 
The catalysts used throughout the chapters of this thesis are shown here in 
Figure 5. 

 
Figure 5: Iridium catalysts and their numbering used in this thesis 

1.13 Objectives of this thesis 
A major goal of this work has been to develop efficient and atom-economical 
catalytic methods for the synthesis of carbon-heteroatom bonds using 
[Cp*Ir(III)]-based catalysts. Ideally, the catalysts used should be commer-
cially available, or easily prepared from commercially available precursors. 
The use of expensive additives, ligands, and prepurified solvents should be 
avoided. The substrate scope of the reactions should be broad, and the func-
tional-group tolerance should be high. Furthermore, these simple catalytic 
systems should be stable to air and water, and the reactions should represent 
a greener alternative to what is already described in the literature based on the 
overall toxicity of the reagents and other requirements of the method, for ex-
ample reaction temperature.  

[Cp*IrCl2]2
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[Cp*Ir(H2O)3]SO4
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[(Cp*Ir)2(OH)3]OH•11H2O
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The second and equally important major goal of this work has been to carry 
out in-depth studies of the reaction mechanisms for all the processes reported. 
The study of reaction mechanisms is important for understanding how to 
avoid the formation of side-products, how to increase yields, and, for example, 
how to modify the catalyst to obtain better results or to develop a new reac-
tivity. 
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2 Iridium-Catalyzed Isomerization / 
Bromination of Allylic Alcohols: Synthesis 
of α-Bromocarbonyl Compounds (Paper I) 

2.1 Background 
Our group has previously developed protocols for tandem isomeriza-
tion/fluorination and isomerization/chlorination reactions of allylic alcohols, 
forming a-fluoro and a-chloroketones, respectively, catalyzed by Ir(III) com-
plexes.24,25 Allylic alcohols can be transformed into ketones or aldehydes in 
excellent yields through an isomerization reaction catalyzed by transition-
metal complexes.9 Catalytic intermediates (i.e., metal enolates) could be 
trapped by electrophiles such as Selectfluor® and N-chlorosuccinimide to 
form a-halocarbonyl compounds as single constitutional isomers (Scheme 7). 

 

 
Scheme 7: Tandem isomerization/fluorination and isomerization/chlorination of al-
lylic alcohols as previously reported by our group. 

a-Bromoketones are reactive compounds, they are unstable over time even 
in the freezer, and they share structural and chemical properties with the infa-
mous b-stoff and c-stoff.58 However, their use in chemical processes can nev-
ertheless be considered green. The reactivity of a-bromoketones has the po-
tential to greatly decrease the number of steps in a total synthesis, leading to 
the production of less waste. Furthermore, the high reactivity of these com-
pounds could possibly increase the yield, and thus the atom economy of a 
process. Thus, although these compounds may be considered to be unstable, 
reactive, and slightly unhealthy, their use can decrease the overall environ-
mental effects of a chemical process and make it considerably more sustaina-
ble. 
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2.2 Results and discussion 
The iridium complex, [Cp*IrCl2]2 (cat. I) used for these tandem transfor-
mations24,25 is very robust and tolerant to both an air atmosphere and water, 
and is able to catalyze the respective reactions very efficiently. We envisioned 
that a-bromocarbonyl compounds could be synthesized by a related protocol 
through a tandem isomerization/bromination reaction of allylic alcohols. 

We investigated this using 1-octen-3-ol (1a) with a common electrophilic 
brominating agent, N-bromosuccinimide (Figure 6, 2a), using cat. I in a mix-
ture of THF and water (1:1) (Table 1, entry 1). However, the only product that 
was observed was the undesired saturated non-halogenated ketone (5a). The 
use of TBAB-Br2 (Figure 6, 2b) as a brominating agent resulted in a mixture 
of unidentified products (Table 1, entry 2). Having failed to achieve the de-
sired result using these common brominating agents, we turned our attention 
to the less well-explored carbon-based brominating agents 5,5-dibromo-
meldrum’s acid and 2,2-dibromodimedone (2c, 2d, Figure 6). These less elec-
trophilic brominating agents proved to be efficient under these reaction con-
ditions, and the desired product (3a) was obtained as the major product (en-
tries 3 and 4). In both reactions, an unsaturated side-product (4a) was ob-
served, as well as the saturated ketone (5a). When 2c was used, full conversion 
of the allylic alcohol was observed. However, only 71% was converted into 
the brominated ketone 3a; the remainder was converted into the saturated ke-
tone 5a. The reactivity of 2d was lower; 56% of 1a was recovered after the 
reaction, and only 42% was converted into the brominated product 3a. How-
ever, the formation of side-products 4a and 5a was limited to trace amounts. 

 
Figure 6: Brominating agents tested. 2a: N-bromosuccinimide; 2b: Tetrabutylammo-
nium tribromide; 2c: 5,5-dibromomeldrum’s acid; 2d: 2,2-dibromodimedone.  

We continued our investigations by studying whether 2c could deliver one 
or two bromine atoms by using it in substoichiometric amounts. When 0.55 
equivalents of 2c was used, a yield of 70% was obtained (Table 1, entry 5). 
This indicates that both bromine atoms in the brominating agent are reactive, 
which increases the overall atom economy of the reaction. Different ratios 
between THF and water were investigated, and we found that a 2:1 mixture 
(THF/H2O) was the most efficient (entries 6-8). When the reaction mixture 
was less concentrated, full conversion was observed (entry 9). Unfortunately, 
the formation of the saturated side-product (5a) was observed in all reactions. 
Other solvent mixtures were investigated (entries 10-14) in an attempt to in-
crease the yield further, and we found that a mixture of acetone and water 
(2:1) gave a yield of 91% (entry 14). Despite our efforts, we were unable to 
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obtain the brominated ketone (3a) as a single product. This limits the applica-
bility of this method due to the difficulties in separating the products. As 2c 
is unstable at room temperature, probably due to its strong acidity, we sus-
pected that the formation of the saturated side-product could be due to a lack 
of remaining brominating agent while the reaction is ongoing. To overcome 
this, the number of equivalents of 2c could be increased, however, this would 
also affect the overall economy of the reaction. Therefore, we investigated 
brominating agents 2a, 2b, and 2d under these new conditions (acetone/H2O). 
While NBS (2a) and tetrabutylammonium tribromide (2b) did not give any of 
the desired product (entries 15 and 16), 2,2-dibromodimedone (2d) gave full 
conversion with an excellent (99%) yield of the a-bromoketone (3a) and 
traces (1%) of the a,b-unsaturated ketone (4a) (entry 17).  

2,2-Dibromodimedone (2d) is more stable than 2c, and can be stored for a 
long time at room temperature, whereas 2c needs to be stored in a freezer. 
Compound 2d was originally synthesized as a brominating agent for the bro-
mination of 1,3-dicarbonyl compounds in an enantioselective organocatalytic 
manner.59 
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Table 1: Optimization of the reaction conditions. 

 
Entry Solvent  

mixture 
2 (equiv.) Time 

(h) 
Conver-
sion (%) 

Yield (%) 
3a 4a 5a 

1 THF/H2O (1:1) 2a (1.1) 16 >99 0 0 >99 

2 THF/H2O (1:1) 2b (1.1) 16 >99 0 0 0 

3 THF/H2O (1:1) 2c (1.1) 16 >99 79 <1 21 

4 THF/H2O (1:1) 2d (1.1) 16 44 42 <1 1 

5 THF/H2O (1:1) 2c (0.55) 3 84 70 0 14 

6 THF/H2O (5:1) 2c (0.55) 3 38 36 0 2 

7 THF/H2O (1:5) 2c (0.55) 3 68 42 0 25 

8 THF/H2O (2:1) 2c (0.7) 3 93 86 0 7 

9 THF/H2O (2:1) 2c (0.7) 3 >99 90 0 9 

10 Et2O/H2O (2:1) 2c (0.7) 3 2 1 0 1 

11 2-MeTHF/H2O 
(2:1) 2c (0.7) 3 3 3 0 <1 

12 MeCN/H2O (2:1) 2c (0.7) 3 11 7 0 4 

13 EtOH/H2O (2:1) 2c (0.7) 3 >99 26 0 8 

14 Acetone/H2O (2:1) 2c (0.7) 3 >99 91 0 9 

15 Acetone/H2O (2:1) 2a (1.2) 3 >99 0 0 0 

16 Acetone/H2O (2:1) 2b (1.2 3 >99 0 0 0 

17 Acetone/H2O (2:1) 2d (1.2) 3 >99 99 1 0 

18 Acetone/H2O (2:1) 2d (0.6) 3 >99 53 1 46 

All reactions were run under an atmosphere of air. Conversion and yield were deter-
mined by 1H NMR spectroscopy using 1,2,4,5-tetrachloro-3-nitrobenzene as an inter-
nal standard. [1a] = 0.2 M (entries 1-8), 0.1 M (entries 9-17). 

The high selectivity observed when 2d was used can be explained by its 
low reactivity, which makes any background reaction very slow.59 Apart from 
being more bench stable, 2d is easily synthesized from cheap, commercially 
available starting materials on a large scale (Scheme 8). This makes it more 
attractive for use in large-scale reactions for industrial purposes. Importantly, 
2d is purified by a simple precipitation. 
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Scheme 8: Synthesis of 2,2-dibromodimedone (2d).60 

Although it contains two bromine atoms, 2d is only able to deliver one of 
them in the bromination reaction. An experiment with 0.6 equivalents of 2d 
did not result in full conversion into the brominated product, and only 53% of 
3a was observed. The remaining allylic alcohol was isomerized into the satu-
rated side-product 5a (Table 1, entry 18). The monobrominated by-product 
(6) from 2d can, however, be recovered after purification and be recycled 
through rebromination and reused without compromising its reactivity 
(Scheme 9; a). This makes it a brominating agent with a high atom economy, 
notwithstanding its high molecular weight.  

  
 Scheme 9: a) Recyclability of 2d. After purification, by-product 6 can be rebromin-
ated under standard conditions (as shown in Scheme 8), and then reused. b) Attempted 
formation of the brominating agent in situ using NBS and a catalytic amount of dim-
edone. No product formation was observed.  

In an attempt to increase the atom economy further, we investigated 
whether 2d could be formed in a catalytic fashion in situ. Unfortunately, these 
attempts failed, due to the incompatibility of the stronger brominating agent 
(NBS) and the allylic alcohol (Scheme 9; b). The results were similar to those 
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obtained when we attempted to use NBS as the brominating agent in a mixture 
of acetone and H2O (Table 1, entry 15). 

When the formation of the side-product was investigated further, we ob-
served that the Ir(III) catalyst promoted the formation of 5a very efficiently in 
the absence of the brominating agent. Thus, it is very important to add the 
brominating agent to the solution before the catalyst. 

To further optimize the reaction conditions and increase the overall yield, 
we decided to investigate two related catalysts: [Cp*Ir(H2O)3]SO4 (cat. II)57a 
and [(Cp*Ir)2(H2O)3]OH•11H2O (cat. III).57b The kinetic profiles of all three 
catalysts were measured by 1H NMR spectroscopy, using substrate 1f, which 
is slightly less reactive (Figure 7).  

 

  

 
Figure 7: Investigation of kinetic profiles of the different iridium complexes. 

Both the aqua- and hydroxo-complexes (cat. II and III, respectively) 
showed higher reactivity than the commercially available [Cp*IrCl2]2 (cat. I). 
With cat. III, full conversion was obtained within only 25 min. For this rea-
son, we chose to continue using cat. III for the investigation of the substrate 
scope.  
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The range of substrates and functionalities tolerated in this reaction is 

broad. Aliphatic allylic alcohols with no substituents on the alkene moiety 
gave excellent yield (Table 2, 3a-f). Very importantly, other C=C bonds are 
well tolerated, and are not brominated by 2d (3c-e, 3g-h). Aliphatic allylic 
alcohols with one substituent on the alkene moiety are also very well tolerated, 
however, when the alkene is conjugated to an aromatic ring, longer reaction 
times are generally needed (3i-o, 3r). Carbonyl functionalities are also com-
patible with this transformation (3m-n), and importantly, other enolizable car-
bons are not brominated under these conditions. Primary allylic alcohols are 
efficiently converted into a-bromoaldehydes (3p-r) in very high yields, 
providing a new synthetic pathway for this class of compounds. In terms of 
reactivity, allylic alcohols with terminal alkenes have the highest reaction rate 
(3a-h), as shown for substrate 3g, where total control of the selectivity in favor 
of the terminal alkene was achieved. 2-Substituted secondary allylic alcohols 
are also well tolerated, but show lower reaction rates than the monosubstituted 
derivatives. 3,3-Disubstituted and 2,3-disubstituted allylic alcohols (Section 
1.3) proved to be unreactive under these reaction conditions. Functional 
groups that are not tolerated under these conditions include amines and 1,3-
dicarbonyl compounds. Amines are good at coordinating to the metal and 
were thus not reactive, and 1,3-dicarbonyl compounds provided a mixture of 
polybrominated products. The utility of this protocol comes not only from its 
functional-group tolerance, but also from the complete control over which 
constitutional isomer is obtained (a vs a´). This is illustrated by substrates 3f 
and 3j, which are two regioisomers formally derived from the same ketone, 
yet which were synthesized separately as pure a-bromoketones. 
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Table 2. Substrate scope of the tandem isomerization/bromination reaction. 

 
All reactions carried out with 1.0 mmol allylic alcohol, at room temperature under 
an atmosphere of air. [1] = 0.1 M. [Ir] = [(Cp*Ir)2(OH)3]OH•11H2O. Yields reported 
as isolated yields, the 1H NMR yield based on comparison with 1,2,4,5-tetrachloro-
3-nitrobenzene as an internal standard is reported in parentheses. 

Mechanistic aspects of this reaction are further discussed under Section 
3.3. 
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To demonstrate the synthetic utility of this protocol, we used a-bro-
moketone 3f as the starting material to synthesize several other functionalized 
molecules (Scheme 10). Nucleophilic displacement of the bromide with po-
tassium iodide in acetone yielded a-iodoketone 7 in 85% yield. Treatment of 
3f with thiourea in ethanol yielded 2-aminothiazole 8 in quantitative yield. 
Furthermore, 3f was reduced to the corresponding bromohydrin (9) with very 
good diastereoselectivity by treatment with NaBH4. 

 

 
Scheme 10: Synthetic utility of a-bromoketones. Isolated yields. 

2.3 Conclusions 
We have developed a new method for the preparation of useful a-bro-
moketones and a-bromoaldehydes. Without the use of any additives, this sim-
ple yet highly efficient catalytic protocol tolerates a wide variety of functional 
groups and operates at room temperature. Two factors make this process 
highly selective: first, the fact that a very mild brominating agent is used, and 
second, the fact that the iridium catalyst is very selective for the allylic alcohol 
moiety. As a result, exclusive conversion into the desired a-bromocarbonyl 
compound is observed. This catalytic reaction is carried out in a mixture of 
acetone and H2O, and the brominating agent is benign, stable over time, and 
can be reused. 
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3 General, Simple, and Chemoselective 
Catalysts for the Isomerization of Allylic 
Alcohols: The Importance of the Halide 
Ligand (Paper II) 

3.1 Background 
As described in Section 1.6, interconversions of functional groups through 
isomerization, where the molecular formula remains unaffected, are very im-
portant transformations in organic synthesis, as it is possible to drastically 
change the reactivity of a molecule by very simple means. By this approach, 
allylic alcohols can be efficiently transformed into carbonyl compounds,25,61 
and as described in Chapter 2, allylic alcohols can therefore be used as alter-
native synthons for the synthesis of functionalized carbonyl deriva-
tives.24,25,62,63 Although several methods for this isomerization have been de-
veloped,10-16 a general method for the isomerization of both primary and sec-
ondary allylic alcohols under mild and sustainable reaction conditions was not 
available at the start of this work. It is important to understand the mechanism 
of the isomerization reaction, as obtaining high yields is a key factor in having 
a sustainable method. Furthermore, as shown in Chapter 2, trapping a reaction 
intermediate can provide new routes to important structures.  

3.2 Results and discussion 
Based on observations made during the development of the tandem isomeri-
zation/bromination reaction,62 we decided to investigate the isomerization of 
allylic alcohols into carbonyl compounds using Ir(III) catalysts. Established 
protocols for the 1,3-hydrogen shift of allylic alcohols to give carbonyl com-
pounds generally require, for example, high reaction temperatures, aromatic 
or chlorinated solvents, high catalyst loadings, or activators such as hydrogen 
gas. Furthermore, the fact that advanced ligands are commonly used further 
increases the synthetic effort required for such processes.  

Inspired by the simplicity of our previous protocol,62 we started to investi-
gate the isomerization of allylic alcohols using P-/N-ligandless Ir(III) cata-
lysts. We tested the isomerization reaction of allylic alcohol 10a under the 
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conditions used previously (acetone/H2O, 2:1, at room temperature), but in 
the absence of a brominating agent. Surprisingly, and in contrast with the re-
sults obtained in the previous chapter, in the case of cat. II and III, only un-
reacted allylic alcohol 10a was recovered (Table 3, entries 1 and 2). However, 
when cat. I was used, full conversion into the desired ketone 11a was observed 
(entry 3). When the isomerization reaction was further investigated in 
THF/H2O (1:2), the same trend was observed; cat. II and III proved to be 
inactive (entries 4 and 5), and cat. I gave ketone 11a in 85% yield (entry 6). 
Table 3: Screening of reaction conditions for the isomerization of allylic alcohols. 

 
Entry Catalyst Solvent mixture Time (h) Conversion (%) Yield (%) 

1 II Acetone/H2O (2:1) 16 0 0 
2 III Acetone/H2O (2:1) 16 0 0 
3 I Acetone/H2O (2:1) 0.5 >99 97 
4 II THF/H2O (1:2) 16 0 0 
5 III THF/H2O (1:2) 16 0 0 
6 I THF/H2O (1:2) 0.5 85 85 

[10a] = 0.1 M. All reactions were carried out under an atmosphere of air. Conversion 
and yield were determined by 1H NMR spectroscopy using 1,2,4,5-tetrachloro-3-ni-
trobenzene as an internal standard. 

The lack of reactivity observed for the aqua- and hydroxo-complexes (cat. II 
and III) was clearly opposite to the reactivity observed under bromination 
conditions, where the highest activity was observed with these catalysts. Our 
hypothesis was that in those cases, the active catalyst was formed in situ from 
the [Cp*Ir(III)] precursors and the brominating agent (2d). To investigate this, 
we subjected allylic alcohol 10a to isomerization using cat. II and III in the 
presence of 5 mol% of the brominating agent 2d. In both cases, the catalysts 
were active, and we observed conversion into the saturated ketone, and, as 
expected, traces of the brominated product (Scheme 11). 

 
 

OH O

10a 11a

[Ir(III)] (2.0 mol%)

Solvent mixt.
RT, Time

[Cp*IrCl2]2 = I

[Cp*Ir(H2O)3]SO4 = II

[(Cp*Ir)2(OH)3]OHx11H2O = III
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Scheme 11: Formation of the active catalyst in situ. Both the aqua (II) and hydroxo 
(III) complexes showed activity when treated with a catalytic amount of brominating 
agent 2d. 

To investigate the active catalyst in this transformation, we treated cat. III 
with an excess of the brominating agent 2d under the same reaction condi-
tions. The result was an orange solid (III+2d) that could not be characterized 
by 1H NMR spectroscopy due to the large excess of the brominating agent 
present in the mixture, and the absence of characteristic structural elements 
observable by this method. However, the presence of an iridium complex with 
the general structure [Cp*IrBr]+ was confirmed by HRMS. Notably, complex 
III was not detected, and neither was any other [Cp*Ir] species. To obtain 
further insight into the local environment around the Ir atom, the X-ray ab-
sorption near-edge structure (XANES) spectrum of the orange powder 
(III+2d) was recorded, and this was confirmed to be similar to that of 
[Cp*IrBr2]2 (cat. IV). The Fourier-transform X-ray absorption fine structure 
(EXAFS) spectrum of III+2d, like the reference spectrum of cat. IV, is dom-
inated by peaks at (after correction) R ≈ 2.13 and 2.55 Å. These peaks are 
associated with Ir-C/O and Ir-Br bond distances respectively, and naturally, 
the peak at 2.55 Å was not found for cat. III (Figure 8). From these experi-
ments it can be concluded that the active catalyst contains a bromide, and is 
formed from the reaction between complex II or III and 2d in situ.i During 
this study, similar results were published for a Cp*Ir(III) catalyst, used in 
transfer-hydrogenation reactions.64 This study showed in detail, using the 
same technique, that the active catalyst requires a halide (chloride) ligand to 
be active, and is deactivated by exchanging the halide with alkoxides. Their 
catalyst could be partially reactivated by treatment with HCl, and also again 
deactivated by further treatment with tBuOK. Our results in combination with 
these findings provide strong evidence for the involvement of a halide ligand 
in the active catalytic species. 
  

                                                   
i These experiments were carried out by Dr A. Bermejo-Gomez, Dr A. Platero, and Dr. F. Car-
son. 
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Figure 8: XANES (left) and FT-EXAFS (right) spectra of the complexes IV, III+2d, 
and III.  

We then went on to investigate the activity of the complex [Cp*IrBr2]2 (cat. 
IV), and it proved to be an efficient catalyst for the isomerization reaction 
(substrates 11a-d, k, n, p-q, s, v-w). For reasons of simplicity, however, we 
chose to use the commercially available catalyst (cat. I) for further investiga-
tions. 

A wide variety of secondary allylic alcohols was then investigated under 
these mild conditions at room temperature (Table 4). Substrates with a termi-
nal carbon-carbon double bond were isomerized in excellent yield (11a-g). 
Allylic alcohols with functional groups such as ketone and ester moieties were 
well tolerated (11d and 11g), and the β-keto ester (11g) formed from substrate 
10g did not decompose through a decarboxylative pathway. Other functional 
groups, such as ethers (11e) and remote alkenes (11f), also gave the corre-
sponding ketones. Importantly, homoallylic alcohol 10h was inactive in the 
reaction. This shows that the catalytic system is chemospecific towards the 
allylic alcohol moiety, and does not operate through a zipper-type mecha-
nism.14b Allylic alcohols on the benzylic position (R1 = Ar) were transformed 
with good yields (11i-11k). 3-Substituted allylic alcohols were also very well 
tolerated (11l-11u), although some needed heating at 60 oC to obtain satisfac-
tory conversion. 2-Substituted alcohols were efficiently converted (11q-s), 
and in terms of functional-group tolerance, aldehydes and electron-withdraw-
ing substituents such as nitriles were found to be tolerated (11n and 11s). 
However, when the substituent was an electron-withdrawing group, the reac-
tion mixture needed to be heated to 100 oC (11s). 2,3-Disubstituted allylic 
alcohols were efficiently isomerized at 60 oC (11t). Importantly, cyclic allylic 
alcohols can be isomerized. This means that it could be possible to isomerize 
important naturally occurring cyclic allylic alcohols into their corresponding 
ketones.  
  

! !
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Table 4: Isomerization of secondary allylic alcohols. 

 

 
Allylic alcohol [0.1M] in acetone/H2O (2:1) in a capped flask under air. Yields re-
ported are isolated yields, with yields by 1H NMR spectroscopy using 1,2,4,5-tetra-
chloro-3-nitrobenzene as an internal standard in parentheses. a) [Cp*IrBr2]2 (cat. 
IV) was used as the catalyst. b) With cat. I (0.5 mol%): >95% yield after 0.5 h. c) The 
reaction was carried out in iPrOH with cat. I (2.5 mol%), degassed and under an 
argon atmosphere at 100 oC. Heating with microwave irradiation. 

Importantly, and in contrast with previously described catalysts,65 this 
method is not specific to either secondary or primary substrates. Primary al-
lylic alcohols are efficiently transformed into aldehydes (Table 5) under these 
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90% (97%, 98%a)

11b, 10 min, (RT)
95% (98%, 99%a)

11c, 3 h, (RT)
92% (97%)b

11d, 16 h, (RT)
>99% (92%, >99%a)

11e, 3 h (RT)
88% (>99%)

11f, 3 h (RT)
90% (95%)

11g, 2 h (RT)
>99% (>99%)

11h, 0.5 h (RT)
<1%

11i, 2.5 h (RT)
(72%)

11j, 16 h (RT)
49% (55%)

11k, 22 h (RT)
67% (70%, 69%a)

11l, 2.5 h (RT)
84% (91%)

11a from 10m, 19 h (RT)
80% (94%)

11n, 16 h (60 oC)
90% (92%, 82%a)

11o, 16 h (RT)
67% (69%)

11p, 0.5 h (RT)
>98%a 11q, 16 h (60 oC)

88% (94%, 98%a)
11r, 16 h (60 oC)

91%

11s, 2.5 h (100 oC)
80% (92%)c

11t, 16 h (60 oC)
85% (93%)

11u, 16 h (60 oC)
60% (63%)

10 11
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conditions (11v-11ab), and furthermore, a Z-alkene could also be converted 
into the corresponding aldehyde (11aa). 
Table 5: Isomerization of primary allylic alcohols. 

 

 
Allylic alcohol [0.1M] in acetone/H2O (2:1) in a capped flask under air. Yields re-
ported are isolated yields, with yields by 1H NMR spectroscopy using 1,2,4,5-tetra-
chloro-3-nitrobenzene as an internal standard in parentheses. a) [Cp*IrBr2]2 (cat. 
IV) was used as the catalyst. b) From Z-10aa, heated to 60 oC. c) Degassed and under 
argon atmosphere. Heated to 60 oC. 

To further investigate the functional-group tolerance of this catalytic system, 
we chose to study the isomerization of two naturally occurring allylic alco-
hols, morphine (12) and codeine (15),66 two complex opiates containing not 
only a strained pentacyclic structure, but also functional groups such as amine, 
ether, and alcohol functionalities. We began our trialsii  on these substrates by 
subjecting them to the standard reaction conditions, but with heating to 50 oC. 
However, the solubility of the substrates was poor, and low yields and the 
formation of side-products were observed (Table 6, entries 1 and 2). When 
acetone was used as the sole solvent, the isomerization of morphine (12) re-
sulted in a 90% yield of the hydromorphone (13) (entry 3). Although a very 
high yield of the product was obtained under these conditions, an a,b-unsatu-
rated side-product was observed in 5% yield, and due to difficulties in sepa-
rating these two products, further optimization was necessary. We thought 
that using a combination of transfer-hydrogenation conditions, the a,b-un-
saturated side-product could be transformed into the starting material (allylic 
alcohol), to increase the overall yield and facilitating further purification. 
                                                   
ii These experiments were carried out by Dr. A. Vázquez-Romero at Cambrex Karlskoga. 
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We ran the reaction in a mixture of acetone and iPrOH (2:1), and under 
these conditions quantitative conversion into hydromorphone (13) (65%) and 
the saturated alcohol, hydromorphine (14) (35%) was observed (entry 4). The 
latter compound (14) is formed from hydromorphone 13 through a transfer-
hydrogenation reaction. When the amount of iPrOH was decreased, and a sol-
vent mixture of acetone/iPrOH (11:1) was used, hydromorphone (13) was ob-
tained in >99% yield using the related [Cp*IrI2]2 (cat. V) as the catalyst at 
very low loading (0.1 mol%) (entry 5). With codeine (15) as the substrate, the 
same reaction conditions were used using cat. I, and hydrocodone was ob-
tained in >99% yield (entry 6). When iPrOH was used as the sole solvent, 14 
and 17 could be obtained in quantitative yield at low catalyst loadings (entries 
7 and 8). To further probe the applicability of this method for industrial pur-
poses, codeine (15) was subjected to the isomerization reaction on a large 
scale (72 g), and the product was collected in 84% yield after a simple purifi-
cation by filtration (entry 9).  
Table 6. Isomerization of natural products morphine and codeine. 

 
En-
try 

Sub-
strate Solvent mixture Cat. 

(mol%) 
Temp 
(oC) 

Time 
(h) 

Prod-
uct 

Yield 
(%) 

1 12 Acetone/H2O (2:1) I (1) 50 16 13 28a 
2 12 Acetone/H2O (2:1) I (1) 50 16 13 33 
3 12 Acetone I (1) 60 16 13 90b 

4 12 Acetone/iPrOH 
(2:1) I (1) 60 16 13 + 

14 65+35 

5 12 Acetone/iPrOH  
(11:1) V (0.1) 60 2 13 >99c,d 

6 15 Acetone/ iPrOH  
(11:1) I (0.05) 60 2 16 >99e 

7 12 iPrOH I (2) 60 2 14 >99 
8 15 iPrOH I (1.5) 60 2 17 >99 

9 15f Acetone/ iPrOH  
(11:1) I(0.05) 60 16 16 84 

12 or 15 (0.3 mmol) in the solvent mixture (0.27 M) or in iPrOH (0.07 M). Isolated 
yields. a) Other unidentified side products were observed. b) With 5% of the corre-
sponding a,b-unsaturated ketone. c) The isomerization of 12 could also be carried 
out on a 174 or 500 mg scale with the same yield. d) Determined by 1H NMR spec-
troscopy using 1,2,4,5-tetrachloro-3-nitrobenzene as an internal standard. e) The 
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isomerization of 15 could be carried out on a 174 or 1000 mg scale without a decrease 
in the yield. f) 72 g of 15 (240.5 mmol) was used. 

3.3 Mechanistic investigations 
There are several possible mechanisms for the isomerization of allylic alco-
hols.10,12d,67 The reaction can proceed by a metal-hydride mechanism, a p-allyl 
mechanism,68 or a mechanism involving an enone intermediate. Secondary 
alcohols commonly undergo isomerization by the enone mechanism, 4,10,12d,67 
and primary alcohols generally isomerize by the metal-hydride pathway,14b,15a-

c,f although this is also highly dependent on the reaction conditions. Some ex-
ceptions to this occur in which primary alcohols isomerize by the enone mech-
anism,13b,69 and secondary alcohols isomerize by the metal-hydride mecha-
nism,14b. We carried out a mechanistic investigation to elucidate which mech-
anism this reaction follows. 

 
We synthesized four allylic alcohols isotopically labeled with deuterium: 

secondary alcohols 10l-d1 and 10p-d1, and primary alcohols 10x-d1 and 10z-
d2 (Figure 9). 

 
Figure 9: Deuterated allylic alcohols. 

Subjecting these labeled alcohols to the isomerization reaction under stand-
ard conditions gave deuterium transfer exclusively to the b position of the 
carbonyl products (i.e. to C3) for substrates 10l-d1, and 10z-d2. In the case of 
10p-d1, deuterium was found in both the a and the b positions of the carbonyl 
products (i.e. C3 and C2, respectively), indicating that a different mechanistic 
pathway might be operating (Scheme 12). 
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Scheme 12: Mechanistic studies indicating 1,3- and 1,2-deuterium shifts in three sep-
arate experiments. 

 To elucidate whether the in-situ-formed metal-hydride species reacted in-
ter- or intramolecularly with a reaction intermediate or with the alcohol sub-
strate, we carried out deuterium-labeled crossover experiments between deu-
terated and non-deuterated substrates. First, we investigated the crossover re-
activity between allylic alcohols 10p-d1 and 10l. Here, we did not observe any 
scrambling of the deuterium content (Scheme 13, entry a). We then carried 
out the opposite reaction between alcohols 10p and 10l-d1, and also here, no 
scrambling of the deuterium content was observed (Scheme 13, entry b). Pri-
mary allylic alcohols were also investigated in a crossover experiment, using 
allylic alcohols 10z-d2 and 10w. Neither did these alcohols show any scram-
bling of the deuterium content (Scheme 13, entry c). The results from these 
crossover experiments suggest that the 1,3-hydrogen shift is intramolecular 
and thus, that the metal-hydride mechanism (Scheme 14, mechanism A) is not 
active under these conditions. Mechanism A is necessarily an intermolecular 
mechanism, which would result in scrambling of the deuterium content. This 
conclusion is further supported as homoallylic alcohol 10h is unreactive under 
these conditions, while catalysts that operate through the metal-hydride path-
way are reported to carry out a zipper-type reactions of homoallylic alcohols, 
bishomoallylic alcohols, and alcohols with remote alkenes.14b  
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Scheme 13: Deuterium-labeled crossover experiments. 

To further probe the mechanistic aspects of this reaction, the kinetic isotope 
effect (KIE) was measured for both primary and secondary allylic alcohols. 
The KIE was measured for alcohols 10l-d1, 10p-d1, and 10x-d1. In a parallel 
experiment, the KIE of 3-substituted allylic alcohol 10l was determined to be 
1.2. When aliphatic 3-substituted allylic alcohol 10p was investigated in the 
same way, it was determined that the KIE was 1.0. 

For primary allylic alcohol 10x, the KIE was determined to be 1.27 by 
measuring the yield of 11x-d1 against 11x-d1' (Table 7) in a competitive reac-
tion. 
Table 7: Kinetic isotope effect for primary allylic alcohols.  

 

 
Time (min) Yield 

11-d1 (%)a 
Yield 

11-d1’ (%)a KIE 

0  0.0 0.0 - 
5  3.7 2.9 1.29 

10  7.4 5.7 1.29 
15  9.9 8.0 1.24 
20  12.0 9.7 1.24 

a) Yield measured by 1H NMR spectroscopy. 

A kinetic isotope effect of 1.0-1.3 indicates that no step involving the hy-
dride, i.e., cleavage of the C-H bond or insertion of the hydride into the alkene 
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moiety, is the rate-limiting step, or any step before it. Moreover, the low ki-
netic isotope effect observed under these reaction conditions provides evi-
dence against the p-allyl mechanism (Scheme 14, mechanism C), as this path-
way has a rate-limiting step involving the hydride.68 Furthermore, the incor-
poration of deuterium at Ca of the aliphatic substrate indicates that a different 
mechanism is operating here. Finally, as no external oxidant is present, an 
oxidation from Ir(III) to Ir(V), which would be the result of the oxidative ad-
dition step, is unlikely. Overall, the evidence points away from mechanism C. 
The enone mechanism (Scheme 14, mechanism B), however, matches well 
with the experimental data. This mechanism can operate with intramolecular 
hydrogen transfer, which is consistent with the lack of deuterium scrambling 
observed. After oxidation of the alcohol, the hydride is transferred to the b 
position in a 1,4-H addition, through a six-membered cycle (B1). A metal 
enolate is then formed, and the metal is removed by protonation of the sub-
strate. Immediate tautomerization then gives the carbonyl product. The incor-
poration of deuterium into the a position of aliphatic substrate 10p-d1 can be 
explained by an alternative mechanism (B2). In this case, the metal recoordi-
nates from the carbonyl group to the alkene, and through a migratory insertion 
the hydrogen (or deuterium) can be transferred to the a (B22) or b position 
(B21). The product is then formed after formation of the metal enolate through 
recoordination of the metal. The lack of deuterium scrambling rules out path-
way B23. However, this mechanism could still be active, as trace amounts of 
enone were observed in some cases. As a KIE of 1.0-1.3 was observed, the 
rate-limiting step is one that does not involve the hydrogen/metal-hydride. 
This may be the initial deprotonation/formation of the metal alkoxide (B), the 
recoordination of the [M-H] species (B2), or the final protonation of metal 
enolate 18.  
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Scheme 14: Mechanistic alternatives for the isomerization of allylic alcohols. 

3.4 Conclusions 
We have developed and reported a general, simple, and benign catalytic sys-
tem for the isomerization of both primary and secondary allylic alcohols. The 
process relies on a commercially available catalyst, is carried out in cheap and 
non-toxic solvents, and does not rely on or need advanced ligands or expen-
sive counterions. The mild conditions used make this a very robust method, 
and the robustness was demonstrated through the use of complex natural prod-
ucts as substrates. The active catalyst and the mechanism of the reaction have 
been extensively studied, providing explanations for all observed products. 
  

O

R'

[M]

O

R'H

H
O

R'H

O

R'

OH

R'
H

[M

OH

R'
[M]H

H
OH

R'H

A

B
M][H

Migratory Insertion

β-Hydride Elimination

β-Hydride Elimination
(alcohol oxidation)

 1,4-H Addition

R'OH = allylic alcohol
[M-X] =[ M-halide], or [ M-OR''].

OH

R'
H[M]

H

H

O

R'

O

R'
[M

O

R'
[M]H

O

R'
H[M] H

B1

B2

B22

B21

αβ

[M H]

Migratory Insertion

R

R, R' = alkyl,aryl, H

R
R

R R

R R

R

R

R

R

R

H]

[M]

B23

A1

A2

H]
[M H]

OH
R'

R

[M H]n+2 OH

R'R

H

[M]n

[M]n

[M OR'']
C

Oxidative
 Addition

Reductive 
Elimination

HX

[M]n

M = IrXLn (X = Cl, Br, I)

[M X]

OH

R'H

R

OH

R'
H

R
(R''OH)

18



36 

4 Hexafluoroisopropanol-Mediated Base- and 
Additive-free Ir-Catalyzed ortho-Iodination 
of Benzoic Acids (Paper III) 

4.1 Background 
Aryl halides are versatile building blocks in organic chemistry, and they have 
been extensively exploited in, for example, transition-metal-catalyzed cross-
coupling reactions and the Heck reaction.70,71 Their synthesis can be carried 
out through directed ortho-metallation,72 for example, ortho-lithiation fol-
lowed by the addition of a halogenating agent. However, this method involves 
the use of very strong base, and the lithiated intermediate is highly reactive, 
which decreases the functional-group tolerance. A straightforward method for 
the synthesis of aryl halides is through C-H-bond activation.28,31,73 The halo-
genation of aromatic compounds using directing groups with good coordina-
tion ability, such as pyridines, under palladium catalysis has been thoroughly 
described,28 and more recently, different carbonyl groups have been success-
fully exploited as directing groups for the iodination and bromination of aro-
matic compounds in a rhodium-catalyzed approach.31 Benzoic acids, how-
ever, are still rare in the literature of directed C-H halogenations, due to the 
weaker coordination ability of the carboxylic acid group for the metal cata-
lysts used when compared to nitrogen directing groups. In addition, the elec-
tron-withdrawing character of the carboxylic acid moiety would direct the 
functionalization in the absence of catalyst to the meta position instead. Thus, 
another challenge would be to find conditions that would minimize this un-
catalyzed background reaction. Only one example of such a reaction has been 
reported; it uses palladium (II/IV) catalysis,74 and yields both ortho-iodo and 
ortho-bromobenzoic acids (Scheme 15). 
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Scheme 15: Ortho-iodination and bromination of benzoic acids by palladium cataly-
sis. 

Although this example gave good results, there are limitations due to the 
reaction conditions used. The high reaction temperature and the reactive na-
ture of IOAc result in a lower functional-group tolerance. Thus, a milder al-
ternative for the direct synthesis of ortho-iodo benzoic acids through C-H 
functionalization without the use of bases and/or other additives would in-
crease the functional-group tolerance and atom economy of this process.  

Our group has extensive knowledge of the transition-metal-catalyzed hal-
ogenation of various molecules,24,62,63,73 especially using catalysts with the 
general structure [Cp*Ir(III)]. As described in Sections 2 and 3, [Cp*Ir(III)] 
complexes are very robust and promote efficient reactions at ambient temper-
ature. Furthermore, iridium catalysts have recently been reported to proceed 
efficiently through C-H-activation pathways using carboxylic acids as direct-
ing groups in carbon-carbon-bond-forming methodologies.34 Thus, we 
thought that an iridium-catalyzed protocol would allow efficient iodination of 
this class of compounds to take place under mild conditions.  

4.2 Results and discussion 
We started our investigations by using 2-methylbenzoic acid (19a) as a model 
substrate, and NIS as the iodinating agent. A number of different parameters, 
common in the current literature,75 such as bases, silver salts, and solvents, 
were investigated, using the commercially available [Cp*IrCl2]2 (cat. I). We 
started by treating 19a with an excess of NIS and substoichiometric amounts 
of AgBF4 and NaOAc in the common solvents acetone and DCE. This resulted 
in conversion into the desired product (Table 8, entries 1 and 2). Encouraged 
by this observation of conversion with the iridium catalyst, we turned our at-
tention to the fluorinated solvents TFE and HFIP, which have been shown to 
be good solvents for C-H-activation methods,45 and a significant increase in 
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yield was observed (entries 3 and 4). Satisfied by these high yields, we were 
interested to see whether we could avoid the use of silver salts in this reaction, 
and so we investigated the halide-free catalyst [Cp*Ir(H2O)3]SO4 (cat. II). 
This produced the desired product without any loss in conversion (entry 5). 
When the temperature was decreased to 40 oC (entry 6), the yield did not de-
crease significantly. Interestingly, when the additives were removed, the yield 
was unaffected (entry 7). Finally, when the amount of NIS was reduced to 1.5 
equivalents, quantitative conversion was obtained (entry 8). Encouraged by 
these additive-free reaction conditions, we investigated a wider range of sol-
vents under the optimized conditions. Aprotic solvents such as acetone, DCE, 
toluene, or THF (entries 9-12) did not give more than traces of the product. 
We also tested the non-fluorinated alcohols iPrOH and tBuOH (entries 13 and 
14), but neither gave any notable conversion. TFE, which is less acidic than 
HFIP (pKa 12.4 vs 9.3), gave a good conversion (entry 15), but was not as 
effective. It can be concluded that slightly acidic solvents promote the reac-
tion. Very acidic solvents, on the other hand, inhibit the catalytic activity, as 
was seen for AcOH and TFA (entries 16 and 17). 
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Table 8: Screening of reaction conditions. 

 
Entry Solvent Temp. 

(°C) Cat. Additives (equiv.) NIS 
(equiv.) 

Yield 
(%)a 

1 Ace-
tone 60 I AgBF4/ NaOAc  

(0.2 / 0.3) 3 25 

2 DCE 60 I AgBF4/ NaOAc  
(0.2 / 0.3) 3 32 

3 TFE 60 I AgBF4/ NaOAc 
(0.2 / 0.3) 3 78 

4 HFIP 60 I AgBF4/ NaOAc  
(0.2 / 0.3) 3 86 

5 HFIP 60 II AgBF4/ NaOAc  
(0.2 / 0.3) 3 90 

6 HFIP 40 II AgBF4/ NaOAc  
(0.2 / 0.3) 3 86 

7 HFIP 40 II - 3 88 
8 HFIP 40 II - 1.5 98b 

9 Ace-
tone 40 II - 1.5 5 

10 DCE 40 II - 1.5 0 
11 Toluene 40 II - 1.5 0 
12 THF 40 II - 1.5 0 
13 iPrOH 40 II - 1.5 0 
14 tBuOH 40 II - 1.5 5 
15 TFE 40 II - 1.5 73 
16 AcOH 40 II - 1.5 0 
17 TFA 40 II - 1.5 0 

All reactions carried out at 0.25 mmol scale under an atmosphere of air. [19a] = 0.1 
M. a) Yield measured by 1H NMR spectroscopy using 1,2,4,5-tetrachloro-3-nitroben-
zene as an internal standard. b) Isolated yield. 

 
Having established the optimized conditions (Table 8, entry 8), we were in-
terested in the functional-group tolerance of this reaction. We investigated this 
by carrying out a robustness screening according to the method described by 
Glorius (Section 1.9),42 in which one substrate is subjected to the reaction con-
ditions in the presence of one equivalent of different additives containing 
functional groups. 
  

Me O

OH

H

Me O

OH

I

NIS
Ir (3 mol%)
Additives

Solvent, 16 h
Temperature

[Cp*IrCl2]2 = I
[Cp*Ir(H2O)3]SO4 = II

19a 20a



40 

Table 9: Robustness screening. 

 
Entry Additive Yield 20a  

(%)a 
Yield additive 

(%)a 
SM remaining 

(%)a 
0 - 99  -  - 

1  0  97  0 

2  99  78  0 

3 
 

99  84  0 

4 
 

0  56  99 

5 
 

0  60  99 

6 
 

0  26  0 

7  0  0  99 

8 
 

0  0  75 

9 
 

0  0  99 

10 
 

30  70  70 

11 
 

70  100  0 

12  73  81  0 

13  70  85  0 

14  0  99  99 

15  46  50  0 
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Optimized reaction conditions (Table 8, entry 8). 19a = 0.25 mmol. Additive = 0.25 
mmol. a) As measured by 1H NMR spectroscopy using 1,2,4,5-tetrachloro-3-nitroben-
zene as an internal standard. 

We carried out this test with substrate 19a, and we were able to conclude 
that the reaction is compatible with several important functional groups: am-
ides, tert-amines, alcohols, ethers, and esters. Unfortunately, other functional 
groups such as ketones, aldehydes, nitriles, and primary amines were not tol-
erated. Furthermore, but less surprisingly, alkenes and alkynes were not tol-
erated, due to the inherent reactivity of NIS with C-C double and triple bonds. 

Having obtained this knowledge about the functional-group tolerance, we 
investigated the scope of the reaction (Table 10). We first looked at substrates 
with substituents in the ortho position: o-fluoro (Table 10, 19b), o-chloro 
(19c), and o-bromo (19d) derivatives gave very high conversions at slightly 
higher temperatures. Strongly electron-withdrawing substituents such as tri-
fluoromethyl (19e) and nitro (19f) groups were also tolerated, although the 
nitro derivative gave a lower conversion. Ester functionalities gave high yields 
of the desired products, and no other directing effects were observed with 
these groups in the substrate (19g-h). Notably, 6-iodoacetylsalicylic acid 
(20g) had not been described previously, which indicates the difficulties of 
achieving controlled iodination of the deactivated ortho position when other 
electronic directing effects are present on the substrate. Using our approach, 
however, 20g was synthesized in high yield, without observation of any side-
product resulting from the expected SEAr-pathway for iodination of electron-
rich aromatic compounds. Furthermore, carboxylic acids are tolerated (19i-j), 
however in the case of 19i, a significantly lower conversion was observed. 
This may be explained due to the possibility to coordinate the metal between 
the two carboxylic acids, which would inhibit the catalytic activity. Amides, 
alcohols, ethers and Boc-protected amines were tolerated (19k-p). Notewor-
thy, in the case of 19l, the product was isolated as a lactone. 

Meta substituents were also investigated: m-methyl (19q), m-ethyl (19r), 
m-trifluoromethyl (19s) yielded the desired 3,6-substituted products, although 
19s demanded slightly higher catalyst loading to give high yield. Interestingly, 
meta-fluoro substituted acid (19t) yielded the 2,3-substituted product in a 
moderate yield. Disubstituted benzoic acids were also tolerated, with patterns 
such as 3,5-, 3,4-, 2,3- and 2,5- investigated (19u-19ab). Notably, highly elec-
tron-rich substrate 19v yielded full conversion of the 2-iodinated product.  
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Table 10: Scope of the benzoic acids. 

 
All reactions carried out in a 0.25 mmol scale, [19] = 0.1 M. All reactions were car-
ried out in a capped vial under an atmosphere of air. Isolated yields (Yields deter-
mined by 1H NMR spectroscopy using 1,2,4,5-tetrachloro-3-nitrobenzene as an inter-
nal standard in parentheses). a) The reaction was carried out at 60 °C. b) The reac-
tion was carried out at 60 °C using a catalyst loading of 5 mol%.  
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When unsubstituted benzoic acid 19ac was used as the substrate under the 
optimized conditions, no selectivity towards the monosubstituted product (Ta-
ble 11, 20ac) could be obtained. However, by using three equivalents of NIS, 
selectivity towards the disubstituted product was observed, and 2,6-diiodo-
benzoic acid (21n) could be obtained in high yield with good selectivity. 
When the meta- and para-methyl substituted acids (19q, 19ad), were sub-
jected to these conditions, the di-iodinated products (21q, 21ad) could be ob-
tained in good yields. When naphthalene-2,3-dicarboxlic acid (19ae) was used 
as the substrate, the 1,4-diiodinated product 21ae was obtained in good yield 
as the only product. 
Table 11: Scope of the di-iodination of benzoic acids. 

  
All reactions carried out in a 0.25 mmol scale, [19] = 0.1 M. and were carried out in 
a capped vial under an atmosphere of air. Isolated yields (Yields determined by 1H 
NMR spectroscopy using 1,2,4,5-tetrachloro-3-nitrobenzene as an internal standard 
in parentheses). a) At 65 °C using 2 equiv. of NIS. b) At 65 °C using 3 equiv. of NIS. 
c) At 40 °C using 3 equiv. of NIS. 

4.3 Mechanistic investigation 
Although the halogenation of aromatic compounds through directed C-H ac-
tivation is well studied, very little is known about the mechanism of these 
processes,31,74 and thus, we were interested in determining the mechanism of 
this reaction. We started the mechanistic investigation by examining whether 
the catalyst could promote the C-H activation in the absence of NIS. This was 
carried out by treating the model substrate 19a with catalytic amounts in cat-
alyst and 100 equivalents of deuterated water in HFIP (Scheme 16). After 16 
hours, 58% of the deuterated acid 19a-d1 was obtained, providing evidence 
that the catalyst can promote C-H activation in the absence of NIS. 
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Scheme 16: C-H activation in the absence of NIS. 

As the C-H activation occurs in the absence of NIS, we continued our 
study by attempting to isolate an intermediate iridacycle 22a. This was at-
tempted by carrying out a reaction between the model substrate 19a and su-
perstoichiometric amount of catalyst, in the absence of NIS (Scheme 17, a). 
The iridacycle 22a was observed by NMR spectroscopy, but could unfortu-
nately not be isolated as such under these conditions. A stabilized iridacycle 
23a could however be synthesized, using DMSO as a ligand, following a dif-
ferent synthetic procedure (Scheme 17, b).34b 

 

 
Scheme 17: Synthesis of the intermediate iridacycle. 

Upon treatment with NIS in HFIP, the iridacycle 23a was immediately con-
verted into the final product 20a. Even at low temperature and short reaction 
time, no other intermediates could be isolated, indicating that the steps after 
the C-H activation are fast (Scheme 18). 

 

 
Scheme 18: Reaction of iridacycle 23a with NIS. 

To provide further proof that the iridacycle is a reaction intermediate, we 
used 23a as the catalyst in a reaction (Scheme 19). Under otherwise identical 
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reaction conditions, 92% conversion into the iodinated product 20a was ob-
served, and these experiments in combination provide strong evidence that the 
iridacycle is a reaction intermediate. 

 

 
Scheme 19: The iridacycle 23a as the catalyst. 

To investigate whether the formation of the iridacycle is reversible, we 
stirred the iridacycle 23a in HFIP at 40 oC for one hour. However, only the 
stabilized iridacycle 23a could be observed (Scheme 20, a). We envisioned 
that treating the iridacycle with a different benzoic acid would give us further 
insight into this reversibility, and thus we treated the iridacycle 23a with 2-
chlorobenzoic acid (19c) in a 1:1 ratio. After stirring for 16 hours, a mixture 
of all four possible species was obtained (Scheme 20, b). This proves that the 
formation of the iridacycle is reversible under the reaction conditions of these 
experiments. Iridacycle 23c was synthesized separately following the same 
procedure as used for 23a in order to confirm its identity. 

 

 
Scheme 20: Reversibility of the iridacycle. 

The kinetic isotope effect was then studied by comparing the rate of C-H 
iodination of 19a compared to 19a-d1. The kinetic isotope effect was deter-
mined to 2.90 ± 0.36 in parallel reactions, i.e., non-competitive KIE. In com-
petitive experiments, the KIE was determined to 1.78 ± 0.18. This indicates 
that the C-H activation is the RLS of the reaction. 
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From the experimental mechanistic investigation, it can be concluded that 
the C-H activation can occur in the absence of NIS, and thus occurs in the 
absence of any other proton acceptor formed from it, such as succinimidate. 
The formation of the iridacycle is reversible, but the iridacycle is stable under 
the reaction conditions as observed in the crossover reaction (Scheme 20, b). 
When treated with NIS, the iridacycle immediately forms the iodinated prod-
uct, which is further evidence for the C-H activation step being the RLS.  

To get further insights into which mechanism is operating (as described in 
Section 1.8.2), and how the iodination occurs, i.e., through a redox-pathway 
or through a direct iodination of the C-Ir bond,31 DFT calculations were car-
ried out.iii In an initial calculation, using the iridacycle (Figure 10, SM) as the 
reference molecule, the relative activation energies of each step was com-
puted. The energies were determined to 21.8 kcal/mol for the oxidative addi-
tion (TS-OA), 25.6 kcal/mol for the reductive elimination and 23.5 kcal/mol 
for the C-H activation. However, this does not correlate to the experimental 
KIE observed, where the kinetic isotope effect observed requires the C-H ac-
tivation to be the RLS, and thus, have the highest activation energy. As the 
experiments carried out in HFIP were substantially better than those carried 
out in other solvents (Section 4.2, Table 8), and as HFIP has proved to be an 
excellent solvent for C-H-activation protocols,44d a second computation was 
carried out in the presence of HFIP. The activation energy of the three con-
secutive steps became 21.4, 20.0 and 23.6, respectively (Figure 10). With 
these results, the computational data is in good agreement with the experi-
mental observations, where the C-H activation is the RLS. However, the en-
ergy of the C-H activation remained practically the same in both calculations. 
Instead, the effect of including the HFIP in the computations was a destabili-
zation of the Ir(V)-intermediate (Figure 10, INT2), probably through the elec-
tron-withdrawing properties of the hydrogen-bonded HFIP molecule. The 
C-H-activation step (TS-CH) occurs through a concerted metalation-depro-
tonation (CMD).40 Furthermore, the HFIP was found to be hydrogen bonded 
to the succinimide-ligand, in all steps of the mechanistic cycle except INT1. 
The resting state was found to be the O-coordinated product (INT3). This is 
in good agreement with the results obtained with benzoic acid (19n). The fact 
that we could not obtain selective monoiodination of benzoic acid is consistent 
with the monoiodinated product remaining coordinated to the Ir, and thus hav-
ing a high probability of reacting further in a second turnover rather than being 
displaced by a new substrate.74 

                                                   
iii These computational investigations were carried out by Prof. E. Gómez-Bengoa, from the 
University of the Basque Country, Spain.  
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Figure 10. Proposed catalytic cycle. The energy values correspond to Gibbs energy 
in kcal/mol. DFT calculations were carried out using M06/6-311G** (SDD for Ir, I) 
with a solvation model (IEFPCM, solvent = TFE). 

4.4 Conclusions 
We have developed a simple Ir(III)-catalyzed method which achieves the C-H 
activation/iodination of weakly coordinating benzoic acids under mild condi-
tions. The reaction does not require additives, which increases the overall 
atom economy of the method. In this context, HFIP can be considered a fairly 
green and sustainable solvent compared to DCE, which is a commonly used 
solvent in C-H-activation processes. The reaction is compatible with several 
functional groups, including important groups such as (protected) amines, al-
cohols, esters, and acids, in various substitution patterns. Importantly, the 
method provides very high yields for many substrates. Importantly, the scope 
of this method provides very high yields for many substrates. The mechanism 
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has been extensively studied through deuterium-labeling experiments, studies 
of reaction intermediates by 1H NMR spectroscopy and theoretical calcula-
tions. The role of the solvent was thoroughly investigated theoretically; a 
mechanism involving a molecule of HFIP was compared with a mechanism 
where the solvent is not involved. The results from the computational inves-
tigations are in good agreement with the experimental results for all steps. 
Furthermore, experimental observations support the calculated resting state. 
Based on these results, a strongly supported mechanistic cycle was proposed. 
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5 Simple and Efficient C–H Activation / 
Iodination of Benzamides and Weinreb 
Amides Through Iridium Catalysis (Paper 
IV) 

5.1 Background 
The importance of aryl halides throughout chemical processes for the con-
struction of C-C bonds was described in Section 4.1.70,71 The development of 
new methods for their synthesis is very important, and should be focused on 
achieving good tolerance to functional groups and high conversion. The im-
portance of obtaining high yields can be derived from the difficulties of sepa-
rating halogenated products from their non-halogenated starting materials, as 
well as separation from the overhalogenated equivalents (Section 1.7). Fur-
thermore, high functional-group tolerance increases the power of the method 
in late-stage functionalization in multi-step processes, of functionalized mol-
ecules, for example in the pharmaceutical industry. 

Amides have been thoroughly studied and used as directing group through-
out the field of C-H activation,76 however, in the more specific area of C-H 
activation / iodination, the examples are few. Glorius reported the first exam-
ple using benzamides as the directing group in a Rh-catalyzed method for bro-
mination and iodination in 2012.31 After this initial report, a few more exam-
ples have been published,77 using cobalt, ruthenium, rhodium and palladium 
catalysts. Although being excellent methods, the functional-group tolerance 
can be improved. Furthermore, the use of more toxic halogenated solvents, at 
elevated temperatures in combination with various additives are common. The 
use of milder reaction conditions is thus necessary to obtain a broad func-
tional-group tolerance, due to the inherent reactivity of the iodonium sources.  

Another important group is the Weinreb amide5 (Section 1.4). Within the 
area of C-H activation, quite a few examples of the use of Weinreb amides as 
directing groups in C-C bond forming reactions are known.78 This character-
istic and useful amide has only recently been used in C-H-activation / halo-
genation processes,79 giving access to versatile building blocks.  

 
Encouraged by the results obtained in the directed iodination of benzoic 

acids (Chapter 4),80 we envisioned that a similar process may be applied to 
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benzamides, given the similar reactivity of these two families of substrates in 
electrophilic halogenations.  

5.2 Results and discussion 
As a starting point in this study, we applied the conditions developed in Chap-
ter 4.80 Thus, N-tertbutylbenzamide (24a) was reacted with cat. II and NIS in 
HFIP for 16 h. However, this resulted in a moderate yield of 51% (Scheme 
21).  

 
Scheme 21: C-H activation / iodination of N-tertbutylbenzamide (24a) under previ-
ously established conditions. 

By simply elevating the reaction temperature, no significant change of the 
yield was obtained (Table 12, entries 2 and 3 vs entry 1). We hypothesized 
that the reason for the low yield could be the presence of a resting state formed 
upon coordination of the amide (starting material or product) to iridium (cat-
alyst inhibition), in analogy with the benzoic acids studied in Chapter 4. Giv-
ing the lower acidity of amides in comparison to benzoic acids, the addition 
of acid additives to promote protonation of this hypothesized resting state 
could result in an improved yield. In fact, adding 1 equiv. of acetic acid re-
sulted in full conversion of 24a into the mono- and di-iodinated products (25a 
and 26a) (Table 12, entry 4). Toluenesulfonic acid on the other hand inhibited 
the catalysis, and the starting material was recovered (Table 12, entry 5). The 
more acidic trifluoroacetic acid turned out to give quantitative conversion, and 
a better 25a:26a ratio (entry 6). Increasing the amount of acid to 2 equiv. did 
not improve the results further (entry 7). However, decreasing the amount of 
acid into substoichiometric amounts proved to be efficient, and the most op-
timal ratio of 25a:26a was obtained using 30 mol% of TFA (entry 10). 

O

NHtBu
[Cp*Ir(H2O)3]SO4 (3.0 mol%)

NIS (1.5 equiv.)

HFIP, 40 oC, 16 h

O

NHtBu

I

25a, 51%24a
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Table 12: Screening of acid additives. 

 
 

Entry Additive (equiv.) Temp. 
(oC) 

Conversion 
(%) 

Yield 25a/26a 
(%)a 

1 - 40 51 51/0 
2 - 50 45 45/0 
3 - 60 44 44/0 
4 AcOH (1) 40 >99 60/40 
5 TsOHb (1) 40 0 0 
6 TFA (1) 40 >99 78/22 
7 TFA (2) 40 >99 77/23 
8 TFA (0.5) 40 >99 80/20 
9 TFA (0.4) 40 >99 78/22 

10 TFA (0.3) 40 >99 85/15 
11 TFA (0.2) 40 >99 83/17 
12 TFA (0.1) 40 >99 74/26 
13c TFA (0.5) 40 0 0 

24a (0.1 mmol), NIS (0.15 mmol), [Cp*Ir(H2O)3]SO4 (3.0 mol%, 0.003 mmol) and 
additive (as described above) in HFIP (1.0 mL, [24a] = 0.1M). a) Yield measured by 
1H NMR spectroscopy using 1,2,4,5-tetrachloro-3-nitrobenzene as an internal stand-
ard. b) p-TsOH•H2O c) Using I2 as the iodinating agent. 

When the conditions were optimized, we were interested in which types of 
amides could be used as the directing group. Ideally, the method should be 
general to a broad range of amides. We were interested in investigating not 
only secondary and tertiary amides, but also primary.  

Table 13 shows a family of benzamides that were tested under the opti-
mized conditions. In addition to the model NHtBu amide (24a), we were also 
able to use NHiPr (24b), NHEt (24c) and NHBn (24d) amides as the directing 
groups. In all cases both the mono-iodinated (25a-d) and the di-iodinated 
(26a-d) products were formed. Tertiary amides also worked as the directing 
group, giving high conversions into the mono-iodinated products (25e-f). In 
these cases, no di-iodinated product (26e-f) was observed. In none of the cases 
any remaining starting material (25) was observed. In contrast, the corre-
sponding primary amide (24g) acted as a poor directing group. The conversion 
was low, and most of the starting material was recovered after the reaction. 

H

O

NHtBu

I

O

NHtBu

[Cp*Ir(H2O)3]SO4 (3.0 mol%)
NIS (1.5 equiv.)

Acid additive

HFIP
40 oC, 16 h

24a 25a

+
I

O

NHtBu

26a

I
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Table 13: Scope of benzamides able to direct the C-H activation/iodination. 

 
24 (0.2 mmol), NIS (0.3 mmol), [Cp*Ir(H2O)3]SO4 (3.0 mol%, 0.006 mmol) and TFA 
(0.06 mmol) in HFIP (2.0 mL, [24] = 0.1M). All yields reported as isolated yields 
unless otherwise noted. No SM was observed unless otherwise noted. a) 22% of 24d 
was recovered. b) At 60 oC. c) 24% of 24f was recovered. d) Yield determined by 1H-
NMR spectroscopy using 1,2,4,5-tetrachloro-3-nitrobenzene as an internal standard. 

 With these results in hand, we wanted to investigate if the more versatile, 
from a synthetic point of view, Weinreb amides (Section 1.4) could be used 
as the directing group. A short screening of the reaction conditions was carried 
out to find the optimal conditions, and investigate whether the acid was 
needed for this directing group as well. Trial reactions without the acid pro-
vided low conversions (Table 14, entries 1-3). Although having equal results 
at 40 oC as when using 60 oC, we decided to do the further testing at 60 oC in 
order to have a general method for various substrates. Acetic acid gave quan-
titative conversion, but only 90% of the desired product (entry 4), while TsOH 
did not yield any conversion (entry 5) as expected from the previous results 
(vide supra, Table 12, entry 5). Furthermore, various amounts of TFA was 
investigated (entries 6-13), and when going into substoichiometric amounts, 
the yield did not increase (entry 6 compared to entries 12 and 13), however 
the reaction using 0.75 and 0.5 equiv. of TFA did show cleaner crude spectra, 
thus we set 0.5 equiv. of TFA as the optimal amount of the acid additive (entry 
13).  
  

H

O

NRR’

I

O

NRR’

[Cp*Ir(H2O)3]SO4 (3.0 mol%)
NIS (1.5 equiv.)
TFA (0.3 equiv.)

HFIP
40 oC, 6 h

24a-g 25a-g

+
I

O

NRR’

26a-g

I

I

O

NHtBu

25a : 26a
72% : 17%

I

O

NHiPr

25b : 26b
70% : 8%

I

O

NHEt

25c : 26c
62% : 9%

I

O

NHBn

25d : 26da

52% : 13%

I

O

NiPr2

25e : 26eb

89% : <1%

I

O

NMe2

25f : 26fc

76% : <1%

I

O

NH2

25g : 26gd

21% : <1%
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Table 14: Screening of acid additives for the C-H activation/iodination of Weinreb 
amides. 

 
Entry Additive 

(equiv.) 
Temp. 

(oC) 
Conversion 

(%) 
Yield 28a 

(%)a 
1 - RT 24 22 
2 - 40 24 20 
3 - 60 30 21 
4 AcOH (1) 60 >99 90 
5 TsOHb (1) 60 0 0 
6 TFA (1) 60 >99 97 
7 TFA (1) 40 >99 99 
8 TFA (2) 40 66 66 
9 TFA (5) 60 25 0 
10 TFA (2.5) 60 47 18 
11 TFA (2) 60 >99 92 
12 TFA (0.75) 60 >99 94 
13 TFA (0.5) 60 >99 94 
14c TFA (0.5) 60 0 0 

27a (0.25 mmol), NIS (0.375 mmol), [Cp*Ir(H2O)3]SO4 (3.0 mol%, 0.0075 mmol) and 
additive (as described above) in HFIP (2.5 mL, [27a] = 0.1M). a) Yield measured by 
1H NMR spectroscopy using 1,2,4,5-tetrachloro-3-nitrobenzene as an internal stand-
ard. b) p-TsOH•H2O c) Using I2 as the iodinating agent. 

To investigate the potential of this method, a robustness screening test 
(Section 1.9) was carried out, using the model substrate 27a and various ad-
ditives (Table 15).42 First, various carbonyl and carboxylate compounds were 
investigated (Table 15, entries 1-5). It was concluded that aldehydes were tol-
erated, but interfere with the reaction to a moderate extent (entry 1), and ni-
triles are inhibiting the reaction completely (entry 2), most probably due to 
their strong coordinating abilities. Ketones, carbonxylic acids and amides 
were well tolerated (entries 3-5). Other functionalities like halogens (entries 
6 and 7) and unprotected alcohols (entry 8) were very well tolerated. On the 
other hand, amines (entry 9) inhibit the reaction, plausibly because of reaction 
with the acid additive and / or inhibiting through coordination affecting the 
catalyst activity. Alkenes are not tolerated, as they get iodinated by NIS (entry 
10). Overall, the tolerance to common functional groups is good, and espe-
cially promising is the tolerance of ketones and aldehydes.  

O

N
O

H [Cp*Ir(H2O)3]SO4 (3.0 mol%)
NIS (1.5 equiv.)

Acid additive

HFIP
Temperature, 16 h

O

N
O

I

27a 28a
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Table 15: Robustness screening of C–H activation/iodination of Weinreb amides. 

 
Entry Additive 28a (%)a Additive remai-

ning (%)a 
27a remai-
ning (%)a 

1 
 

52  35  47 

2  0  84  79 

3  99  86  0 

4 
 

85  48  10 

5 
 

95  99  0 

6  95  99  0 
7  95  64  0 
8  99  99  0 

9 
 

0  0  99 

10 
 

5  0  94 

27a (0.25 mmol), NIS (0.375 mmol), [Cp*Ir(H2O)3]SO4 (3.0 mol%, 0.0075 mmol) and 
additive (0.25 mmol) in HFIP (2.5 mL, [27a] = 0.1M). aAs measured by 1H NMR 
spectroscopy using 1,2,4,5-tetrachloro-3-nitrobenzene as an internal standard. 

With the knowledge of the functional-group tolerance of this method, we 
wanted to investigate the tolerance to various substitution patterns on the aro-
matic ring (table 16) which, in combination with the robustness screening, 
will give a good idea about the substrate scope.  

We started the investigation by subjecting N-methyl-N-methoxy-2-
methylbenzamide (27b) to the reaction conditions. Interestingly, this substrate 
gave no conversion, and only the starting material was recovered. Equally un-
reactive was the ortho-chloro substituted amide (27c). Looking into the liter-
ature, neither of the two examples79 reported for halogenation using Weinreb 
amides as the directing group uses any ortho-substituted substrates, and the 
explanation to this is the steric interaction between the methoxy-group and the 
ortho substituent.79b To confirm this hypothesis, the ortho-fluoro substrate 
(27d) was synthesized and subjected to the conditions, and indeed, it was pos-
sible to isolate a moderate yield of the desired product (28d). This experiment 
confirms that an ortho substituent sterically inhibits the reaction, and further-
more, also explains the selectivity towards the mono-iodinated product. Con-
tinuing with the meta substituted amides, slightly electron-rich methyl (27e) 
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and electron-withdrawing bromide (27f) were tolerated, although both regioi-
somers were obtained. However, in the case of the methylated substrate, the 
product was predominantly the 2,5-substituted (28e), while in the case of the 
bromide, this ratio was 3:2 in favor of the 2,5-substituted (28f). In the para 
position, substituents are well tolerated, and bromide 27g, fluoride 28h, meth-
oxycarbonyl 28j, and hydroxymethyl substituted 28i gave the desired prod-
ucts selectively. Interestingly, and in good agreement with the report by Ka-
pur79a, a nitro-group in the para position is not tolerated (28k). However, in 
contrast to the same report, when having the nitro group in the meta position, 
a moderate conversion was obtained, and the product was obtained as a mix-
ture of isomers in a 1:1 mixture (28l and 28l’). Furthermore, the strongly elec-
tron-donating methoxy substituent was not tolerated (27m), and a complex 
mixture of products was obtained due to the background non-catalyzed SEAr-
iodination. In the case of 1,3-benzodioxole (27n), a moderate yield of the de-
sired product (28n) was obtained after purification. Finally, a furane-based 
heterocyclic amide was iodinated and isolated in a good yield in the desired 
position (28o). Notably, this compound has not been synthesized before, in-
dicating the strength and tolerance of this method. 
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Table 16: Scope of substituents on the aromatic ring of the Weinreb amides. 

 
27 (0.25 mmol), NIS (0.375 mmol), [Cp*Ir(H2O)3]SO4 (3.0 mol%, 0.0075 mmol) and 
TFA (0.125 mmol) in HFIP (2.5 mL, [27] = 0.1M). All yields are isolated yields. The 
remaining yield was recovered starting material unless otherwise noted. aNo SM was 
recovered after purification nor observed in the crude NMR spectrum. bThe two iso-
mers were isolated as a mixture. The major isomer is shown. cBoth isomers were iso-
lated from the same reaction mixture. dIsolated from a complex mixture. No SM was 
recovered nor observed in the crude reaction mixture. 

The mechanism of this reaction is thought to be closely related to what was 
presented in our recently published work80 (Section 4.3), although further in-
vestigations may give more insights. A difference in this case is the need of 
TFA. The role of the acid could be dual. First, the TFA could act in the same 
way as the molecule of HFIP throughout the mechanism, i.e., via protonation 
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of the NIS lowering the activation energies of otherwise slow steps. However, 
it can also assist in decoordination of the product from the iridium center in 
the resting state. Indications for the assisted decoordination can be found in 
Table 12, where going too low in acid concentration (entry 12) yielded higher 
amount of the di-iodinated amide (26a), as this is formed when the second 
C-H activation occurs faster than the product/starting material exchange. 

5.3 Conclusions 
A method to selectively iodinate amides in the ortho position has been estab-
lished. The method relies on a convenient iridium(III) catalyst, is not sensitive 
to neither air or aqueous contamination of the solvent. The broad scope of the 
reaction in combination with the use of HFIP as the solvent allows for large-
scale application of this method. The strength of the method is further shown 
by the absence of any silver salts, which could otherwise have affected func-
tional-group tolerance and mechanistic aspects. A reaction mechanism has 
been proposed.  
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6 Concluding remarks 

The work described in this thesis has been focused on the development of new 
catalytic methods for the formation of C-heteroatom bonds using Ir(III) cata-
lysts. All the reactions and methods developed in this thesis were carried out 
under an air atmosphere in the presence of residual water.  

In the first half of the thesis, the first method that affords aliphatic a-bro-
moketones as single constitutional isomers has been developed. Compared to 
previously available related methods, the one described in this thesis affords 
excellent yields and the products are formed as single constitutional isomers. 
Furthermore, as the method is rather mild, it has enabled to synthesize com-
pounds never described before. This approach was then applied in a broader 
picture, looking at the underlying isomerization reaction alone. The results of 
this is the development of the first general and simple isomerization method 
for isomerizing both primary and secondary allylic alcohols, using no addi-
tives nor sophisticated ligands/counterions. Since the catalyst is easily availa-
ble, what have been provided is a method at the hand of any chemist. The 
mechanism has been thoroughly studied, and all the observations have been 
explained. Furthermore, to show the full potential, the method was applied on 
complex natural structures yielding excellent results.  

In the second half of this thesis, the ortho-iodination of aromatic com-
pounds has been reported through a directed C-H-activation approach, apply-
ing weakly directing groups such as carboxylic acids and amides. The func-
tional-group tolerance and yields of these reactions are unprecedented. Fur-
thermore, as the method is reliable, simple, and does not include the use of 
advanced ligands nor expensive counterions, what is described has the poten-
tial of being used in late-stage functionalization of for example biologically 
active compounds. 

In general, the methods developed in this thesis, are very simple; no pre-
cautions need to be taken in the form of drying glassware, storing reagents or 
catalysts under inert gas or working in a glove box. The methods do not re-
quire pressure-safe reaction vessels and the use of additives are minimized, 
mutagenic solvents are avoided. 
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