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EPIGRAPH
The Beauty of a Flower
I have a friend who is an artist and he’s sometimes taken a view which I don’t agree
very well. He’ll hold up a flower and say, “ Look how beautiful it is.” and I’ll agree, I think.
And he says-“you see, I as an artist can see how beautiful this is, but you as a scientist, oh,
take this all apart and it becomes a dull thing.” And I think that he’s kind a nutty. First of
all, the beauty that he sees is available to other people and to me, too, I believe, although I
might not be quite as refined aesthetically as he is; but I can appreciate the beauty of a
flower. At the same time, I see much more about the flower than he sees. I can imagine the
cells in there, the complicated actions inside which also have a beauty. I mean it’s not just
beauty at this dimension of one centimeter, there is also beauty at a smaller dimension, the
inner structure. Also, the processes, the fact that the colors in the flower evolved in order
to attract insects to pollinate it is interesting-it means that insects can see the color. It adds
a question: Does this aesthetic sense also exist in the lower forms? Why is it aesthetic? All
kinds of interesting questions which shows that a science knowledge only adds to the
excitement and mystery and the awe of a flower. It only adds; I don’t understand how it
subtracts.

Epaulettes and The Pope
One of the things that my father taught me besides physics (Laughs), whether it’s
correct or not, was disrespect for respectable…for certain kinds of things. For example,
when I was a little boy, and a rotogravure-that’s printed pictures in newspapers-first came
out in New York Times, he used to sit me again on his knee and he’d open a picture, and
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there was a picture of the Pope and everybody bowing in front of him. And he’d say, “Now
look at these humans. Here is one what is the difference? This one is the Pope-he hated the
Pope anyways-and he’d say, “the difference is epaulettes”-of course not in the case of the
Pope, but if he was a general-it was always the uniform, the position, “but this man has the
same human problems, he eats dinner like anybody else, he goes to the bathroom, he has
the same kind of problems as everybody, he’s human being. Why are they all bowing to
him? Only because of his name and his position, because of his uniform, not because of
something special he did, or his honor, or something like that.“ He, by the way, was in
uniform business, so he knew what difference was between the man with the uniform off
and the uniform on; it’s the same man for him.

The Nobel Prize – Was is Worth It?
What I essentially did-and also it was done independently by two other people,
[Sinitiro] Tomanaga in Japan and [Julian] Schwinger-was to figure out how to control, how
to analyze and discuss the original quantum theory of electricity and magnetism that had
been written in 1928; how to interpret it so as to avoid the infinities, to make calculations
for which there were sensible results which have since turned out to be in exact agreement
with every experiment which has been done so far, so that quantum electrodynamics fits
experiment in every detail where it’s applicable-not involving the nuclear forces, for
instance -and it was the work that I did in 1947 to figure out how to do that, for which I
won the Nobel Prize.
[BBC: Was it worth the Nobel Prize?] As a (Laughs)… I don’t know anything about
the Nobel Prize, I don’t understand what it’s all about or what’s worth what, but if the
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people in the Swedish Academy decide that x,y, or z wins the Nobel Prize then so be it. I
won’t have anything to do with the Nobel Prize… it’s a pain in the…(Laughs). I don’t like
honors. I appreciate it for the work that I did, and for people who appreciate it, and I know
there’s a lot of physicists who use my work, I don’t need anything else, I don’t think there’s
any sense to anything else. I don’t see that it makes any point that someone in the Swedish
Academy decides that this work is noble enough to receive a prize-I’ve already got the
prize. The prize is the pleasure of finding the things out, the kick in the discovery, the
observation that other people use it [my work]-those are the real things the honors are
unreal to me. I don’t believe in honors, it bothers me, honors bother, honors are epaulettes,
honor is uniforms. My papa brought me up this way. I can’t stand it, it hurts me.
When I was in high school, one of the first honors I got was to be a member of the
Arista, which is a group of kids who got good grades-eh?-and everybody wanted to be a
member of the Arista, and when I got into the Arista I discovered that what they did in their
meetings was to sit around to discuss who else was worthy to join this wonderful group
that we are-okay? So,we sat around trying to decide who it was who would get to be
allowed into this Arista. This kind of things bothers me psychologically for one or another
reason I don’t understand myself-honors-and from that day to this [it] always bothered me.
When I became a member of the National Academy of Sciences, I had ultimately to resign
because that was another organization most of whose time was spent in choosing who was
illustrious enough to join, to be allowed to join us in our organization, including such
questions as [should] we physicists stick together because they’ve a very good chemist that
they’re trying to get in and we haven’t got enough room for so-and-so. What’s the matter
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with chemists? The whole thing was rotten because its purpose was mostly to decide who
could have this honor-okay? I don’t like honors.

From the book “The Pleasure of Finding Things Out”
RICHARD P. FEYNMAN
1965 Nobel Prize in Physics
(He was the reason why I decided to pursue an educational/scientific career)
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ABSTRACT
Carbon-carbon and carbon-nitrogen bond forming events are essential in
chemistry. Although numerous stoichiometric/catalytic methods provided elegant and
powerful solutions enabling those processes, the use of scarce/toxic reagents and harsh
conditions is still ubiquitous in this field. As a result, extensive research has been
conducted in the development of environmentally benign and inexpensive reagents for
such transformations, however, general solutions remain a challenge. In this context,
one of the focuses of our lab is to enable those processes in a more practical and
sustainable fashion by using hypervalent iodine reagents. In this dissertation we
demonstrate the synthetic applications of λ3-iodane reagents towards the formation of
challenging carbon-carbon and carbon-nitrogen bonds in a complementary way to the
methods already reported.
Chapter 1 of this dissertation outlines the general electronic structure, geometry,
synthesis, and reactivity of λ3-iodanes as serves and background regarding these
reagents. Chapter 2 highlights the applications of λ3-iodanes to access high-oxidation
state transition metals until the year of 2017. This literature review provides detailed
information about how λ3-iodanes can be applied to access 1st, 2nd and 3rd row highoxidation complexes, as well as mechanistic details and synthetic utility of high-valent
transition metals. Chapter 3 demonstrates our efforts to generate selective carbonnitrogen and carbon-carbon products from a high-valent nickel complex. This led to
important information of this mechanism adopted by the reaction and how the choice
of oxidant can impact 1e- versus 2e- oxidative pathways on “hard” nickel pincer
scaffolds. Chapter 4 describes our efforts towards the selective formation of α-C(sp2)–
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C(sp2) bonds at the α-position of enones via a reductive Iodonium-Claisen
rearrangement. We demonstrate the utility of β-pyridinium silyl enol ethers as a
platform for direct α-arylation, and how the 2-iodo-aryl-α-arylated enones can be used
to access diverse heterocyclic structures. Chapter 5 demonstrates our initial efforts
towards the selective C2 or C3 carbon-nitrogen bond formation on indoles. By
exposing different indoles to (bis)cationic nitrogen-ligated HVI (N-HVI) reagents we
found that selective C2 or C3 C–H indole-pyridinium salts can be formed in good to
excellent yield. Although, this project is not finished yet, we anticipate the indolepyridinium salts generated could serve as platform for accessing diverse piperidines,
pyridones and primary amines through straightforward procedures. The combined
chapters of this dissertation highlight the applications of λ3-iodanes towards transition
metals and emphasize the applications of these reagents to enable challenging C–C and
C–N bond formation events. More importantly, this dissertation serves as a guide for
future development of the hypervalent iodine field.
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This dissertation is dedicated to my mom Luiza Helena; my dad Julio Cesar; my brother
Luiz Eduardo and Sofia Martins.

To know thyself is the beginning of wisdom - Socrates
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CHAPTER 1
HYPERVALENT IODINE REAGENTS: STRUCTURE, SYNTHESIS AND
REACTIVITY
1.1

Background and Significance
Oxidative processes are essential and present in many natural events.1–4 Through

the years, Nature has developed selective oxidative reactions resulting in the efficient
production of bioactive molecules that possess densely oxidized structures.5–7 To
accomplish the laboratory synthesis of such important targets, chemists have also
developed a wide range of oxidative protocols, making this field an intense research area
in industry and academia.8–10 However, many of these strategies rely on scarce,11–13 toxic
transition metals14–18 or harsh conditions, and often provide poor functional group
compatibility and chemo/regioselectivity.19 Clearly, these features impose obstacles to
synthesis development, such as a lack of selectivity, atom and step economy, rendering the
process costly and impractical.19–21 As a result, extensive research has been conducted in
the development of environmentally benign and inexpensive reagents for such
transformations, however, general solutions remain a challenge.
As an alternative, the use of main-group elements has emerged as a potential
solution for the aforementioned issues regarding the use of heavy metals for oxidative
transformations.22–27 Sulfur based oxidations, such as the ubiquitous Swern oxidation, are
a metal-free option for selective oxidation of alcohols to carbonyls, which are widely
utilized in synthetic processes.24–27 However, inherent difficulties, such as toxicity 28,29 and
malodorous smell of some of the reagents, makes those protocols impractical to apply in
large-scale synthetic laboratories. Conversely, iodine recently gained attention from the
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scientific community due to its powerful oxidizing ability, group transfer capability, and
heteroatom activator for a variety of transformations.30 Compared to other main group
elements, iodine possesses a larger atomic radius, which allows extension of its normal
valency to adopt multiple highly reactive “hypervalent” states,31 which have been
demonstrated as powerful tool for affecting non-toxic, environmentally benign, and mild
alternative to the current oxidative strategies.32
Hypervalent iodine compounds can be distributed into two categories: 1) Iodine
(III), or λ3-iodanes (IUPAC) compounds, bearing a T-shaped geometry and one linear 3center-4-electron bond, and 2) iodine (V) or λ5-iodanes (IUPAC), possessing a square
pyramidal geometry and two linear 3-center-4-electron bonds (Figure.1.1).30 A few
representative examples are given in figure 1.1 and this dissertation will focus on the
reactivity and applications of λ3-iodanes.

Figure 1.1. Nomenclature, oxidation states, geometries and representative examples
of hypervalent iodine compounds.
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1.2

λ3 Iodanes-Electronic Structure
λ3-Iodanes possess 10 electrons on the iodine center with typically trigonal

bipyramidal geometry. The X-ligands typically orient 180° from each other, and for clarity
purposes, the two extra electron pairs at the iodine center are usually omitted. Therefore,
the λ3-iodanes are often represented with a T-shaped structure.30 From a molecular orbital
theory perspective, the bonding orbital present in λ3-iodanes is composed of two electrons
from the non-hybridized 5p orbital of the iodine center and one electron from the 2p or 3p
orbital from each of the X ligands (Figure 1.2). This structure results in a net 3-center-4electron bond between the iodine center and the two X ligands. Compared to the
conventional covalent bond between two atoms, this hypervalent bond is polarized towards
the ligands and is longer and weaker; a property which explains the electrophilic reactivity
of λ3-iodanes and hypervalent iodine compounds in general (Figure 1.2). It is noteworthy
to mention that electronic and steric parameters of the ligand and the aryl motif can directly
impact the electrophilicity and chemoselectivity of hypervalent iodine compounds.
Excellent reviews on this subject have been reported30,33–35 and the reader is guided to them
for further and more detailed information.

Figure 1.2. Molecular orbital analysis and characteristics of the IX2 bond.
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1.3

λ3 Iodanes-Derivatives and their Synthesis
As illustrated on figure 1.3, λ3-iodanes of the type ArIX2 can possess a wide variety

of halogens, oxygen, and carbon-based X-ligands.

Figure 1.3. Oxygen, halogen and carbon-based ligands present on λ3-Iodanes of the
type ArIX2.

To access acetate-derived reagents such as PhI(OAc)2, treatment of an
aryliodide(I) with an electrophilic oxygen source generates an I(III) intermediate (1.17) in
situ, which further reacts with a source of acid (HX) to form the desired I(III) compound
where the acid counterion has been incorporated as the X-ligand (Scheme 1.1a).
Dihalogenated λ3-iodanes are also synthesized via oxidation of aryliodines, however, in
this case, an electrophilic halogen source such as the N-halosuccinimides or Selectfluor
36,37,38

can also serve as the oxidant39,40 (Scheme 1.1b).
4

Scheme 1.1. (a) Synthesis of λ3-iodanes through oxidation protocols. (b) Synthesis of
dihalogenated λ3-iodanes using electrophilic halogen source.

By these strategies, hypervalent iodine compounds can be obtained in high yield,
the procedures are simple, fast, do not require further chromatographic purification, and
the desired product often precipitates from the reaction mixture which can be filtered from
inorganic byproducts using organic solvents.
Nitrogen X-ligands are also observed in λ3-iodanes of the type ArIX2. In this case,
two classes of compounds are commonly observed: neutral and charged (Figure 1.4) and
three subclasses comprised of acyclic, pseudocyclic and cyclic species are observed within
each class (Figure 1.5).
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Figure 1.4 Nitrogen ligands on λ3-Iodanes of the type ArIX2 and representations of
neutral and charged classes.

Acyclic compounds possess the all substituents non covalently bound to the
electrophilic iodine center resulting in a nearly 90° between the ligands and the aryl motif.
These compounds are commonly synthesized through Lewis acid activation followed by
ligand exchange with commercially available materials (See 1.26 Scheme 1.5) and they are
also easily derivatized. However, these reagents are not thermally and moisture stable, in
which our lab has been dedicating efforts to expand the synthetic utility, and the
development of novel [bis(pyridinium)iodo]arene class which we have termed as N-HVIs
(1.25). As it will be generally demonstrated in this dissertation, we observed that cationic
bis-pyridinium-ligated λ3-iodanes, possess the same structure as other λ3-iodanes of the
type ArIX2. However, their reactivity pattern was found to be quite different from other
I(III) reagents. By utilizing N-HVIs, we developed methodologies for challenging
transformations which proved to be impossible to achieve otherwise (See section 1.4).
6

Pseudocyclic species possess a Lewis basic group in the ortho position of the arene
that can datively binds to the iodine center (1.27, Figure 1.5). Such reagents require multistep linear synthesis and their derivatization proved to be challenging. Finally, in cyclic
reagents, the iodine center, the aryl group and the ligand are covalently connected. Due to
ring strain, the C–I–X angle on this subclass is highly distorted from the ideal T-shaped
geometry presenting the value of approximately 80° (1.28, Figure 1.5). Cyclic N-ligated
reagents are the most studied and most stable subclass with several examples characterized
by X-ray crystallography. From the synthetic point of view these compounds are used as
group transfer reagents to olefins, metal centers and heteroatoms.

Figure 1.5 Examples of N-Ligated acyclic, pseudocyclic and cyclic λ3-iodanes.

It is also possible to synthesize new λ3-iodanes through ligand exchange operation
from existing λ3-iodane reagents (Scheme 1.2a). This strategy is widely invoked in the
synthesis of hypervalent iodine compounds containing electron deficient (i.e.-OCOCF3)41
(Scheme 1.2b) and nitrogen-based heterocyclic ligands42 (Scheme 1.2c). In this approach,
the ligands present on the starting λ3-iodane are prior activated with a Lewis 43 or Bronsted
acid 41 and further displaced by a nucleophile or the conjugated Bronsted base through
ligand exchange.41
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Scheme 1.2. (a) General Lewis acid activation of λ3-iodanes. (b) Synthesis of Nheterocyclic based. λ3-iodanes through Lewis acid activation. (c) Synthesis of
electron deficient λ3-iodanes through Bronsted acid activation.

In addition to variation at the X-ligands, the substituents on the aryl moiety of λ3iodanes can also be used to manipulate both reactivity and selectivity44 (Scheme 1.3a).
Typical substituents in the aryl motif present in λ3-iodane reagents are limited to methyl,
and electron withdrawing groups such as NO2 group and halogens (i.e. chloride, bromide
and fluoride) (1.37). However, very recently, Wirth and co-workers disclosed an elegant
strategy for the synthesis of λ3-iodanes containing electronic and steric substitution of the
aryl ring that had proven challenging to access, specifically electron-donating groups
(Scheme 1.3 b).45 In this case, the λ3-iodanes reagents were synthesized by C–H
functionalization of the aryl motif using I(OAc)3 as the λ3-iodane precursor. In addition to
8

electronic and steric substitutions, chiral groups were also installed on the aryl motif. This
strategy provided an accessible and robust way to achieve asymmetric transformations in
high enantioselectivity.45

Scheme 1.3. (a) Synthesis of λ3-iodanes containing substituents on the aryl motif
through oxidation. (b) Synthesis of aryl substituted and chiral λ3-iodanes through
direct C–H functionalization of electron rich arenes

1.4

λ3 Iodanes-Reactivity
In terms of its reactivity, λ3-iodanes display properties that are comparable to

transition metals such as ligand exchange, pseudo-rotations and reductive elimination in
the presence of nucleophiles30,46 (Figure 1.6). Driving this reactivity is the exceptional
leaving group ability of λ3 hypervalent iodine compounds, or “hypernucleofugality” 46, 47,
which was found to be 106 times greater than that of a triflate.46 This reactivity and
excellent leaving group ability can be rationalized by the thermodynamic driving force of
reducing the iodine center from +3 to the more stable +1 oxidation state (Figure 1.6).
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Figure 1.6. General reactivity pattern amongst λ3-iodanes.

By taking advantage of this, λ3-iodanes have been applied in a variety of synthetic
methods including group transfer reactions to aryl, alkenes and alkynes; carbon–carbon
bond formation; oxidative fragmentations and electrophilic heteroatom activation.30
Regarding this last class of reactions, λ3-iodanes proved to efficiently activate oxygen
atoms, leading to oxidation of primary or secondary alcohols to the corresponding
carbonyls48,49 which required the presence of a Lewis acid when mild λ3-iodanes (i.e.
PhI(OAc)2) were utilized (Scheme 1.4a). Seemingly, the activation of one of the ligands
bound to the iodine center by the Lewis acid facilitate the necessary ligand exchange step
and potentially enhances the oxidation potential of the intermediate generated, leading to a
more facile oxidation (Scheme 1.4a). Work in our laboratory has shown that a Lewis acid
was not required when N-HVI (i.e. [PhI(Py)2]2OTf) was utilized (Scheme 1.4a). We
hypothesize the oxygen from the alcohol substrate can easily displace the pyridinium
ligand driven by the formation of a more covalent oxygen–iodine bond than the original
pyridinium–iodine dative bond. Then the oxidation would arise from elimination of the α-
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hydrogen to oxygen atom with synchronous reduction of the iodine center (See 1.47,
Scheme 1.4a).
Invoking a very similar principle, λ3-iodanes also activated the oxygen atom of
phenols, leading to an oxidative dearomatization event (Scheme 1.4b). By using this
strategy, external nucleophiles can be utilized for the synthesis of ortho or para substituted
α, β-unsaturated ketones and challenging meta-substitution patterns can be accessed if
para-substituted phenols are used.50–52 It is noteworthy to mention that oxidative
dearomatization protocols also have been extensively employed in the synthesis of
complex molecules through intramolecular nucleophilic attack, which enables the access
to valuable elaborated architectures (Scheme 1.4b).53–55
Analogous to oxygen, it was observed that the nitrogen atom from amide groups
can also be activated in the presence of λ3-iodane reagents. In this case, the nitrogen atom
performs a ligand exchange with the hypervalent iodine leading to a Hofmann
rearrangement by selective bond migration, which led to the synthesis of various carbamate
scaffolds from alkyl56 and aryl57 carboxamides (Scheme 1.4c). The activation of
heteroatoms by λ3-iodanes also lead to group transfer reactions and examples of
acetoxylations, and mono/di-halogenations of sp2 and sp3 centers can be extensively found
on the literature58,59,68,60–67 and the reader is directed to the aforementioned references for
more information.
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Scheme 1.4. (a) Umpolung oxidation of alcohols to carbonyls by oxygen activation.
(b) Oxidative dearomatization of phenols as strategy to access complex scaffolds.
(c) Hofmann Rearrangement of carboxamides by nitrogen activation.

Recently, our lab demonstrated the utility of N-HVIs to the synthesis of medium
size ether rings (Scheme 1.5).69,70 It was found that benzylic tertiary alcohols could undergo
oxidative ring expansion in the presence of this relatively underexplored nitrogen-ligated
hypervalent iodine reagents and hexafluoroisopropanol (HFIP) (Scheme 1.5a). It was
demonstrated that the oxygen from the hydroxyl group was activated by the N-HVI reagent
which underwent selective bond migration leading to a single regioisomer (1.57, Scheme
1.5). Presumably, the observed oxidative rearrangement was occurring through HFIP
12

activation of the hypervalent iodine reagent which enabled the selective bond migration
instead other reaction pathways.69 We also observed that commonly utilized λ3-iodanes
such

as

diacetoxyiodobenzene

(PhI(OAc)2)

or

(bis)trifluoroacetoxyiodobenzene

(PhI(OTFA)2) proved to be ineffective, resulting in no desired product formation or low
yielding reactions.69 Building from these results, we expanded this methodology to access
the ring expansion of secondary alcohols, in which we verified that alcohols containing cis
substitutions at α-position and scaffolds containing 4-, 5- or 6- membered rings would
undergo the oxidative rearrangement in moderate to good yields. However, transsubstituents to the hydroxyl group underwent selective oxidation instead of bond
migration,70 which can be explained through a frontier molecular orbital (FMO) analysis
since cis substrates provide the favorable orientation for the maximum overlap between the
σ* orbital from the oxygen–iodine bond and the σ orbital of the carbon–carbon bond
leading to bond migration. Conversely, trans substrates do not present such orientation due
to steric constraints and instead favor hydrogen atom abstraction, preferentially leading to
oxidation (Scheme 1.5b).70 We also verified that no epimerization of stereogenic centers
and good yields were observed when this methodology was applied to complex natural
product scaffolds. (Scheme 1.5b).
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Scheme 1.5. (a) Synthesis of ether medium size rings through oxygen activation by
N-HVIs. (b) Ring expansion of secondary alcohols with no epimerization of
stereogenic centers. Frontier Molecular Orbital analysis of the transformation.

λ3-iodane reagents also have proven to be versatile and robust for the synthesis of
carbon–carbon bonds71–73 through the utilization of diaryliodonium salts. For the synthesis,
reactivity, and theoretical mechanistic interpretation of the bonding of this class
hypervalent iodine reagents the reader is guided to an excellent review reported by
Olofsson.74 Recently, Gaunt elegantly demonstrated the site-selective arylation of indoles75
electron-rich arenes,75 alkynes,76 and alkenes77,78 (Scheme 1.6) by using these readily
accessible reagents and a detailed discussion about these protocols will be included in
chapter 2 of this dissertation.
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Scheme 1.6. Diaryliodonium salts mediated C(sp2) arylation of arenes and
heterocyclic motifs.

Additionally, diaryliodonium salts were also employed in C(sp3)–C(sp2) carbon–
carbon bond forming events. Koser demonstrated an elegant method for α-arylation of
ketones by using silyl enol ethers (Scheme 1.7a).79 In this case, fluoride, the counter anion
on the diaryliodonium salt, triggered a cascade reaction leading to the desired α-arylated
ketone presumably via [3,3] sigmatropic rearrangement. In this context, Waser
demonstrated that ethynylbenziodoxolone (EBX) reagents readily provided access to
multiple alkynylated or vinylated scaffolds (Scheme 1.7b).80–84
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Scheme 1.7 (a) Ketone α-arylation. (b) electrophilic alkynylation of C(sp3) centers.

Despite

λ3-iodanes

have

being

extensively

utilized

in

stoichiometric

transformations, recent reports have shown their ability to be applied as organocatalysts
for oxidative transformations. In such protocols, the aryliodine precursor, present in
catalytic amounts, can undergo oxidation and subsequent formation of the λ3-iodane
reagent in situ85 which has been particularly powerful in the development of asymmetric
transformations, such as group transfer or dearomatizations (See Scheme 1.4 and
references related).
In this context, it is also possible to invoke the λ3-iodane as a co-oxidant for
oxidation of alcohols. As demonstrated by Liu,86 benzylic alcohols can be oxidized to
aldehydes in the presence of catalytic amounts of PhI(OAc)2, TEMPO and KNO2 under
aerobic atmosphere (Scheme 1.8), wherein TEMPO is thought to be responsible for the
alcohol oxidation. The turnover of the catalyst is caused by co-oxidant PhI(OAc)2 in a
second oxidation event, which is then re-oxidized by KNO2 in a third oxidative event
initiated by oxygen (Scheme 1.8). All these protocols certainly open a venue for the
substitution of the stoichiometric use of dangerous and toxic oxidants, such as IBX or
16

chromium-based compounds, by the readily accessible and environmentally benign λ3iodanes. However, as one might think, the necessity for a stoichiometric organic co-oxidant
can be detrimental, decreasing the overall atom economy and giving rise to issues of
chemoselectivity, decreasing the applications of such methodologies.

Scheme 1.8. Application of PhI(OAc)2 as co-oxidant for oxidation of alcohols.

A potential alternative to the catalytic methods previously mentioned would be the
application of electrochemical methods to the synthesis of λ3-iodanes. Very recently
Powers’ group demonstrated the ability of hypervalent λ3-iodanes to be synthesized
through anodic oxidation and be directly applied to intra and intermolecular C–H amination
(Scheme 1.9).87 The hypervalent iodine species was generated through aerobic electrooxidation of an aryl iodide in the presence of acetate anions. This strategy surpassed the
overpotential used for direct oxidation of aryl iodides, seemingly because acetate anions
could offer substantial stabilization to iodanyl radicals (1.83, Scheme 1.9). The redox
balance of this protocol comes from the production of H2 presumably from HFIP through
a proton reduction. The substrate scope tolerance of this metal-free C–H amination was
found to be complementary compared to both aerobic and peracid oxidation protocols,
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which opens the door to the development of novel strategies for the synthesis and
application of λ3-iodanes via electrochemistry.

Scheme 1.9. Anodic Oxidation as platform for the synthesis of heterocyclic
structures and proposed mechanism for the synthesis of PhI(OAc)2 through
electrooxidation.

λ3-iodanes have also been widely employed as stoichiometric oxidants for
transition metals since these reagents proved to be extremely versatile for the synthesis of
high-valent transition metals through a net 2e- oxidation. In this context, new reactive
modes and the development of new catalytic approaches were enabled under these
oxidative conditions and this topic will be subject of detailed discussion in chapter two of
this dissertation.

1.5

Conclusion
This chapter illustrates the electronic structure, synthesis and general reactivity of

λ3-iodanes with a specific focus on transformations that will be relevant to the work
discussed in this thesis. Although λ3-iodanes present certain similarities to transition
metals, they offer an environmentally benign and mild alternative to the current suite of
18

oxidative reagents. In addition to that, λ3-iodanes have been utilized as a versatile and
robust class of synthetic reagents towards electrophilic activation of heteroatoms,
formation of carbon-carbon bonds, oxidative rearrangements, fragmentations, and as
organocatalysts for both racemic and enantioselective processes. Due to their synthetic
utility, the development of new methods for the generation of λ3-iodane reagents that avoid
the use of stoichiometric organic co-oxidants is an area of intense research and, in this
context, electrochemical oxidation was recently demonstrated to be a promising new
avenue of exploration that will certainly see further development and applications in the
near future.
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CHAPTER 2
HYPERVALENT IODINE REAGENTS IN TRANSITION METAL CHEMISTRY

2.1

Background and Significance
Over the last 20 years, high valent metal complexes have transitioned from mere

curiosities to being at the forefront of modern catalytic method development. This approach
has enabled transformations complimentary to those possible via traditional manifolds,
most prominently carbon-heteroatom bond formation. Key to the advancement of this
chemistry has been the identification of oxidants that are capable of accessing these high
oxidation state complexes. The oxidant has to be both powerful enough to achieve the
desired oxidation as well as provide heteroatom ligands for transfer to the metal center;
these heteroatoms are often subsequently transferred to the substrate via reductive
elimination. The choice of heteroatom can be critical depending on the application. For
example, chloride ligands can aide in the stabilization and isolation of high valent
complexes whereas acetate ligands are often more successful in catalytic manifolds.
Hypervalent iodine reagents have seen wide application in this field as they are
environmentally benign, non-toxic, and relatively inexpensive compared to other inorganic
oxidants. Furthermore, they provide an excellent balance of versatile reactivity, heteroatom
ligands, and mild reaction conditions. We will cover advancements in the use of
hypervalent iodine reagents for both catalysis and high valent complex isolation with a key
focus on the subtle effects that oxidant choice can have on reaction outcome, as well as
limitations of current reagents. Many of these areas have been covered in the context of
more broad reviews and in those cases the discussion will not be comprehensive but focus
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on the key aspects and most relevant elements for this review. The discussion is organized
broadly by the metal center being oxidized, including palladium, platinum, gold , nickel,
copper, and finally isolated examples with other transition metals. Below a summary
graphic has been provided that includes oxidants common to high valent transition metal
chemistry that will be discussed in this review as well as common nomenclature and how
they will be presented in the text (Figure 2.1).
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Figure 2.1. Common oxidants utilized in high valent metal catalysis.
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2.2

Palladium

2.2.1. Introduction
Palladium has a long and storied history in transition metal catalysis, facilitating such
iconic cross coupling reactions as the Heck, Suzuki-Miyara, Negishi, Buchwald-Hartwig,
Sonagashira, and others. Its ubiquity stems not only from its excellent reactivity, but also
from a detailed understanding of its underlying mechanisms and predictable reactivity,
which facilitates novel reaction development. For many years, palladium catalysis relied
on the Pd(0)/Pd(II) redox couple, however, work in the 21st century has shown the power
and promise of the high oxidation state Pd(II)/Pd(IV) manifold, as well as the potential role
of Pd(III) species in catalysis (Scheme 2.1). This chemistry has enabled transformations
previously inaccessible via traditional catalytic manifolds, most notably carbonheteroatom bond forming reductive eliminations, the microscopic reverse of the oxidative
addition pathways commonly encountered in low valent palladium catalysis. In this
context, hypervalent iodine reagents have emerged as key players, facilitating net twoelectron oxidations at the metal center accompanied by transfer of their heteroatom ligands,
most commonly acetate or chloride. Arguably the rapid advancements and synthetic
applications of high valent palladium chemistry have spurred investigations into more
obscure oxidation states with other metals. As both synthetic applications and mechanistic
details of this area have been comprehensively discussed in several excellent reviews in
recent years,1-8 this section will discuss the key role that hypervalent iodine reagents have
played in its development, with special attention paid to recent reports as well as limitations
of current methods that could be addressed through continued exploration of novel
oxidants. As the body of work in this area is extensive, this section will be organized based
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on the type of bond formation being targeted, namely C–O, C–X, C–N, and C–C bonds,
and finally studies focusing on Pd(III) species.

Scheme 2.1. Manifolds for palladium catalysis. Traditional methods via
Pd(0)/Pd(II) and recent advances in Pd(II)/Pd(IV) catalysis.

2.2.2. Palladium (IV)
2.2.2.1 Introduction
Canty reported the first X-ray structure of an alkyl Pd(IV) organometallic complex in
1986, formed via the oxidative addition of iodomethane to a dimethyl (bpy)Pd(II) complex
(1, Scheme 2.2).9 Canty’s work revealed the octahedral geometry of Pd(IV) species 1, as
well as the clean oxidative addition/reductive elimination reactivity and stability of these
complexes, which he comments could “suggest that development of a rich organometallic
chemistry of palladium(IV) may be possible”. This report laid the foundation for the rich
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chemistry, mechanistic and structural understanding of this high oxidation state redox
couple that has emerged over the last 20 years.

Scheme 2.2. Canty’s report resulting in the first X-ray crystallographic
characterization of a Pd(IV) alkyl species.

Pd(II)/Pd(IV) chemistry has become as a powerful synthetic manifold to facilitate
transformations not accessible via traditional Pd(0)/Pd(II) catalysis (Scheme 2.1). This
field has been pioneered by the Sanford group in the area of C–H acetoxylation and
halogenation. There have been several comprehensive reviews written on this topic in
recent years and the reader is directed there for detailed mechanistic discussion and an
exhaustive report of applications.1,4,5 Building from this work, Pd(IV) chemistry has been
applied to the formation of a diverse array of C–N, C–O, C–X, and C–C bond forming
reactions.
2.2.2.2 Carbon–Oxygen Bond Formation
There has been extensive work in the area of C–O bond formation via Pd(II)/Pd(IV)
catalysis with hypervalent iodine reagents. This application is particularly well suited as
the most common hypervalent iodine oxidants, of the type PhI(OR)2, transfer carboxylate
ligands to the metal center that are then engaged in subsequent C–O bond forming
reductive elimination. These carboxylate ligands are also highly tunable, both sterically
and electronically, allowing for control of complex stability, reaction pathway and
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selectivity. Approaches have expanded to include C–H functionalization, allylic oxidation,
as well as alkene difunctionalization.
2.2.2.3 C–H Functionalization
The first report of Pd-catalyzed C–H acetoxylation using a hypervalent iodine oxidant
was by Crabtree, who achieved the acetoxylation of benzene using Pd(OAc)2 with
PhI(OAc)2 as the external oxidant and –OAc source (Scheme 2.3).10 This built upon the
work of Stock et al., which employed dichromate to perform an analogous
transformation,11 however PhI(OAc)2 offered much higher selectivity and did not perform
further product oxidations. In what has become a standard mechanistic proposal, Crabtree
proposed acetyl assisted C–H activation at Pd(II) (intermediate 3) would give intermediate
4, which can then be diverted down one of two pathways. Along the desired pathway (Path
B) 5 is then oxidized by PhI(OAc)2 to Pd(IV) species 5 with introduction of two acetyl
groups. Subsequent reductive elimination gives rise to acetoxylated product and
regeneration of the Pd(OAc)2. Importantly, Crabtree noted that competitive formation of
biphenyl (via Path A) is minimized with PhI(OAc)2, indicating that oxidation to Pd(IV) in
this system is significantly faster than a second C–H activation step to give 6. It was also
found that in the absence of oxidant, biphenyl was the only observable product, thus
indicating that Pd(II) intermediate 4 will not undergo direct C–X reductive elimination,
and emphasizing the significance of Pd(IV) pathways in facilitating such transformations.
While this system displayed only moderate catalytic activity and required solvent quantities
of the arene, it laid the foundation for the development of directed C–H acetoxylation,
which has relied on hypervalent iodine oxidants to efficiently acetoxylate C(sp2)–H as well
as C(sp3)–H bonds.
37

Scheme 2.3. Pd(II)/Pd(IV) catalyzed acetoxylation of benzene with use of
PhI(OAc)2 as external oxidant.

The Sanford group’s contributions to this area began in 2004 with their seminal report
on the directed C–H acetoxylation of 2-phenylpyridine using Pd(OAc)2/PhI(OAc)2
(Scheme 2.4a).12 Since then, they have extended this method to include a range of directing
groups for C(sp2)–H acetoxylation and a brief overview is included in Scheme 2.4b.13
While other oxidants including Mn(OAc)2 and Oxone have been used in this chemistry,
PhI(OAc)2 is by far the most common.2 Sanford also demonstrated a polymer supported
variant of this chemistry, which allows for facile recycling of the hypervalent iodine
reagent, addressing the issue of iodobenzene byproducts produced in these transformations
(Scheme 2.4c).14
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Scheme 2.4. (a) First report on the directed C(sp2)–H acetoxylation of 2phenylpyridine with Pd(OAc)2/PhI(OAc)2; (b) General scope of directing
groups used for C(sp2)–H acetoxylation; (c) Polymer-supported λ3-iodane
allows for facile oxidant recycling.

The acetoxylation of both benzylic and unactivated C(sp3)–H bonds can also be
accomplished with Pd(OAc)2 and PhI(OAc)2 (Scheme 2.5).12,15,16 In these reactions, sterics
plays a large role in dictating regioselectivity, with the less sterically hindered C–H bond
undergoing C–H activation. While the C(sp3)–H variant often performs most efficiently
with PhI(OAc)2 as the oxidant, combinations of Oxone/Mn(OAc)2, molecular oxygen, and
peroxide oxidants have also been used effectively.2 Another interesting example used
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iodine(I) reagent IOAc, which was generated in situ from PhI(OAc)2 and I2; PhI(OAc)2
alone was ineffective in this case.17

Scheme 2.5. (a) Directed acetoxylation of benzylic C(sp3)–H bonds; (b) Directed
acetoxylation of unactivated C(sp3)–H bonds.

The Sanford group has conducted extensive mechanistic studies on these processes,
and the reader is directed to some selected full reports for detailed discussion.2,18-20 Their
work has been accompanied by that of Ritter and others, with a key point being whether
Pd(IV) species or Pd(III) dimers are the active catalysts. Key reports detailing the
possibility of Pd(III) intermediates are discussed in more detail in Section 2.2.6 Sanford’s
seminal report in this area outlines some of the key features of both the ligand scaffolds
and hypervalent iodine oxidants that allow for study of reactive Pd(IV) intermediates as
well as mechanistic elucidation (Scheme 2.6).19 Two rigid cyclometallated 2phenylpyridine ligands were incorporated to lend stability to the resultant complexes, and
suppress competing ligand exchange and side reactions upon oxidation. Additionally, the
acetate ligands of PhI(OAc)2 were exchanged for aryl carboxylates that could be readily
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derivatized and thus used as facile handles to control the electronic parameters at the metal
center. The Pd(IV) complex (7) obtained upon oxidation with PhI(CO2p–XAr)2 where
X=NO2 was able to characterized by X-ray crystallography, revealing cis addition of the
two carboxylates ligands. Subsequent Hammett analysis revealed a clear correlation
between carboxylate electronics and the rate of reductive elimination, indicating that the
carboxylate acted in as a nucleophile in reductive elimination.

Scheme 2.6. Seminal mechanistic investigation into Pd(IV)-mediated C–H
acetoxylation.
The Yu group reported an intramolecular C(sp2)–H acetoxylation that could also be
rendered asymmetric using a Boc-Ile-OH chiral ligand (Scheme 2.7).21 This report was the
first enantioselective application of Pd(II)/Pd(IV) catalysis and gave high yields and
enantioselectivities of benzofuranones.
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Scheme 2.7. Enantioselective intramolecular C(sp2)–H acetoxylation using chiral
amino acid ligand.
Sanford demonstrated an impressive example of non-directed C(sp2)–H acetoxylation
through the addition of pyridine to enhance catalytic activity of the palladium catalyst
(Scheme 2.8).22 In this system, the ratio of [Pd]/pyridine proved critical as well as the
selection of hypervalent iodine oxidant. Switching to the more sterically hindered
MesI(OAc)2 from PhI(OAc)2 improved both yield and regioselectivity.

Scheme 2.8. Non-directed arene C–H acetoxylation. Effect of both catalyst and
hypervalent iodine oxidant on reactivity.

Chen reported C(sp3)–H and C(sp2)–H alkoxylation using a picolinamide directing
group (Scheme 2.9).23 The reaction is proposed to proceed via displacement of acetate
ligands by alkoxides at a Pd(IV) intermediate (8). The authors rule out an alternative SN242

displacement of Pd(IV) by ROH since t-BuOH also participates to give C–OR bond
formation. This reactivity is divergent from their previous reports on C–H amination using
this same system, where 8 would undergo selective C–N reductive elimination in the
absence of an external nucleophile (see Section 2.2.3.2, Scheme 2.27). It was found that
the use of other oxidants including AgOAc, Oxone, Ce(SO4)2, K2S2O8, “F+” sources, as
well as hypervalent iodine oxidants with other carboxylate ligands all gave inferior
conversions. In C(sp2)–H alkoxylation, either mono- or bisalkoxylation could be achieved
by altering the equivalents of PhI(OAc)2.
A similar transformation has also been reported by Rao using an 8-aminoquinoline
directing group and the unique choice of λ5-iodane Dess-Martin Periodinane (DMP, 9) as
the oxidant (Scheme 2.10).24 Other oxidants including PhI(OAc)2, PhI(OTFA)2, K2S2O8,
NaIO4, NaIO3, and Selectfluor all gave little or no conversion to desired products and
competing functionalization of the 8-aminoquinoline directing group was also observed.
The authors propose that DMP is not the terminal oxidant but rather cyclic λ 3-iodane 10,
formed in situ by attack of the alcohol on DMP, which then transfers the alkoxide to the
palladium center upon oxidation. However, a similar ligand displacement at a Pd(IV)
intermediate, analogous to Chen’s report, cannot be ruled out.
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Scheme 2.9. C(sp3)–H alkoxylation using picolinamide directing group via
ligand exchange at Pd(IV).

Scheme 2.10. C(sp3)–H alkoxylation of methylene positions using an 8aminoquinoline directing group and DMP as an oxidant.
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2.2.2.4. Alkene Difunctionalization, Allylic Oxidation
The difunctionalization of alkenes is also possible employing Pd(II)/Pd(IV) catalysis
and hypervalent iodine reagents. Through the traditional Pd(0)/Pd(II) catalysis, the Pd(II)
intermediate (11) that arises from initial heteropalladation undergoes rapid β-hydride
elimination to regenerate an alkene (Scheme 2.11). By introducing an appropriate oxidant,
11 can instead be oxidized to a Pd(IV) species (12), which is set up for subsequent reductive
elimination.

Scheme 2.11. Alkene difunctionalization enabled via Pd(II)/Pd(IV) catalysis.

There have been several reports on 1,2-aminooxygenation of alkenes via this approach
that utilize phthalimide as the nitrogen source. Stahl reported the use of allylic ethers in the
diastereoselective aminoalkoxylation of terminal alkenes (Scheme 2.12a).25 Mechanistic
studies revealed that an initial cis aminopalladation step and oxidation gave Pd(IV)
intermediate 13, followed by C–O bond formation via an intermolecular SN2-displacement
by acetate. Using a similar approach, Sanford employed homoallylic alcohols in the
diastereoselective formation of substituted tetrahydrofuran rings (Scheme 2.12b).26
Consistent with Stahl’s findings, Sanford reports a cis aminopalladation/oxidation
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sequence however, in this case, the presence of the homoallylic alcohol results in
intramolecular coordination to give palladacycle 14. This leads to preferential direct C–O
bond forming reductive elimination rather than intermolecular SN2 attack on 14. Consistent
with the necessary formation of the six-membered palladacycle, additional substitution on
the alcohol backbone results in significantly higher yields.

Scheme 2.12. Two approaches to alkene aminooxygenation via Pd(II)/Pd(IV).
Changes in substrate lead to a divergence in mechanism for C–O bond
formation.

Dong reported the dioxygenation of alkenes with [Pd(dppp)(H2O)2](OTf)2 and
PhI(OAc)2, an attractive alternative to the use of toxic osmium-based reagents (Scheme
2.13).27 Based on labeling studies and the observed cis diastereoselectivity, they propose a
mechanism involving a Pd(II)/Pd(IV) cycle and an SN2-type displacement of a Pd(IV)
intermediate. Alkene coordination gives Pd(II) species 15 and promotes intermolecular
attack by AcOH to give 16, which is oxidized by PhI(OAc)2 to give Pd(IV) species 17. 17
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then undergoes intramolecular SN2-diplacement by acetate giving cyclic oxonium 18
followed by opening with H2O and acylation. This method could also be applied in substrates
possessing tethered alcohol and carboxylic acid nucleophiles to give tetrahydrofuran and
lactone products.

Scheme 2.13. Diastereoselective catalytic alkene dioxygenation using
Pd(II)/Pd(IV) catalysis.

Using PhI(OBz)2 and PdCl2(PhCN)2, Sanford’s group was also able to perform
asymmetric alkene dioxygenation by tethering of a chiral oxime directing group (Scheme
2.14).28 They were able to achieve moderate to high levels of diastereoselectivity on a wide
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range of oxime substrates possessing different chiral elements. A control experiment using
both a cis and trans alkene showed that both gave rise to their respective syn dioxygenated
products, shedding some light on the potential mechanism. While the exact pathway was
not elucidated, they propose that an initial oxypalladation could occur in either a trans or
cis fashion to give 19 or 20, each of which can converge to the syn product by either an
SN2-type displacement or direct reductive elimination respectively.

Scheme 2.14. Asymmetric alkene dioxygenation using a chiral oxime directing
group.

Using a palladium NCN-pincer complex (21) or Pd(OAc)2, Szabo’s group was able to
perform allylic acetoxylation, benzoxylation, or trifluoroacetoxylation using PhI(OAc)2,
PhI(OBz)2, or PhI(OTFA)2 (Scheme 2.15).29,30 This offers a complimentary approach to
traditional methods of allylic functionalization proceeding via Pd(0)/Pd(II) catalysis.
Pd(0)/Pd(II) methods require stoichiometric benzoquinone as an essential additive to
activate the allyl Pd(II) species for nucleophilic attack and the use of a more electrophilic
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Pd(IV) intermediate obviates the need for this activation. The proposed catalytic cycle is
shown in the context of acetoxylation, beginning with oxidation of Pd(II) to Pd(IV) and
subsequent alkene coordination to give complex 22. Pi-allyl formation gives 23, which can
then undergo reductive elimination to give desired product 24. It should be noted that White
has reported a Wacker oxidation employing a combination of Pd(OAc)2 and catalytic
PhI(OAc)2, however mechanistic studies indicate that this does not involve direct oxidation
to a Pd(IV) intermediate as no ArI byproducts were observed.31

Scheme 2.15. Allylic acetoxylation, benzoxylation, or trifluoroacetoxylation via
Pd(II)/Pd(IV) catalysis.
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2.2.2.5 Carbon–Halogen, Carbon–Boron Bond Formation
One of the most interesting transformations enabled by high valent palladium catalysis
is in carbon-halogen and carbon–boron bond formation. In Pd(0)/Pd(II) catalysis, these
groups represent functional handles that undergo facile oxidative addition and the reverse
process is highly disfavored. Pd(II)/Pd(IV) manifolds offer the perfect compliment,
allowing the installation of these valuable atoms into carbon scaffolds via C–H
functionalization. The application of hypervalent iodine reagents in this area is limited by
the relatively low stability and high reactivity of these reagents that possess halogen
ligands. PhICl2 is the most common reagent of this type and has seen the most use, more
often in high valent complex isolation, whereas N-halosuccinimides have dominated
synthetic transformations.2
2.2.2.5.1 Carbon–Halogen Bond Formation
In her 2004 report, Sanford shows that the use of N-chloro or N-bromosuccinimide
(NCS, NBS) for the chlorination or bromination of benzoquinoline give rise to the directed
halogenation products in good yield (25, 26, Scheme 2.16).12 In contrast, the use of PhICl2
gave C5-chlorinated products both in the presence and absence of palladium, indicating a
direct electrophilic chlorination mechanism as opposed to a C–H activation pathway. This
highlights the disadvantages of using such a highly reactive hypervalent iodine reagent for
arene halogenation.
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Scheme 2.16. N-halosuccinimide oxidants give rise to directed C–H halogenation
whereas PhICl2 gives product of direct electrophilic chlorination.

There have been several reports of C–I bond formation using the Suarez-type iodine
reagent IOAc, often generated via reaction of PhI(OAc)2 and I2 in situ. Yu initially
demonstrated this approach in the directed iodination of unactivated primary C(sp3)–H bonds
using an oxazoline directing group (Scheme 2.17a).32,33 The use of a chiral oxazoline gave
good to excellent levels of diastereoselectivity (91:9 to 99:1) in prochiral substrates. A
subsequent report from Yu showed the directed α-iodination of benzoic acids under similar
conditions giving rise to predominantly diiodinated products (Scheme 2.17b).34 It was found
that DMF was essential for high conversion and the use of tetrabutylammonium iodide as
an additive could help control mono- vs. bisiodination products. While the mechanism of
Pd(II) oxidation with IOAc has not been fully elucidated, KIE indicate that C–H bond
cleavage is proceeding via an electrophilic mechanism in these cases and thus a
Pd(II)/Pd(IV) catalytic cycle is proposed.
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Kraft demonstrated the use of a Pd(II)-NHC complex for stoichiometric dichlorination
of linear alkenes and monochlorination of benzylic C–H bonds (Scheme 2.18).35 PhICl2
oxidizes Pd(II) species 27 to Pd(IV) (28), and subsequent loss of chloride generates a
cationic, pentacoordinated Pd(IV) species that is active for C–H chlorination.

Scheme 2.17. Directed iodination of C(sp3)–H and C(sp2)–H bonds using in situ
generated IOAc.

Scheme 2.18. Stoichiometric chlorination of linear alkenes or benzylic positions
with a cationic Pd(IV) generated upon oxidation with PhICl2.
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Direct C–H fluorination is challenging for transition metal catalysis due to the low
reactivity of metal-fluorine bonds towards reductive elimination. Several attempts have
been made using Pd(II)/Pd(IV) catalysis, however the use of hypervalent iodine oxidants
has been met with challenges. This is due to the high reactivity of the most common λ3iodane X-ligands, namely acetates or halogens, to undergo competitive reductive
elimination. In this area, Ritter has been successful in the radiofluorination of C(sp 2)–H
bonds using stoichiometric Pd(II) complexes as fluorinating agents and a (poly)cationic λ3iodane (29) as the oxidant (Scheme 2.19).36 These (poly)cationic λ3-iodane reagents are
relatively underutilized in the synthetic literature, however Dutton has also used these
complexes to study high valent palladium and platinum complexes and this work is
discussed in Section 2.2.1. Ritter’s report is an extension of his prior work which utilized
the “F+” source Selectfluor in the two-step fluorination of arylboronic acids with a similar
complex, however the use of electrophilic fluorinating agents are not readily translatable
to radiolabeling applications.37 They therefore designed a system employing a highly
electrophilic Pd(IV) complex (30), could then undergo ligand exchange with a source of
nucleophilic 18F−. Pd(IV) complex 30 was accessed via oxidation of 31 with (poly)cationic
λ3-iodane 29; the key feature of this oxidant is the donation of a labile heterocyclic ligand
which can undergo facile ligand exchange, first with 4-picoline to give 32, and
subsequently with fluoride upon exposure to a nucleophilic

18

F-source in the reaction

conditions. This complex then serves as a highly electrophilic source of

18

F for a second

Pd(II) species (33) which then undergoes C–F bond reductive elimination to give desired
product. In a later report they also report the use of an analogous nickel-mediated process
under similar conditions (see Section 2.4.2).

53

Scheme 2.19. Ritter’s approach to radiofluorination using nucleophilic 18F and a
(poly)cationic λ3-iodane.

In catalytic Pd(II)/Pd(IV) approaches to C–H fluorination, electrophilic Nfluoropyridinium reagents (35, 36) have been much more successful than the analogous
hypervalent iodine reagent PhIF2 (34), as both the oxidant and fluoride source (Scheme
2.20a).38,39 Sanford has attempted to utilize a nucleophilic fluoride source in combination
with a hypervalent iodine oxidant achieve catalytic benzylic fluorination (Scheme 2.20b).40
This is a much more economical approach as nucleophilic fluoride sources are considerably
less expensive than electrophilic reagents (e.g., 36—$88,295/mol vs. KF $3.95/mol). A
critical challenge to this approach is the relative rates of competitive C–O bond forming
reductive elimination at Pd(IV) (39) relative to displacement of the carboxylate ligands by
F− to give 40. The use of AgF as the nucleophilic fluoride source proved critical as well as
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the use of a sterically hindered oxidant PhI(OPiv)2 to suppress C–O bond formation,
however this pathway could never be completely eliminated. Therefore, while the
combination of oxidant and nucleophilic fluoride source is certainly attractive, the choice
of oxidant remains challenging and continued research in this area is required.

Scheme 2.20. Complimentary approaches to C–H fluorination with
Pd(II)/Pd(IV) catalysis. (a) electrophilic fluorine sources and (b)nucleophilic
fluorine sources.

2.2.2.5.2 Carbon–Boron Bond Formation
The selective C–H borylation of alkenes under oxidative conditions was reported by
Szabo in 2010, giving rise to valuable alkenyl boronates (Scheme 2.21).41 Using an NCNpincer Pd(II) catalyst (21), PhI(OTFA)2 as an oxidant, and B2pin2, the borylation of simple
alkenes could be accomplished in good yield. It is noted that a particular advantage of this
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method is that the oxidizing conditions produce TFAO-BPin upon transmetallation rather
than borohydrides, which avoids competitive hydroboration of the resultant alkene
products. While the authors could not fully elucidate the mechanism of this process, they
propose that initial oxidation of catalyst 21 generates a highly electrophilic Pd(IV) species
41 which then undergoes facile transmetallation with B2pin2 to give 42. Alkene
coordination, insertion, and finally elimination and decomplexation give the desired
products and regenerate 21. The method is limited by the need to use solvent quantities of
the alkene, and internal alkenes react very poorly.
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Scheme 2.21. C–H borylation of olefins under oxidative conditions with
PhI(OTFA)2.
2.2.3. Carbon–Nitrogen Bond Formation
Carbon–nitrogen (C–N) bond formation is a valuable synthetic transformation as
nitrogen atoms are ubiquitous is bioactive molecules. Pd(0)/Pd(II) catalysis has served as
a valuable approach for the formation of C(sp2)–N bonds via the venerable BuchwaldHartwig amination of aryl halides. Unfortunately wide spread approaches to C–N bond
formation, via either C–H activation, alkene functionalization, or others, remains a
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challenge in palladium catalysis. This is due both to the high activation barrier for C–N
bond reductive elimination from Pd(II) species and the fact that many amine substrates will
coordinate to palladium, leading to rapid catalyst deactivation. Innovative approaches
relying on Pd(II)/Pd(IV) catalysis have emerged to address these challenges and this area
has been recently reviewed by Muniz.42 Hypervalent iodine reagents have played a key
role in this area, with careful tuning of oxidant sterics and electronics playing a role in the
success a given method.
2.2.3.1. Alkene Diamination
The Muniz group has been a leader in the development of both intra- and
intermolecular approaches to alkene diamination via Pd(II)/Pd(IV) catalysis.42 Their first
report in this area involved the intramolecular diamination of terminal alkenes with urea
derivatives, a particularly challenging transformation due to the high coordinating ability
of these substrates to palladium (Scheme 2.22).43 Their method had broad scope and gave
the bicyclic 1,2-diamine products in excellent yields. They note that the choice of oxidant
was critical and only PhI(OAc)2 was able to promote the reaction with high efficiency. A
subsequent mechanistic investigation showed the reaction proceeds via rate limiting
aminopalladation, followed by oxidation to give Pd(IV) intermediate 43, which then
undergoes SN2-type displacement by the second amine.44 This catalytic cycle is supported
by stoichiometric studies conducted in their group (employing PhI(OAc)2 as the oxidant),
which showed that C–N bond formation proceeded via ligand ionization and subsequent
SN2-displacement rather than a concerted reductive elimination from Pd(IV).45 This
general catalytic cycle is invoked for their subsequent applications in both intra- and
intermolecular amination reactions.
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Scheme 2.22. Intramolecular diamination of alkenes via a SN2-type displacement of
a Pd(IV) intermediate.

Muniz extended this approach to Boc-protected guanidine substrates, which required
a change in oxidant from PhI(OAc)2 to stoichiometric CuCl2 (Scheme 2.23a).46 In this case,
the use of PhI(OAc)2, a more powerful oxidant than CuCl2, gives rise to exclusively the
aminoacetoxylated product as a result of competitive C–O reductive elimination (Scheme
23b). Furthermore, reducing the nucleophilicity of the terminal amine in the presence of
CuCl2 led to aminochlorinated products (Scheme 2.23c). This SN2 cyclization mechanism
is also analogous to Sanford’s Pd(IV) mediated cyclopropanation and these results clearly
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indicate that the further development of SN2 based methods with Pd(IV) will depend on
careful tuning of both oxidant and nucleophile.47 A final report of intramolecular
diamination from Muniz involved the intramolecular diamination of stilbene derivatives to
yield bisindoline substrates employing Pd(OAc)2 and PhI(OAc)2 (not shown).48

Scheme 2.23. Intramolecular alkene diamination with guanidines. Reactivity of
Pd(IV) intermediate sensitive to both substrate and oxidant selection. (a)
Standard conditions with CuCl2 as oxidant (b) Use of PhI(OAc)2 as oxidant (c)
Terminal amine with CuCl2

Extending this approach to intermolecular diamination was challenging as C–O bond
forming reductive elimination formation would be more competitive relative to a slower
intermolecular SN2 amine displacement. In three reports, the Muniz group succeeded in
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addressing this challenge in the intermolecular diamination of terminal alkenes, allyl
ethers, and finally internal styrene derivatives with phthalimide, saccharide or N-fluorobis(phenylsulfonyl)imide (NFSI) as the amine sources (Scheme 2.24).49-51 In all cases,
PhI(OPiv)2 was employed as the hypervalent iodine oxidant as PhI(OAc)2 gave very low
yields with a range of palladium catalysts. The use of the more sterically encumbered
PhI(OPiv)2 is presumably critical to address the issue of competitive C–O reductive
elimination as the –OPiv group will undergo this process much slower than the
corresponding –OAc, allowing intermolecular SN2 displacement to occur. It is noteworthy
than a similar approach from Michael utilized NFSI as both the amine source and external
oxidant, circumventing competitive C–X reductive elimination.52-53

Scheme 2.24. Reports from the Muniz group on intermolecular alkene
diamination with PhI(OPiv)2 as the oxidant. (a) Diamination of terminal alkenes
(b) Diamination of allyl ethers (c) Diamination of styrene derivatives.

61

2.2.3.2. C–H Amination
Sanford reported a study of C(sp2) and C(sp3)–H bond amination using Pd(II) catalysts
and PhI=NTs as the oxidant in a stoichiometric context (Scheme 2.25).54 Using various
palladacyclic species 44, 45, generated via directed C–H activation, they found that C–H
insertion happens readily upon oxidation with PhI=NTs. In both cases, byproducts arising
from competitive C–X bond forming reductive elimination were observed in up to 18%
yield (compounds 46, 47), and this was highly dependent on reaction conditions. Oxidant
electronics were found to play a role in the rate of C–H insertion; altering the substituents
on the benzylsulfonamide PhINSO2C5H4X (X = OMe/NO2) led to prolonged reaction
times. The authors refrain from drawing mechanistic conclusions from this data due to the
highly varied solubility and hydrolytic instability of the hypervalent iodine reagents under
the reaction conditions. A general mechanism is shown in Scheme 2.25c, and the
intermediacy of Pd(IV) is supported by the observation of C–X reductive elimination
products. Direct C–H activation/amination could also be achieved at sp3 C–H bonds,
however isolated yields upon protolysis were lower relative to sp2 analogues. It should be
noted that a catalytic approach to C–H bond amination has been reported using K2S2O8 as
a stoichiometric oxidant.55
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Scheme 2.25. Stoichiometric study of directed C–H bond amination with
Pd(II) and PhI=NTs as oxidant and N-source. Insert: Byproducts observed
as a result of competitive C-X bond formation.
Daugulis provided the first report of catalytic alkyl-nitrogen coupling via C–H
activation with Pd(II)/Pd(IV), which relied on oxidation with PhI(OAc)2 (Scheme 26a).56
Other oxidants screened included more electron-deficient λ3-iodanes PhI(OTFA)2, PhI(pNO2C6H4O2C)2, as well as AgOAc, all of which gave very low or no conversion. The net
intramolecular C–H amination proceeded via consecutive N–H/C–H activation, oxidation
of complex 48 to give Pd(IV) intermediate 49, and final C–N bond forming reductive
elimination. Mechanistic insights into the C–N bond forming step were not provided. This
work was followed closely by that of Chen who used the picolinamide directing group for
the construction of diverse 4- and 5-membered nitrogen heterocycles via C(sp3)–H
amination (Scheme 2.26b).57
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Scheme 2.26. Intramolecular C–H amination via Pd(II)/Pd(IV) catalysis with
PhI(OAc)2. (a)Daugulis report on direct (sp3)-amination (b)Chen’s C(sp3) and
(sp2)-H amination.

The Muniz group reported a benzylic C–H amidation via a directed C–H bond
activation and subsequent SN2-type displacement at Pd(IV) (Scheme 2.27).58 In this
reaction it was more effective to have the oxidant also serve the source of nitrogen and
hypervalent iodine reagents therefore proved to be less efficient than NFSI. A more
electron deficient bidentate hexafluoroacetylacetonate (hfacac) ligand on palladium also
improved efficiency. This reaction could be extended to anisole and pyridine directing
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groups, giving a rather versatile method for C–H bond amidation. Despite its utility, the
use of NFSI as the oxidant does lead to generation of an equivalent of HF, and thus
discovery of more environmentally friendly alternatives would be a significant
advancement for large-scale applications.

Scheme 2.27. Directed C(sp3)-amidation of benzylic C–H bonds via SN2displacement of Pd(IV).

Li reported the synthesis of oxindole derivatives via a intermolecular
aminopalladation/C–H activation cascade employing Pd(OAc)2 and PhI(OAc)2 (Scheme
2.28).59 In this case, other oxidants such as oxone, K2S2O8, Cu(OAc)2, benzoquinone, and
O2 were ineffective, giving little or no conversion to products. The authors propose either
terminal C–N reductive elimination from Pd(IV) or Pd(IV) C–H activation, however
further mechanistic investigation is required.
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Scheme 2.28. Synthesis of substituted oxindoles via sequential
aminopalladation/C–H activation.

The synthesis of carbazole derivatives via an oxidative C–H amidation procedure with
Pd(OAc)2 and PhI(OAc)2 at ambient temperature was reported by Gaunt in 2008 (Scheme
29).60 This protocol offers an alternative to Ulmann and Buchwald-Hartwig coupling
reactions and obviates the need for prefunctionalization. The reaction mechanism should
proceed as the other examples demonstrated in this review. The isolation of a trinuclear
Pd(II) complex (50) having two cyclopalladated aminobiphenyl connected through
bridging acetates to a third Pd(II) suggests the oxidation pathways leads to a Pd(IV) that
promotes the reductive elimination. However, it is also possible that the trimeric complex
dissociates into monomeric species prior to the oxidation.
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Scheme 2.29. Direct C(sp2)-amination at ambient temperature via
Pd(II)/Pd(IV).

Gaunt also reported the synthesis of aziridines through C–H activation with Pd(OAc)2
and PhI(OAc)2 (Scheme 2.30). Mechanistic experiments demonstrated that the reaction
proceeds through formation of a relatively rare four-membered palladacycle (51), which
further reductively eliminates to generate the C–N bond. Those experiments also suggest
that cyclopalladation is the rate-determining step, followed by fast oxidation by PhI(OAc)2.
They subsequently translated this to a flow process providing an elegant and efficient
approach to the synthesis of challenging strained nitrogen heterocycles.61

Scheme 2.30. C–H activation approach to aziridines through high oxidation
Pd(IV).
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2.2.4. C–C bond Formation
2.2.4.1. Diaryliodonium Salts
For many years, diorganoiodine (III) compounds, represented [Ar–I–R]X−, have been
utilized for catalytic C–C bond formation via oxidative transfer of “R+” to a Pd(0) catalyst
and subsequent reductive elimination.62 In recent years, these reagents have been extended
to Pd(II) catalysis, in both stoichiometric and catalytic studies, proceeding via either Pd(III)
or Pd(IV) intermediates. From this work, a variety of C(sp2–sp2) and C(sp3–sp2) bond
formations have been reported.
2.2.4.1.1. Stoichiometric Studies
Canty has conducted many of the seminal reports on the isolation of various Pd(IV)
and Pt(IV) complexes via oxidation with both aryl and alkynyliodonium salts (Scheme
2.31).63-66 The iodonium salts were able to cleanly oxidize Pd(II) complexes with a variety
of ligand scaffolds, giving rise to varying degrees of cis/trans isomers (52-cis or 52-trans)
and a Pd(III) dimer (53), at low temperature. For characterization purposes these
complexes were then treated with NaI resulting in triflate displacement or addition into the
cationic Pd(III) species (54-cis or 54-trans), and a summary of the complexes synthesized
via this approach is provided below (55–59, Scheme 2.32). Throughout these reports, Canty
notes that the palladium complexes are significantly less stable than the corresponding
platinum species meaning isolation and characterization were much more challenging. For a
further discussion of the analogous platinum components to Canty’s studies, see Section 2.
3.1.
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Scheme 2.31. Synthesis of Pd(IV) species upon oxidation with diaryl- and
alkynyl iodonium salts.
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Scheme 2.32. (a) Directed C–H arylation with diaryliodonium salts and
Pd(OAc)2; (b) Evidence for Pd(II)/Pd(IV) pathway.

2.2.4.1.2. Catalytic Applications
In 2005, Sanford reported a directed C–H arylation using diaryliodonium salts and
Pd(OAc)2, the first report of C–H arylation invoking a Pd(II)/Pd(IV) catalytic manifold
(Scheme 2.32a).67 The reaction was applicable to a wide range of heterocyclic directing
groups and a range of electron-deficient and electron-rich aryl rings could be transferred in
good yields. This method was further extended to benzylic C(sp3)–H arylation on C8methylquinoline as well as the regioselective arylation of 2,5-disubstituted pyrroles (not
shown).68 This group subsequently reported a variant using polymer-supported iodonium
salts that gave equally high yields and the hypervalent iodine reagent could be readily
recycled.14 The reaction was proposed to proceeded via a Pd(IV) intermediate by analogy
to their work with C–H acetoxylation (see Section 2.2.2.3), and preliminary mechanistic
investigations supported this hypothesis (Scheme 2.32b). A subsequent study revealed
further mechanistic insights, including that oxidation by the diaryliodonium salt was
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turnover limiting.69 This is particularly interesting since analogous acetoxylation reaction
with PhI(OAc)2 are found to be zero-order in PhI(OAc)2 and that cyclopalladation is
turnover limiting. This implies that oxidation by diaryliodonium salts is much slower than
by PhI(OAc)2 and this could be significant in the further development of this chemistry as
undesirable side reactions could begin to compete with oxidation. A complete, detailed
mechanistic study was later conducted between the groups of Sanford, Canty, and Yates,
incorporating computational studies, and readers are directed to that report for further
discussion.70
In 2006, Sanford reported of the C2-arylation of indoles using diaryliodonium salts
(Scheme 2.33).71 The proposed mechanism invoked a Pd(II)/Pd(IV) catalytic cycle
beginning with rate-determining cyclopalladation, followed by oxidative addition to give
Pd(IV) species 60 and subsequent C–C reductive elimination. This approach improved upon
prior reports using Pd(0)/Pd(II), which required long reaction times and high temperatures
(12–24 h, >125 °C), by accelerating rate-determining cyclopalladation through use of a
Pd(II) catalyst. The use of IMes (61) as an ancillary ligand improved conversion by
stabilizing the Pd(IV) intermediate, but slowed reaction times, supporting a mechanism
wherein electrophilic palladation is rate-limiting.
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Scheme 2.33. Facile C2-arylation of indoles with diaryliodonium salts through
Pd(II)/Pd(IV) catalytic cycle.

In a systematic study of ligand effects on regiocontrol in non-directed C–H activation,
Sanford examined the C–H arylation of naphthalene with Pd(II) and diaryliodonium salts
(Scheme 2.34).72 It was found that subtle changes to ligand sterics had dramatic effects on
the regioselectivity of arylation using a range of bidentate diamine ligands. Similar to
previous reports, mechanistic investigations revealed oxidation was rate-limiting, however
in this case it precedes C–H activation, which then occurs at a Pd(IV) center.
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Scheme 2.34. Ligand-controlled regioselectivity in non-directed C–H arylation with
diaryliodonium salts.
2.2.4.2. Benzoiodoxolones
In 2013, Waser reported the direct C2-alkynylation of indoles using 1[(triisopropylsilyl)ethynyl]-1λ3,2-benziodoxol-3(1H)-one (TIPS-EBX, 67) as both an
alkynyl transfer reagent and oxidant (Scheme 2.35).73 The authors have worked extensively
with this reagent with further applications in Au(I)/Au(III) catalysis (see Section 4.3). This
method is proposed to proceed through a Pd(II)/Pd(IV) catalytic cycle highly analogous to
that proposed for C–H arylation (see previous discussion). This approach addresses issues
of C2/C3 selectivity in prior methods and products are obtained in moderate to good yield.
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Scheme 2.35. Direct C2-alkynylation of indoles via Pd(II)/Pd(IV) using alkynyl
benzoiodoxolone 67.

2.2.4.3. Trifluoromethylation
Palladium-catalyzed approaches to arene trifluoromethylation are rare, largely because
most palladium (II) species are inert to Ar-CF3 bonding forming reductive elimination.7476

Methods involving a Pd(II)/Pd(IV) cycle are an attractive alternative due to more facile

reductive eliminations from high oxidation state Pd(IV). Unfortunately, a limiting factor
of most common Pd(IV) oxidants, including hypervalent iodine reagents, is the transfer of
X-groups to the metal center that will readily outcompete a –CF3 group for reductive
elimination. This problem was exemplified in studies by Sanford, wherein the synthesis
and stoichiometric reactivity of a Pd(IV)–CF3 complex was examined with a range of
common oxidants (Scheme 2.36).77-78 Upon oxidation of complex 68, high oxidation state
Pd(IV) intermediate 69 could undergo two possible reductive elimination pathways to form
with an Ar–CF3 or Ar–X bond. Employing PhI(OAc)2 or N-halosuccinimides exclusive C–
X bond formation was observed, in varying yields. Only upon use of a “F+” source as an
oxidant, the optimal being NFTPT (70), was Ar–CF3 bond formation observed in high yield
(71). This landmark study shows the feasibility of Ar–CF3 bond formation via a Pd(IV)
intermediate, however it also exposes the limitations of current oxidants. Common “F+”
sources are expensive relative to hypervalent iodine reagents or N-halosuccinimides and
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their use in catalytic reaction manifolds of this type is not proven. Therefore, the
identification of suitable oxidant/ligand combinations that will facilitate selective –CF3
reductive elimination from Pd(IV) is of critical importance to the advancement of this area.

Scheme 2.36. Isolation and study of –CF3 reductive elmination from Pd(IV)
complexes.

In a significant report, the catalytic trifluoromethylation of indoles was reported by
Liu, utilizing TMSCF3 as the trifluoromethyl source and PhI(OAc)2 as a stoichiometric
oxidant (Scheme 2.37).79 The authors propose a Pd(II)/Pd(IV) catalytic cycle, involving
electrophilic palladation at Pd(II), followed by oxidation by PhI(OAc) 2/TMSCF3 and
reductive elimination. However, detailed mechanistic support is not provided and this
result is perhaps surprising given Sanford’s previous reports detailing competitive –OAc
vs. –CF3 reductive elimination at Pd(IV).77,78 Given the complex set of reaction conditions
employed, a more detailed mechanistic study is required to definitively prove the
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intermediacy of Pd(IV), and such a study could provide valuable insights for further
development of Pd(IV) trifluoromethylation with PhI(OAc)2 as an oxidant.

Scheme 2.37. Catalytic trifluoromethylation of indoles with PhI(OAc)2 as the
oxidant and TMSCF3 as the trifluoromethyl source.

Due to the low reactivity towards reductive elimination, trifluoromethyl palladium
complexes have been used as tools to probe mechanistic details and oxidation states of
proposed catalytic intermediates. There is an ongoing discussion in the literature whether
Pd(IV) monomeric species or Pd(III)–Pd(III) dimers are the intermediates arising from
hypervalent iodine oxidation of a Pd(II) species (see Section 2.3.2 for further discussion).
Ritter has reported that oxidation of palladium complex 73 with PhI(OAc)2 and PhICl2
results in the formation of Pd(III) dimers.80 In contrast, Sanford showed that oxidation of
73 with Togni’s reagent (74) gave rise to an isolable Pd(IV) species (76) (Scheme 2.38).81
In this study, Togni’s reagent gave the best yield of complex 76, as compared to other
electrophilic “CF3+” sources. A subsequent study between the groups of Ritter, Yates,
Canty, in collaboration with Sanford, showed that monomeric Pd(IV) complex 76 is likely
formed through a two-step oxidation/disproportionation sequence, through the
intermediacy of bimetallic intermediate 75.82 It is suggested that formation of the Pd–Pd
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bond that occurs during initial oxidation to Pd(III) lowers the activation barrier to oxidation
en route to 76.

Scheme 2.38. Evidence for intermediacy of bimetallic Pd(III) species en route to
monomeric Pd(IV) upon oxidation with Togni’s reagent.

2.2.5. Miscellaneous
Sanford has reported an interesting transformation wherein enynes are converted to
highly substituted cyclopropanes via a cyclization cascade employing Pd(OAc)2 and
PhI(OAc)2 (Scheme 2.39).47 In this case, the high-oxidation state of Pd(IV) intermediate
(77) undergoes nucleophilic displacement by an internal enol ether to generate the
cyclopropane moiety via an SN2-type pathway, analogous to Muniz’s reports on Pd(IV)mediated amination (see Section 2.2.3.1). Key to success is that the rate of intramolecular
cyclization is faster than that of C–O bond forming reductive elimination from 77 and trace
amounts of C–O products (78) are observed.
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Scheme 2.39. Cyclopropane synthesis via Pd(II)/Pd(IV) catalysis with SN2-type
displacement of Pd(IV).

2.2.6. Palladium (III)
2.2.6.1. Introduction
In contrast to reactions with palladium in its 0, +1, +2, and +4 oxidation states, little is
known about the chemistry of Pd(III) dimers or their potential role in catalysis. This has
been due to the low stability of these compounds, hindering their isolation and
characterization, and a lack of examples employing Pd(III) organometallic species in
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catalytic manifolds. Over the last 10 years, hypervalent iodine reagents have emerged as
excellent oxidants for the isolation of Pd(III) dimers and these studies have provided key
insights into the role that Pd(III) intermediates could play in carbo-heteroatom bond
forming transformations. In this section we will highlight some of the more significant
studies in this area, with an emphasis on those that relate to the previously discussed
Pd(II)/Pd(IV) carbon-halogen and carbon-oxygen bond forming reactions.
2.2.6.2. Complex Isolation
Cotton reported the isolation and characterization of several dimeric Pd(III) species
possessing a Pd–Pd single bond, all accessed via two, one-electron oxidations of dimeric
Pd(II) precursors with PhICl2 (Scheme 2.40).83,84 In their initial report, cyclic voltammetry
measurements revealed that Pd(II) species 79, with a bridging hpp (1,3,4,6,7,8-hexahydro2H-pyrimido[1,2–α]pyrimidine) ligand, possessed a quasi-reversible oxidation at –0.12 V
and an irreversible oxidation at +0.82 V hinting at the low stability of the products. Indeed,
while they were able to achieve oxidation with PhICl2, products were isolated in low yield
via manual selection of crystals amongst numerous decomposition products. A subsequent
study improved on the oxidation by exploring other bridging ligands and found that while
it was possible to oxidize Pd(II) dimers with a variety of electron-rich and electrondeficient carboxylate ligands (80); oxidation became inaccessible upon introduction of an
electron-deficient perfluorinated aryl backbone on the phosphine ligand.
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Scheme 2.40. Formation of Pd(III) dimers upon oxidation with PhICl2. (a) Use
of an hpp bridging ligand (b) Use of bridging carboxylate and arylphosphine
ligand.

Ritter has conducted extensive studies on the potential role that bimetallic Pd(III)
dimers could play in what had been widely proposed to be Pd(II)/Pd(IV) catalytic cycles
(Scheme 2.41).80,82,85 The first definitive report for the presence of Pd(III) intermediates
was in 2009. The oxidation of a dimeric Pd(II) complex (81) was examined employing
oxidants common to Pd(II)/Pd(IV) C–X bond forming reactions, including PhI(OAc)2,
PhICl2, or N-halosuccinimides. Oxidation of 81 with PhICl2 gave rise to Pd(III)
intermediate 82, which was characterized by X-ray crystallography. The Pd–Pd bond
length in 82 is 2.84 Å, which strongly suggests a metal-metal single bond and bond order
of zero. Therefore, in a net two-electron oxidation, PhICl2 oxidizes each palladium center
by one electron (d8 -> d7), which results in formation of a metal-metal single bond. Detailed
mechanistic and computational studies support that 82 is then able to undergo a concerted
reductive elimination event wherein both components of the new C–X bond arise from a
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single palladium center. A subsequent report from Ritter provides additional evidence that
a Pd (III) dimer is the kinetically competent species in the acetoxylation of 2phenylpyridine with Pd(OAc)2/PhI(OAc)2.85

Scheme 2.41. First evidence for the role of bimetallic Pd(III) dimers in catalysis.

Together, these reports are the first to show the catalytic competence of Pd(III) dimers
in C–X bond forming reactions and could fuel further investigations in the area of
bimetallic Pd(III) catalysis. Furthermore it supports the consideration of Pd(III) dimers
along Pd(II)/Pd(IV) catalytic cycles employing hypervalent iodine oxidants.
2.2.6.3. Conclusion
High valent palladium chemistry represents one of the most well developed areas of
high oxidation state metal catalysis. Advancements in the formation of a wide range of
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carbon-heteroatom bonds including C–O, C–X, C–N, as well as C–C bonds via this
manifold have been reported. PhI(OAc)2 and diaryliodonium salts have been the most
widely applied hypervalent iodine reagents in catalytic method development and PhICl 2
has been successfully used for high valent complex isolation. Detailed mechanistic studies
have revealed clear evidence for Pd(II)/Pd(IV) redox couples in these processes, however
the role of Pd(III)-dimers along the catalytic cycles is becoming more evident. Current
limitations remain in the reductive elimination of challenging groups such as fluoride or
trifluoromethyl groups, and development of oxidants that do not possess competitive
ligands for reductive elimination would significantly contribute to this area.
2.3. Platinum
Platinum has played a pivotal role in the evolution of oxidative couplings. Arguably,
the “Shilov system” was the first significant example of an intermolecular C–H
functionalization, wherein the oxidation of alkanes to a mixture alcohols and alkyl
chlorides was mediated by an aqueous solution of [PtCl42−] and [PtCl62−] (Scheme 42a).86
Since this seminal discovery, extensive studies have been conducted on the Pt(II)/Pt(IV)
redox couple, as well as the potential formation of Pt(III) dimeric species. Oxidation of
square planar Pt(II) to octahedral Pt(IV) is significantly more facile than palladium
(standard reduction potentials of [PtCl62−] and [PdCl62−] are +0.68 V and +1.29 V,
rare. This is due to the significantly higher barrier to reductive elimination for
Pt(IV) relative to Pd(IV).87 The enhanced stability of Pt(IV) complexes has been exploited
in their use as isolable model systems for the study of more elusive Pd(II)/Pd(IV)88 redox
couples 90. Mechanistic insights provided by these studies have been recently reviewed88,89
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and this section will cover recent advancements in Pt(IV) chemistry as they relate to
hypervalent iodine reagents.

Scheme 2.42. (a) Stoichiometric C–H functionalization of naphthalene by
Shilov; (b) General scheme for modern applications Pt(II)/Pt(IV) redox couples
with hypervalent iodine oxidants.

2.3.1. Complex Isolation
Canty has conducted many of the seminal reports on the isolation of various Pt(IV)
and Pd(IV) complexes via oxidation with both aryl and alkynyliodonium salts (Scheme
2.43). 63-66 The iodonium salts were able to cleanly oxidize Pt(II) complexes with a variety
of ligand scaffolds, giving rise to varying degrees of cis/trans isomers (83-cis or 83-trans),
at low temperature. For characterization purposes these complexes were then treated with
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NaI resulting in triflate displacement, and a summary of the complexes synthesized via this
approach is provided below (compounds 84–88). Throughout these reports, Canty notes
the higher stability of the resultant platinum complexes relative to palladium, facilitating
isolation and structural characterization that was not possible with the corresponding
palladium species. For a further discussion of the analogous palladium components to
Canty’s studies, see Section 2.2.4.1.1.

Scheme 2.43. Characterization of Pt(IV) upon oxidation with diaryl and
alkynyliodonium salts.
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In 2005, Sanford reported the oxidation of benzo[h]quinoline supported Pt(II)acac
complex 89 with PhI(OAc)2 in an effort to gain mechanistic insights into the analogous
Pd(II)/Pd(IV) system (Scheme 44).90 Interestingly, it was found that solvent had a
pronounced effect on product distribution. In AcOH, Pt(III)–Pt(III) dimer 90 was obtained,
while a mixture of Pt(IV) alkoxides (91, 92) were obtained in the alcoholic solvents, with
ratios dependent on the steric bulk of the alcohol. Alcoholic solvents are not able to serve
as bridging ligands, thus resulting in preferential formation of the monomeric species (91,
92) and such complexes were hypothesized to be analogous to intermediates in
Pd(II)/Pd(IV) C–H oxygenations. In contrast, isolation of Pt(III)–Pt(III) 90 was surprising
as these intermediates had not been invoked in Pd(II)/Pd(IV)-catalyzed processes, however
subsequent studies from Ritter, Sanford, and others have shown the viability of Pd(III)
dimers in these processes (see Section 2.2.6). Only 0.5 equivalents of PhI(OAc)2 were
needed for formation of either the monomeric or bimetallic species, providing strong
evidence that both pathways proceed via two-electron oxidation.
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Scheme 2.44. Benzo[h]quinoline Pt(II) oxidation studies. Effect of solvent on
oxidation product ratios.

A subsequent study by Sanford examined the oxidation of 2-phenylpyridine Pt(II)
complex 93 with PhICl2, which led to a mixture of cis and trans Pt(IV) complexes (94-cis
94-trans, Scheme 2.45a).91 This was particularly interesting as the analogous Pd(II)
complex has been found to give exclusive formation of the cis isomer (95) upon oxidation
with PhICl2. Pt(II) complex 93 was also subject to a delicate interplay between Pt(IV) and
Pt(III)-Pt(III) dimer formation upon oxidation, similar to their previous report,90 however
in this case product ratios were contingent on choice of external oxidant. Whereas PhICl2
gave exclusively Pd(IV) monomers, altering the oxidant to NCS provided a Pt(III)–Pt(III)
dimer as the major product (not shown). Rourke and co-workers showed that treatment of
Pt(II) complex 96 with PhICl2 resulted in two-electron oxidation with concomitant C–H
activation to provide Pt(IV) dichloride 98 even at temperatures as low as −40 °C (Scheme
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46b).92 This result is notable as previous studies employing other oxidants (peroxides and
molecular oxygen) produced complex mixtures. It is proposed that oxidation proceeds via
a five-coordinate, cationic Pt(IV) intermediate (97) that is highly active towards arene
functionalization.
Building on Ritter’s use of poly(cationic) λ3-iodanes in high oxidation state nickel and
palladium-mediated fluorination (see Sections 2.2.2.5.1 and 2.4.3), Dutton investigated the
potential of poly(cationic) λ3-iodanes to access a range of dicationic Pd(IV) and Pt(IV)
complexes through the delivery of neutral heterocyclic ligands to the metal center (Scheme
46).93 They found that 2-phenylpyridine Pt(II) complex 93 could be cleanly oxidized to
Pt(IV) complex 100 with a DMAP-derived poly(cationic) λ3-iodane 99 (Scheme 2.46a).
However, oxidation of dimethyl Pt(II) 101 led to a less defined product distribution
(Scheme 2.46b), possibly arising from oxidative disproportionation. This reactivity has
been documented in similar Pt(II)/Pt(IV) redox couples, however the intermediacy of
Pt(III) intermediates cannot be ruled out in this case.94 These oxidations were also
performed on the analogous palladium complexes, which were found to be too unstable for
isolation and underwent rapid disproportionation. While the Pt(IV) species 100 and 102
were isolable, it is notable that they are considerably less stable than complexes possessing
anionic chloride or acetate ligands, and similar stability trends were observed for the
palladium complexes. While this is detrimental in the context of complex isolation, it could
be adventitious for enhancing the reactivity of both high-oxidation state palladium and
platinum species in catalysis.

87

Scheme 2.45. (a) Oxidation of 2-phenylpryidine Pt(II) complex with PhICl2.
Divergent complex geometry from Pd(II); (b) Pt(II) oxidation with PhICl2
resulting in arene C–H activation.
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Scheme 2.46. Dicationic [PhI(4-DMAP)2][OTf] mediated oxidation of (a) 2Phenylpyridine Pt(II) complex 93 (b) Dimethyl Pt(II) complex 101.

2.3.2. Catalytic Applications
While platinum is most commonly employed as a model system, recent advancements
have shown its viability in catalytic manifolds. Particularly interesting is the finding that
platinum-catalyzed processes often display divergent reactivity and selectivity to those
mediated by palladium.
Suna reported that PtCl2 with PhI(OAc)2 cleanly acetoxylated the C-3 position on
various indoles (Scheme 2.47).95 Pd(OAc)2 was also a competent catalyst, however PtCl2
was found to be more efficient, giving cleaner reactions and higher isolated yields. Other
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oxidants

including

K2S2O8,

m-CPBA, t-BuOOH, and Cu(OAc)2 were all completely ineffective (0% conversion) and
Mg peroxyphthalate gave a complex mixture of products. While not reported, oxidation to
the active Pt(IV) species would likely proceed through intermediates similar to those
shown in Scheme 43.

Scheme 2.47. PtCl2/PhI(OAc)2 mediated C-3 acetoxylation of indoles.
In 2013, Sanford provided the first example of an intermolecular C(sp2)–H arylation
enabled by a Pt(II)/Pt(IV) manifold (Scheme 48a).96 The reaction was found to have a much
broader scope than the analogous palladium-catalyzed transformations, being tolerant of a
wide range of both electron rich and electron deficient arenes, and furthermore, a complete
reversal in site-selectivity was observed when using Na2PtCl4 versus Na2PdCl4 (Scheme
2.48b). The proposed mechanism proceeds via a Pt(II)/Pt(IV) redox cycle with twoelectron C–C bond forming reductive elimination, analogous to previous work on Pd(IV)
(see Section 2.2.4).72
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Scheme 2.48. (a) Intermolecular C–H arylation with Pt(II) and diaryliodonium
salts; (b) Reversal of site selectivity for Pt(II) vs. Pd(II) in arene C–H activation.

2.3.3. Conclusion
The true strength of the Pt(II)/Pt(IV) redox couple remains in its use as a model
complex for more reactive Pd(II)/Pd(IV) species due to their increased stability. However,
the potential synthetic utility of platinum catalyzed reactions is evident, having displayed
enhanced reactivity, and divergent selectivity relative to palladium. Dutton’s findings that
oxidation

employing

poly(cationic)

λ3-iodanes produce less stable Pt(IV) centers relative to traditional oxidants may lead to
more reactive Pt(IV) intermediates and expand their applications in oxidative couplings.
2.4. Gold
2.4.1. Introduction
Gold catalysis has historically proceeded through redox neutral pathways relying on
its high efficiency as a carbophilic pi acid. This has seen wide application in the activation
of alkynes and alkenes for nucleophilic attack and cycloisomerization cascades, and
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synthetic applications of these pathways have been recently reviewed.97-100 Reactions
containing Au(I)/Au(III) redox cycles are rare by comparison, a consequence of the high
barrier for oxidation of Au(I) to Au(III) (redox potential +1.41 V). Typical oxidative
addition/reductive elimination, which are ubiquitous in Pd(0)/Pd(II) chemistry, are thereby
challenging with Au(I)/Au(III) (Scheme 2.49a, 107 to 109)101-102 and examples of such
reactivity are scarce.103-105 Instead, Au(III) complexes can be accessed via exposure of an
Au(I) species, Ln–Au–X, to a powerful external oxidant, and in this context hypervalent
iodine reagents have found widespread use, along with hydroperoxides, Selectfluor, and
others. A catalytic cycle based on this approach is shown in Scheme 2.49a; oxidation of
Ln–Au–X gives Au(III) species 107, followed by two subsequent ligand exchanges to
access 109, which would then undergo rapid reductive elimination.102 This strategy has led
to developments in alkynylation, olefin functionalization, cross-couplings and
dimerization/homo-coupling reactions using a wide range of oxidants beyond hypervalent
iodine species and these reports have been recently reviewed by Gouverneur. 102
Unfortunately, advancements in reaction development centered on Au(I)/Au(III) have
not coincided with equivalent mechanistic understanding of the oxidation/reduction
pathways or speciation of the organometallic gold complexes involved. Oxidation
potentials of active Au(I) species are varied, and can depend on both the counterion and
the ligand sphere, making proper oxidant selection delicate and the generation of isolable
Au(III) species challenging and unpredictable. However, pioneering studies by Hashmi
106,107

, along with the synthesis and characterization of stoichiometric Au(III) complexes

by Bennett,108 Lippert, 109Fuchita, 110and Constable,111 have laid the foundations for a more
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in depth understanding of the chemistry of these highly reactive intermediates (Scheme
2.49b).

Scheme 2.49. (a) Plausible Au(I)/Au(III) catalytic cycle based on use of an
external oxidant; (b) Pioneering examples of stoichiometric Au(III) complexes.

2.4.2. Complex Synthesis and Characterization
Au(I) cationic salts, along with phosphine and N-heterocyclic carbene (NHC)
supported Au(I) complexes, are the most utilized in Au(I)/Au(III) catalysis. NHC–Au(I)
chemistry in particular has gained immense popularity in the last decade, making them
arguably the most well studied of Au(I) complexes. The strong σ–donation of the NHC
ligand aides in stabilization of both the Au(I) and Au(III) species, making these complexes
ideal candidates for the synthesis of isolable Au(III) complexes.112
Limbach and Nolan reported the synthesis of a range of NHC-Au(III) complexes via
oxidation of an NHC–Au(I)–Cl with PhICl2 (Scheme 2.50, 110 → 113).113,114 The
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oxidation could also be carried out with Cl2(g) at cryogenic temperatures, however the
oxidation with PhICl2 proceeded more cleanly, in higher yield, and at room temperature,
making it far more advantageous. This advantage was attributed to the relatively milder
oxidizing conditions when using PhICl2 versus Cl2(g). Interestingly, attempted oxidations
with other λ3-iodanes such as Ph2IBr, PhI(OAc)2, and PhI(OTFA)2 either failed to oxidize
the Au(I) complexes or gave complex product mixtures. The authors assert that chlorine
ligands are crucial to stabilize the Au(III) center and thus PhICl2 is optimal as it acts as
both an oxidant and chlorinating agent. NHC–Au(I)–Ph complex 112 was also readily
oxidized in high yield with PhICl2 to give 113, which the authors state is the first reported
Au(III) complex of the type [AuArCl2L].113 It is worth noting that trichloride Au(III)
complex 111 could not be converted to 113 via transmetalation with pmethoxyphenylmagnesium bromide, instead giving rise to 4,4′-bismethoxybiphenyl via
either a radical coupling or inner-sphere reductive elimination pathway.

Scheme 2.50. Clean oxidation of NHC Au(I) complexes with PhICl2 by Nolan
and Limbach.
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It has also been shown by Nevado that Au(III) diacetate complexes are less stable than
the analogous Au(III) dichloride complexes (Scheme 51). Upon oxidation with PhICl2,
Au(III) dichloride complex 115 is isolated in high yields (Scheme 2.51a), however use of
PhI(OAc)2 leads to isolation of Au(III) bispentafluorophenyl complex 119, via Au(I)
mediated transmetalation (Scheme 2.51b).115 Ligand exchange is proposed to occur
through two possible pathways, either via oxidation of Au(I) species 116 to give 117 or of
a dissociated [Au(PPh3)2]+ species to give 118. Both of these complexes would then
converge to give 119, where the chloride atom (observed in X-ray crystallography) is
proposed to come from solvent activation.

Scheme 2.51. (a) Oxidation of [Au(I)(C6F5)PPh3] with PhICl2; (b) Oxidation of
[Au(I)(C6F5)PPh3] with PhI(OAc)2.

Based on these findings, PhICl2 has become the reagent of choice for the generation
of isolable Au(III) complexes, particularly in the context of NHC complexes.112,116,117 A
noteworthy report from Huynh and co-workers utilized PhICl2 as the oxidant in a thorough
investigation into the structural and electrochemical properties of a range of mono- and
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bis-NHC Au(I) and Au(III) complexes. This report is an excellent source for data on how
oxidation state, NHC, and halide ligands effect the properties of NHC-Au species, and the
reader is directed there for a detailed discussion of their findings.112
Dutton and co-workers recently utilized (poly)cationic λ3-iodanes as neutral liganddonor oxidants to access tricationic Au(III) complexes.118 The same group has used these
oxidants for the study of Pd(IV) and Pt(IV) complexes (see Sections 2.3.1) and Ritter also
employed these reagents as oxidants in a high profile study on Pd(IV)-catalyzed C–H
fluorination (see Section 2.2.2.5.1). Oxidation of Au(I) complex 120 with three different
(poly)cationic λ3-iodanes possessing varied pyridine ligands resulted in complexes 121–
123 (Scheme 2.52). This discovery is significant as prior attempts to access similar
complexes via salt metathesis on halogenated Au(III) intermediates led to complex
decomposition, emphasizing the power of halide-free external oxidants in Au(I)/Au(III)
redox chemistry.117 Cyclic voltammetry reveals Au(III)/Au(I) reduction potentials ranging
from −0.41 to −0.04 V vs. [Fc\Fc+] for 121–123 (reference 0.069 V vs. [Fc\Fc+] for
[Au(III)/Au(I)][(dppe)2]), showing a trend that mirrors the electron donating ability of the
different pyridine ligands ((121)NMe2 > (122)H > (123)CN) and highlighting the potential
to tune the reactivity of tricationic Au(III) complexes by varying the heterocyclic ligands.
Facile ligand exchange from 123 was demonstrated with 2,2,2-tripyridine to give 124,
which could undergo subsequent exchange with H2O to give Au(III)–OH complex 125.
The synthesis of terminal Au(III)–OH complexes is rare and previous complexes were
accessed via salt metathesis with AgClO4.119 Intriguingly, homoleptic Au(III) complex
(121) is stable to aqueous conditions, unlike Au(III) complexes (122 and 123). This
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distinction in reactivity also indicates that chemoselective ligand exchange could be
possible in these Au(III) trications.

Scheme 2.52. Dutton’s synthesis of tricationic Au(III) complexes and evaluation of
their electrochemical properties.

2.4.3. Synthetic Applications
In 2008, Beller and Tse developed the first gold catalyzed homo-coupling of arenes
using HAuCl4 with PhI(OAc)2 as the external oxidant (Scheme 2.53a).120,121 Mechanistic
insights hint that Au(III) is the active C–H functionalization catalyst and that a free radical
cation is not likely. PhI(OAc)2 showed the highest conversion compared to other oxidants
including PhI(OTFA)2, IBX and Oxone and subsequent studies found it was essential that
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the external oxidant be hypervalent iodine derived.121 More recently, Larrosa and coworkers demonstrated that electron deficient arene-Au(I) species are capable of mediating
hetero-coupling reactions with unactivated, electron-rich arenes utilizing Koser’s reagent,
PhI(OH)OTs, as the external oxidant (Scheme 2.53b).122 PhI(OPiv)2 also gave very high
yields in this transformation, however “F+” based oxidants Selectfluor and XeF2, as well
as other acetate-ligated hypervalent iodine reagents (PhI(OAc)2, PhI(OTFA)2), were
ineffective, again emphasizing the delicate nature of oxidant selection in high-valent metal
catalysis. It has also demonstrated that silylated arenes are capable of undergoing arylation
with a range of electron-deficient and electron-rich arenes under Au(I)/Au(III) redox
conditions, using an in situ formed oxidant from PhI(OAc)2 and camphor sulphonic acid
(CSA) (Scheme 2.53c).123 Other carboxylate ligands of the PhI(O2CR)2 type were also
effective, however, λ3-iodane iodosylbenzoic acid and the “F+” oxidant Selectfluor were
completely ineffective, producing none of the desired product.

98

Scheme 2.53. (a) First example of a gold catalyzed homo-coupling by Tse and
Beller; (b) Stoichiometric Au(I)-arene hetero-coupling of unactivated arenes
using Koser’s reagent; (c) Gold catalyzed arylation of silylated arenes with
electron-rich and electron-poor arenes by Lloyd-Jones and Russell.

Nevado recently provided mechanistic insights into the role of various oxidants in
Au(I)/Au(III) oxidative couplings (Scheme 54).124 Oxidation of Au(I) complex with
PhI(OAc)2 in the presence of N-methylindole cleanly gave the hetero-coupling product
(126) in 80% yield; this transformation was also successful using electron-rich arenes
1,3,5- and 1,2,5-trimethoxybenzene. Interestingly, the same transformation using PhICl2 as
the external oxidant was only applicable to N-methylindole as a substrate. Upon oxidation
to Au(III) 127, arene-auration can occur through two modes: (1) electrophilic aromatic
substitution to give 128 or (2) concerted C-H activation via 129, both of which converge
to give intermediate 130, which undergoes C–C bond-forming reductive elimination. The
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reactivity difference between PhI(OAc)2 and PhICl2 indicate that the basicity of the in-situ
generated counterion may play a key role and, analogous to Sanford’s work in
Pd(II)/PhI(OAc)2 C–H activation, 2 the acetate group may assist in the key activation step
(129). This would account for the diminished reactivity seen with PhICl2 in the case of
substrates possessing less acidic C–H bonds such as 1,3,5- and 1,2,5-trimethoxybenzene,
and suggest that PhI(OAc)2 may be superior to PhICl2 for Au(III)-mediated C–H activation.
Au(III)-catalyzed arene alkynylations have been reported by both Nevado125 and
Waser,126 employing PhI(OAc)2 and an alkynyl benziodoxolone respectively (Scheme
2.55). The development of gold-mediated alkynylations of this type has been recently
reviewed.127 Nevado’s work used PhI(OAc)2 as an oxidant to couple electron-withdrawn
alkynes and unactivated, electron-rich arenes; oxidants including PhIO, Selectfluor, and
TBHP gave significantly lower yields. Waser utilized a slightly different approach wherein
1-[(triisopropylsilyl)ethynyl]-1λ3,2-benziodoxol-3(1H)-one (TIPS-EBX) served as both
the oxidant and alkyne source, in the direct C3-alkynylation of indoles. Waser later
extended this method to the alkynylation of other electron-rich heterocycles including
thiophenes, anilines, and furans.128-130 Although Au(I)/Au(III) redox couples are proposed
in these cases via intermediates such as 132, Au(I) carbophilic pi activation cannot
dismissed as subsequent α- or β-elimination could provide the desired products via iodoAu(I) intermediate 131.
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Scheme 2.54. Proposed mechanism of Au(I)/Au(III) catalyzed hetero-coupling
of electron rich arenes.
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Scheme 2.55. Oxidative alkynylation reactions by Nevado and Waser. Two
potential pathways for alkynylation based upon Au(I) oxidation or Au(I) pi
activation.

In 2009, Muñiz and Iglesias took advantage of highly reactive Au(III) complexes to
develop a gold-catalyzed alkene diamination reaction (Scheme 2.56), analogous to their
previous report employing Pd(II)/Pd(IV) (see Section 2.2.3.1).131 Alkenes underwent
intramolecular diamination with tosyl-protected ureas 133 under basic conditions using
[Au(OAc)PPh3] to give bicyclic ureas (136) in high yield. Redox neutral antiaminoauration gives Au(I) intermediate 134, followed by irreversible oxidation by
PhI(OAc)2 to Au(III) diacetate 135. Following deprotonation, SN2-type intramolecular
cyclization provides the desired cyclic urea 136 and regenerates the Au(I) catalyst.
Although the proposed Au(III) intermediates were too reactive to be isolated, mechanistic
studies using a PPh3–Au(I)–Me complex 137 gave an isomeric mixtures of Au(III)
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intermediates 138 and 139 upon oxidation with PhI(OAc)2, which were detectable by 31PNMR.

Scheme 2.56. Au(I)/Au(III) catalytic cycle for intramolecular diamination of
olefins.

An interesting example of C–C bond cleavage was demonstrated by Shi and coworkers with Au(I)/Au(III) catalysis and methylenecyclopropanes (Scheme 2.57).132
Precomplexation of alkene to Au(I) leads to a redox neutral allylic rearrangement to give
140, which is oxidized with PhI(OAc)2 to give Au(III) diacetate 141. Reductive elimination
from 141 would give the desired diacetate 142 with regeneration of a [Au(I)(PMe3)OAc]
catalyst.
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Scheme 2.57. Au(I)/Au(III) catalyzed diacetoxylation of methylenecyclopropanes via
C–C bond cleavage.

2.4.4. Conclusion
Although advancements have been made toward mechanistic understanding of
Au(I)/Au(III)-mediated oxidative couplings, it is clear that synthetic applications of gold
redox chemistry are still in their infancy. As methods development and mechanistic
elucidation in this field continues, the choice of external oxidant play a crucial role as it
affects both the stability of the reactive Au(III) intermediates and their subsequent
reactivity in organic transformations. Thus far, PhICl2 has emerged as a leader for the
isolation of Au(III) complexes, due the mild reaction conditions and stabilization imparted
by the transfer of chloride ligands. Conversely, PhI(OAc)2 is more efficient in catalytic
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manifolds as the resultant complexes are more reactive and acetate ligands can assist in
key C–H activation steps. The work of Dutton in the use of (poly)cationic λ3-iodanes has
laid the groundwork for the exploration of highly tunable Au(III) complexes and this
discovery could lead to new developments in the chemistry of cationic Au(III)
intermediates.
2.5. Nickel
2.5.1. Introduction
Nickel is a group 10 metal, the first-row counterpart of palladium. Low oxidation state
nickel redox couples, such as Ni(0)//Ni(I)/Ni(II), have seen significant applications in
catalysis, including Suzuki, Negishi, and Kumada couplings, as well as recent
advancements in radical mediated cross-coupling reactions.133 A recent resurgence in
nickel-catalyzed processes has been fueled not only by its greater sustainability and
economic advantages, but also by its unique electronic properties that facilitate reactivity
inaccessible to its palladium counterpart. Unlike palladium, which relies almost
exclusively on two-electron redox cycles, nickel can undergo facile one- and two-electron
redox events, providing access to Ni(0), Ni(I), Ni(II), Ni(III), and in rare examples, Ni(IV)
oxidation states (Scheme 2.58). While these numerous pathways expand the scope of
reactivity, they also make characterization and mechanistic investigations difficult due to
the wide range of redox couples that could be invoked. Recent advancements in high
oxidation state palladium chemistry has sparked a renewed investigation into the synthesis
and characterization Ni(III) and Ni(IV) species, which could greatly expand the current
scope of nickel-catalyzed reactions. In this section, we will highlight the key role that both
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ligand scaffold and oxidant can serve in the selection between either one- or two-electron
pathways as well as the stability of the resultant high valent complexes. Hypervalent iodine
oxidants have played a key role in the advancement of this field, analogous to their
prominent role in the development of Pd(II)/Pd(IV) catalysis (see Section 2.1). In order to
put modern approaches into context, we will begin with a brief history of isolated Ni(IV)
complexes accessed via a variety of methods.

Scheme 2.58. Traditional and emerging nickel oxidation states invoked in
catalysis, and common oxidants reported in the literature.

Reports on the isolation of Ni(IV) complexes date back to the mid 1970’s, and these
species were even proposed as intermediates in some of the first Ni(0) catalyzed cross
coupling reactions. The first diorganonickel (IV) complex was synthesized and isolated by
Cordier in 1994 through oxidative addition of methyliodide to a Ni(II) precursor with
acylphenolato and trimethylphosphine ligands (Scheme 2.59).134 In this case, the rigid
chelate ring contains a hard base and powerful σ-donating phosphine ligands that provide
substantial stability to the high-oxidation nickel complex. In 1999, Tanaka et al reported
the first silylnickel(IV) complex (Scheme 59) through a proposed oxidative addition of 1,2disilylbenzene to a Ni(dmpe)2 and subsequent elimination of H2.135 Again, this complex
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was stabilized by strong σ-donor ligands and a rigid chelate similar to that of Cordier, and
in both reports, X-ray crystallographic analysis confirmed an octahedral geometry. In 2003,
Linden reported an isolable Ni(IV) complex containing three sigma bonded norbonyl ligands
in a pseudo-tetrahedral geometry (Scheme 2.59).136 This species was accessed via oxidation
of a tris(1-norbornyl)nickel(II) complex anion with O2 at −60 °C. Along with being strong
σ-donor ligands, the steric bulk of the 1-norbonyl ligands provides shielding necessary for
stabilization of the trialkylnickel(IV) species. Most recently, the Steigerwald group isolated
a tetraalkyl aspirocyclononane Ni(IV) complex that is remarkably stable to oxygen and high
temperatures (Scheme 2.59).137 The complex was isolated as an intermediate in a Ni(0)
catalyzed strain release ring-opening polymerization, formed via the combination of two
molecules of substrate into a dimeric bismetallocyclopentane nickel species. The
remarkable stability of this complex is attributed to the high degree of steric shielding
afforded by the large alkyl ligands. From these reports, common features emerge which
stabilize high oxidation state nickel complexes: strong σ-donor ligands, rigid chelation, and
steric shielding of the metal center. Additionally, these examples highlight the unusual
stability of the nickel–alkyl bond, a feature not common in late transition metal
organometallic complexes. Finally, a wide range of oxidants, varied in mechanism and
strength, were utilized to access these systems, ranging from C–X oxidative addition to O2
oxidation at low temperature. While these studies provide valuable evidence for the
viability of Ni(IV) species and the oxidants capable of accessing them, they are not readily
translatable to catalytic manifolds.
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Scheme 2.59. Examples of isolated organonickel (IV) complexes. Highly rigid
ligand scaffolds and strong σ-donor ligands are common features that aid in
stabilization of these species.

Over the last 10 years, a renewed interest in this has focused on the subsequent
reactivity and possible synthetic utility of Ni(IV) species, along with ligand scaffolds and
oxidants that could be developed into viable catalytic systems. In this effort, hypervalent
iodine reagents have emerged as promising candidates for both species isolation and
catalysis.
2.5.2. Stoichiometric Studies
Continued efforts in the stoichiometric synthesis and characterization of Ni(IV)
complexes have expanded to include their subsequent reactivity, particularly in C–C and
C–X bond forming reductive eliminations. The most challenging element of this work has
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been species isolation and proof of either Ni(II)/Ni(III) or Ni(II)/Ni(IV) redox couples, as
these intermediates are highly reactive and short lived.
The Sanford group has spearheaded these efforts, building on their extensive work in
high oxidation state palladium chemistry. They have explored the viability of both Ni(III)
and Ni(IV) manifolds as inexpensive analogues to Pd(IV) in C–X reductive eliminations.
A 2010 report studied the oxidation of complex 143 with an excess of PhICl2, which
yielded an approximately 2:1 mixture of C–Cl and C-Br reductive elimination products
(Scheme 2.60a).138 This represented the first example of C–X bond forming reductive
elimination from nickel. They propose the likely intermediacy of a Ni(III) species (144),
however note that two-electron oxidation to Ni(IV) (145) cannot be ruled out due to an
inability to isolate the reactive intermediates. It is also noteworthy that both the chlorine
ligands introduced upon oxidation, and the bromine ligand present in complexes 144 and
145, were available for C–X reductive elimination.
A subsequent study by Sanford examined the oxidation of a Ni(PhPy)2 complex (146),
which can then undergo competitive C–X or C–C reductive elimination (Scheme 2.60b).139
The analogous palladium complex had previously been shown to undergo preferential C–
X reductive elimination when exposed to a variety of oxidants, including hypervalent
iodine reagents (see Section 2.2.2.5.1), and thus this study provided an excellent
comparison of the reactivity of these two metals. It was shown that upon oxidation with
PhICl2, complex 146 gave only trace C–Cl bond formation (3%, 147) and the major product
148 was that of C–C reductive elimination. Interestingly, oxidation of 146 with other Cl+
sources, NCS or CuCl2, provided no observable C–Cl products, showing a slight but
significant divergence in reactivity of the hypervalent iodine oxidant. Again, in this study,
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no high oxidation state intermediates could be isolated or observed in situ, although the
divergent reactivity from that of palladium may suggest a difference in mechanism.

Scheme 2.60. C–X versus C–C bond forming reductive elimination from
high oxidation state nickel.

Recently, in a high-profile report, the same group succeeded in the isolation and
characterization of a Ni(IV) intermediate upon oxidation of a diorganonickel(II)
complex 149 (Scheme 2.61).140 At the outset of their study, key insights into the
stability of 149 to oxidation were obtained via cyclic voltammetry. Observation of two
quasi-reversible oxidation peaks at −0.61 V and +0.27 vs. Fc/Fc+, representative of

110

Ni(II)/Ni(III) and Ni(III)/Ni(IV) redox couples, is noteworthy as these potentials are
relatively low and hints that catalytic cycles with interchange between these redox
states could be plausible. Initially, oxidation of 149 with hypervalent iodine reagents
PhI(OAc)2, PhICl2, or F+ source NFTPT resulted in rapid C(sp3)–C(sp2) reductive
elimination to give cyclobutane 151, not allowing for study of any intermediates.
However, use of TDTT resulted in formation of a stable Ni(IV)–CF3 intermediate 152
that was detectable by 1H- and 19F-NMR, before giving rise to the same cyclobutane
product 151. Further evidence for the intermediacy of a Ni(IV) species was provided
through X-ray crystallographic characterization of a complex possessing a tridentate
tris(2-pyridyl) methane ligand, again upon oxidation with TDTT (not shown).
Although products of oxidation with hypervalent iodine reagents were not directly
observed in this case, the analogous reactivity of complex 150 to that of hypervalent
iodine-mediated oxidation provides strong evidence that those reactions are also
proceeding via a Ni(II)/Ni(IV) redox couple. This study provides clear evidence for
the accessibility of Ni(II)/Ni(IV) catalysis manifolds and supports further efforts for
developing reactions that invoke this pathway. It also shows that the development of
novel C–X bond-forming reactions, analogous to those with Pd(II)/Pd(IV), will likely
require ligand scaffolds that are not capable of undergoing competitive C–C reductive
elimination.

111

Scheme 2.61. Oxidation and reductive elimination from a Ni(IV) intermediate
using hypervalent iodine, F+, and CF3+ sources. Rapid and selective C–C bond
formation was observed in the case of all hypervalent iodine oxidants.

Sanford’s group has recently utilized tripyrazoylborate (Tp) as a supporting ligand to
isolate Ni(IV) complex 153 and examine its competency in C(sp2)–CF3 reductive
eliminations (Scheme 2.62a).141 Oxidation was examined with a variety of Ar–X species
and it was found that only aryldiazonium salts and diaryliodonium salts were competent
oxidants, with diaryliodonium salts giving superior yields of complex 154. This represents
the first evidence of the accessibility of the Ni(II)/Ni(IV) manifold under mild conditions
with diaryliodonium salts. 154 was further shown to undergo clean C–CF3 bond formation
upon heating and results suggest a two-electron reductive elimination pathway. Sanford
also recently reported the oxidation of a TpNi(II)biphenyl complex 155 and its subsequent
reactivity in C–O bond reductive elimination (Scheme 2.62b).142 Oxidation with
PhI(OTFA)2 for just 10 min at 25 °C cleanly produced 156 in 50% isolated yield. In line
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with their previous studies, intramolecular C(sp2)–O coupling from 156 was slow, however
157 could be detected upon heating, the result of C–O bond-forming reductive elimination
followed by cyclization and hemiketalization. It was also found that the –OTFA ligand
could under rapid displacement with a nucleophilic source of –CF3, which would then
undergo slow C–CF3 reductive elimination (not shown). Taken together, these two reports
show the relatively facile access of the Ni(II)/Ni(IV) manifold with hypervalent iodine
reagents and lend strong support for the development of diverse catalytic reactions via this
pathway. Furthermore, the tripyrazoylborate ligand is emerging as an excellent choice for
stabilization and isolation of high oxidation state nickel complexes.

Scheme 2.62. Use of tripyrazoylborate (Tp) ligand in the synthesis and
characterization of Ni(IV) species via oxidation with hypervalent iodine
reagents. (a) Use of diaryliodonium salts; (b)Use of PhI(OTFA)2.
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Taking advantage of the excellent σ-donor ability of N-heterocyclic carbenes (NHCs),
Alison Fout’s group reported the isolation of Ni(IV) complex 159 and its reactivity has an
electrophilic halogen surrogate (Scheme 2.63).143 Initial characterization of Ni(II) species
158 via cyclic voltammetry revealed only a single reversible oxidation wave at +0.57 V vs.
Fc/Fc+, which was attributed to the Ni(II)/Ni(III) couple. Thus, it was somewhat surprising
that treatment of 158 with common outer-sphere one-electron oxidants such as Ag+, Ph3C+,
or Fc+, was unsuccessful. However, treatment of 158 with PhICl2 resulted in clean twoelectron oxidation to give 159, which was characterized by X-ray crystallography. This
result was the first definitive evidence that hypervalent iodine reagents were competent
oxidants in the Ni(II)/Ni(IV) redox couple. Also notable is the significantly higher
oxidation potential of 158 relative to that of 149 (see Scheme 2.61) and yet PhICl2 was still
a competent oxidant. In the continued development of this field, it will likely be important
to continue to obtain electrochemical measurements of both hypervalent iodine reagents
and metal complexes, which could then be used as a predictive tool for the success of the
subsequent oxidation.

Scheme 2.63. Two electron oxidation of Ni(II) monoanionic bis(carbene) pincer
complex with PhICl2 and characterization of stable Ni(IV) intermediate 159.
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2.5.3. Synthetic Applications
Catalytic cycles, and thus also synthetic applications, invoking high oxidation state
nickel intermediates remain quite rare. However, building on the body of work in
stoichiometric complex synthesis, such reports are beginning to emerge, but the oxidation
states in play are difficult to discern. Below we outline recent catalytic reports invoking
both Ni(III) and Ni(IV) intermediates via oxidation with hypervalent iodine reagents as
well as synthetically relevant applications involving stoichiometric complexes.
The Nocera group reported the catalytic photoelimination of Cl2 from a Ni(III)
intermediate, accessed via one-electron oxidation of a Ni(II) species with PhICl2 (Scheme
2.64).144 In this case, careful control of the equivalents of PhICl2 allows for selective
transfer of a single chlorine atom. It is also possible that the ligand scaffold does not lower
the oxidation potential far enough to make a subsequent Ni(III)/Ni(IV) oxidation accessible
in this case, however electrochemical measurements on this complex were not provided.
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Scheme 2.64. Photoelimination of Cl2 via single electron Ni(II)/Ni(III) cycle
mediated by PhICl2.

Chatani’s group invoked a Ni(II)/Ni(IV) catalytic cycle in their development of a
directed C(sp3)–H arylation with diaryliodonium salts (Scheme 2.65).145 A variety of
diaryliodonium salts bearing different counter ions such were examined, however high
yields were only obtained in the case of triflate, presumably due to the necessary
regeneration of the Ni(OTf)2 catalyst. Although no intermediates were isolated, radical trap
experiments with TEMPO gave no TEMPO-adducts, providing at least preliminary
evidence against one-electron pathways.
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Scheme 265. C(sp3)–H arylation with diaryliodonium salts through a proposed
Ni(II)/Ni(IV) catalytic cycle.

Continuing their work in oxidative fluorination chemistry (for palladium analogue see
Section 2.2.2.5.1), the Ritter group reported the development of a one-step oxidative
radiofluorination of arenes employing Ni(II) complex 160 with aqueous
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F, and

poly(cationic) N-ligated λ3-iodane 161 as the oxidant (Scheme 2.66).146 This one-step
oxidation/C–F bond formation proceeds via the two-electron oxidation of 160 by cationic
hypervalent iodine 161, which undergoes ligand exchange with nucleophilic fluoride and
subsequent reductive elimination. The use of (poly)cationic λ3-iodane 161 is critical in this
case as the desired 18F reductive elimination could easily be outcompeted by the –X ligands
transferred to the metal center with traditional hypervalent iodine complexes (i.e., –Cl, –
OAc, –OTFA).40 Instead complex 161 transfers two “innocent” heterocyclic ligands,
allowing for the challenging C–F reductive elimination to proceed in high yield. Even
though the detailed mechanistic studies were not reported, the formation of Ni(IV)
intermediate 162 is reasonable by analogy to their prior reports, as well as work by Dutton
employing (poly)cationic λ3-iodanes as two-electron oxidants in the generation of Pd(IV)
and Pt(IV) species (see Section 2.3.1). This work shows the promise of the relatively
unexplored class of (poly)cationic λ3-iodanes as powerful oxidants that allow for
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challenging reductive eliminations that would be precluded with the use of more common
oxidants.

Scheme 2.66. Ritter’s nickel-mediated radiofluorination via oxidation of Ni(II)
with (poly)cationic λ3-iodane 161, possessing neutral heterocycle ligands.

2.5.4. Conclusions
High valent nickel catalysis, specifically via the Ni(II)/Ni(IV) redox couple is an
emerging area of research that has the potential to offer novel and powerful reactivity. The
continued growth and maturation of this area will rely on continued efforts to understand
the role that ligand scaffold and oxidant can play in the oxidation states accessible, as well
as studies aimed at the isolation and characterization of these high oxidation state
complexes. Furthermore, a more detailed mechanistic understanding of reported synthetic
methods will educate further reaction development.
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2.6. Copper
2.6.1. Introduction
As recently as the year 2000, reports of isolable high-valent organometallic Cu(III)
species were extremely rare (Scheme 2.67a)147-149 and little was known about the potential
role of Cu(I)/Cu(III) cycles in catalysis. However, significant progress has been made in
this area over the last 15 years and modern analytical techniques such as rapid-injection
NMR (RI-NMR) have provided clear evidence of Cu(III) intermediates in carbon-carbon,
carbon-halogen, and carbon-nitrogen bond forming reactions (Scheme 2.67b).1
Applications of hypervalent iodine reagents in this area are scarce however one could
imagine that this will be a fruitful area of research in the coming years. In this section recent
examples of proposed Cu(I)/Cu(III) redox cycles involving hypervalent iodine reagents
will be presented, though the underlying mechanisms of these transformations are still the
subject of debate in the literature.
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Scheme 2.67. (a) Examples of isolable Cu(III) complexes; (b) Observed Cu(III)
species by rapid-injection (RI) NMR spectroscopy.

2.6.2. Synthetic Applications
Gaunt and co-workers have reported landmark examples of Cu(I)/Cu(III) catalysis
through C–H arylation of indoles and benzene derivatives with diaryliodonium salts
(Scheme 2.68).150,151 Remarkably, these arylations proceeded with extremely high C3- and
meta-selectivity respectively, complimentary to the analogous Pd(II)-catalyzed
transformations which give exclusively products arising from directed C–H activation.
Shown in the context of arene functionalization (Scheme 2.69), the authors propose a
catalytic cycle involving Ph2IBF4-mediated oxidation of Cu(I) to a highly electrophilic
Cu(III) complex 163, accompanied by aryl transfer. This species then undergoes metaselective Friedel-Crafts-type metalation, facilitated by the pendant amide, followed by
rearomatization to give Cu(III) complex 164. C–C bond forming reductive elimination
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would provide the desired arylated product and regenerate Cu(I)OTf. While this
mechanism explains the observed selectivity, the intermediacy of Cu(III) in these processes
has not been confirmed experimentally. The authors note that the addition of a radical
inhibitor, 1,1-diphenylethylene, does not inhibit product formation, suggesting a radical
mechanism is unlikely. In contrast, Buchwald has shown that Cu(I)-catalyzed processes
involving Togni’s reagent proceed via one-electron radical cascades.152

Scheme 2.68. Copper-catalyzed oxidative arylation reactions with
diaryliodonium salts show complimentary regioselectivity to analogous
palladium-catalyzed systems.
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Scheme 2.69. Proposed Cu(I)/Cu(III) catalytic cycle for C–H functionalization
of benzene derivatives.

2.6.3. Conclusion
The past 15 years have provided critical experimental evidence for the intermediacy
of Cu(III) in a variety of catalytic transformations. Hypervalent iodine reagents have been
applied in seminal reports by Gaunt using diaryliodonium salts in C–H arylation, however
experimental evidence supporting a Cu(I)/Cu(III) pathway is still lacking. Therefore, while
the potential of hypervalent iodine reagents in high-valent copper catalysis is immense, the
continued development of this area will require a more detailed mechanistic understanding
of the pathways involved.
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2.7. Miscellaneous High Valent Metal Complexes
In addition to the applications discussed thus far, hypervalent iodine reagents have
been utilized as oxidants for a wide range of metals less prevalent in traditional catalysis.
These include oxidations of Mo, W, V, Ce, Ir, Fe and Rh, with a large focus on high valent
complex isolation but a few recent examples also include catalytic reaction development.
In this area, PhICl2 and PhI(OAc)2 have been the most widely applied due to their wellstudied reactivity and their inherent transfer of chloride and acetate ligands capable of
stabilizing high oxidation state species.
2.7.1. Complex Synthesis and Isolation
Scheme 70 summarizes the diverse metal complexes that have been accessed via
hypervalent iodine oxidants. These complexes vary in their oxidation states, geometries,
ligand scaffolds, and were accessed through both one- and two-electron oxidation
pathways. Filippou utilized PhICl2 in an oxidative decarbonylation approach to accessing
Mo(IV) and W(IV) complexes en route to studying trichlorogermyl compounds.153
Legzdins synthesized a V(II) nitrosyl complex using PhICl2 in order to study the nitrosyl
ligand effects on early transition metals.154 In an effort to improve the syntheses of Ce(IV)
amides, Andwander and Edelmann synthesized a Ce(IV) complex with use of PhICl2 as a
one-electron oxidant.155 Neve used PhICl2 to study the structure and properties of an Ir(III)
dimer.156 A report from Nocera synthesized Rh(III) complexes with PhICl2 as part of a
study to understand the role of Rh(III) hydride complexes in the reduction of oxygen to
H2O in reactions with HCl.157 Periana demonstrated functionalization of an Ir(V) complex
with both PhI(OAc)2 and PhI(OTFA)2 in order study oxy-functionalization reactions from
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high oxidation state iridium.158 Although not shown in Scheme 2.70, PhI(OAc)2 and PhICl2
also have rich histories as co-oxidants in the study of metalloporphyrins.159-161

Scheme 2.70. Examples of high oxidation state transition metal complexes
accessed by oxidation with PhI(OAc)2 and PhICl2.

2.7.2. Catalytic Applications
Although one-electron manifolds are not prototypical of hypervalent iodine reagents,
diaryliodonium salts have been reported to serve as one-electron oxidants in both iron and
iridium catalyzed transformations. Photoredox catalysis using Ir(III)(phpy)3, with
Ph2I(BF4) as both the external oxidant and phenyl source, was successfully applied to the
methoxyphenylation of styrene derivatives (Scheme 2.71).162 It is proposed that Ph2I(BF4)
transfers a phenyl radical to styrene with in situ oxidation of Ir(III)(phpy)3+ to
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Ir(IV)(phpy)3+. Further oxidation to a benzylic cation followed by trapping with methanol
gives the difunctionalized product.

Scheme 2.71. Ir(III)(phpy)3 catalyzed photoredox oxyarylation of styrene
derivatives.

Loh has shown that Ph2I(OTf) can act as a one-oxidant in an Fe(II)/Fe(III) catalyzed
intramolecular radical cyclization cascade (Scheme 2.72).163 It is proposed that Ph2I(OTf)
produces a phenyl radical upon oxidation of Fe(II) to Fe(III) with subsequent hydrogen
abstraction from dichloromethane. Although these one-electron pathways remain rare,
these reports show promise for the further development of hypervalent iodine reagents in
these manifolds.
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Scheme 2.72. FeCl2 catalyzed carbochloromethylation of activated alkenes.

2.7.3. Conclusion
The versatility of hypervalent iodine reagents is evident in the wide range of metal
centers that they are capable of oxidizing. Their application in the isolation and
characterization of late transition metal complexes provides critical insights into the further
development and application of these species. Furthermore, their ability to facilitate oneelectron pathways has enabled their extension into metal catalyzed photoredox and radical
cascade reactions.
2.8. Conclusion
High valent metal catalysis is still an emerging field that continues to be rich with
opportunities for novel and creative reaction development. Hypervalent iodine reagents
have emerged as versatile oxidants in this area, providing versatile reactivity, heteroatom
ligands, and mild reaction conditions. These reagents are also environmentally benign,
non-toxic, and relatively inexpensive compared to other inorganic oxidants. Despite their
broad utility, there remain limitations in their application; they produce stoichiometric
organic byproducts, there is a limited scope of heteroatoms ligands available, and their use
in facilitating challenging reductive eliminations (i.e.,–CF3, –F) is limited. Future
developments in more diverse hypervalent iodine scaffolds, particularly in those that could
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act as “innocent” oxidants, or those that could be readily recycled/regenerated, has the
potential to greatly expand the utility of this already powerful reaction manifold.
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CHAPTER 3
REACTIVITY OF (NNN)-PINCER NICKEL(II) ARYL COMPLEX TOWARDS
OXIDATIVE CARBON–HETEROATOM BOND FORMATION

3.1

BACKGROUND AND SIGNIFICANCE
Nickel is a group 10 metal, the first-row counterpart of palladium. Low oxidation state

nickel redox couples, such as Ni(0)//Ni(I)/Ni(II), have seen significant applications in
catalysis, including Suzuki, Negishi, and Kumada couplings, as well as recent
advancements in radical mediated cross-coupling reactions.1 A recent resurgence in nickelcatalyzed processes has been fueled not only by its greater sustainability and economic
advantages, but also by its unique electronic properties that facilitate reactivity inaccessible
to its palladium counterpart. Unlike palladium, which relies almost exclusively on twoelectron redox cycles, nickel can undergo facile one- and two-electron redox events,
providing access to Ni(0), Ni(I), Ni(II), Ni(III), and in rare examples, Ni(IV) oxidation
states (Scheme 3.1). While these numerous pathways expand the scope of reactivity, they
also make characterization and mechanistic investigations difficult due to the wide range
of redox couples that could be invoked. Recent advancements in high oxidation state
palladium chemistry has sparked a renewed investigation into the synthesis and
characterization Ni(III) and Ni(IV) species, which could greatly expand the current scope
of nickel-catalyzed reactions. In this section, we will highlight the key role that both ligand
scaffold and oxidant can serve in the selection between either one- or two-electron
pathways as well as the stability of the resultant high valent complexes. Hypervalent iodine
oxidants have played a key role in the advancement of this field, analogous to their
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prominent role in the development of Pd(II)/Pd(IV) catalysis (see chapter 2 Section 2.1).
However, no catalytic cycles involving a Ni(II)/Ni(IV) manifold have been reported up to
the current date.

Scheme 3.1. Traditional and emerging nickel oxidation states invoked in
catalysis, and common oxidants reported in the literature.

3.2

NI(IV) COMPLEXES

3.2.1

Innovation and Literature Precedent

Reports on the isolation of Ni(IV) complexes date back to the mid 1970’s, and these
species were even proposed as intermediates in some of the first Ni(0) catalyzed cross
coupling reactions. The first diorganonickel (IV) complex was synthesized and isolated by
Cordier in 1994 through oxidative addition of methyliodide to a Ni(II) precursor with
acylphenolato and trimethylphosphine ligands (Scheme 3.59).2 In this case, the rigid
chelate ring contains a hard base and powerful σ-donating phosphine ligands that provide
substantial stability to the high-oxidation nickel complex. In 1999, Tanaka et al reported
the first silylnickel(IV) complex (Figure 3.1) through a proposed oxidative addition of 1,2-
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disilylbenzene to a Ni(dmpe)2 and subsequent elimination of H2.3 Again, this complex was
stabilized by strong σ-donor ligands and a rigid chelate similar to that of Cordier, and in
both reports, X-ray crystallographic analysis confirmed an octahedral geometry. In 2003,
Linden reported an isolable Ni(IV) complex containing three sigma bonded norbonyl ligands
in a pseudo-tetrahedral geometry (Figure 3.1).4 This species was accessed via oxidation of a
tris(1-norbornyl)nickel(II) complex anion with O2 at −60 °C. Along with being strong σdonor ligands, the steric bulk of the 1-norbonyl ligands provides shielding necessary for
stabilization of the trialkylnickel(IV) species. Most recently, the Steigerwald group isolated
a tetraalkyl aspirocyclononane Ni(IV) complex that is remarkably stable to oxygen and high
temperatures (Figure 3.1 ).5 The complex was isolated as an intermediate in a Ni(0) catalyzed
strain release ring-opening polymerization, formed via the combination of two molecules
of substrate into a dimeric bismetallocyclopentane nickel species. The remarkable stability
of this complex is attributed to the high degree of steric shielding afforded by the large
alkyl ligands. From these reports, common features emerge which stabilize high oxidation
state nickel complexes: strong σ-donor ligands, rigid chelation, and steric shielding of the
metal center. Additionally, these examples highlight the unusual stability of the nickel–
alkyl bond, a feature not common in late transition metal organometallic complexes.
Finally, a wide range of oxidants, varied in mechanism and strength, were utilized to access
these systems, ranging from C–X oxidative addition to O2 oxidation at low temperature.
While these studies provide valuable evidence for the viability of Ni(IV) species and the
oxidants capable of accessing them, they are not readily translatable to catalytic manifolds.
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Figure 3.1. Examples of isolated organonickel (IV) complexes. Highly rigid
ligand scaffolds and strong σ-donor ligands are common features that aid in
stabilization of these species.

Continued efforts in the stoichiometric synthesis and characterization of Ni(IV)
complexes have expanded to include their subsequent reactivity, particularly in C–C and
C–X bond forming reductive eliminations. The most challenging element of this work has
been species isolation and proof of either Ni(II)/Ni(III) or Ni(II)/Ni(IV) redox couples, as
these intermediates are highly reactive and short lived.
The Sanford group has spearheaded these efforts, building on their extensive work in
high oxidation state palladium chemistry. They have explored the viability of both Ni(III)
and Ni(IV) manifolds as inexpensive analogues to Pd(IV) in C–X reductive eliminations.
A 2010 report studied the oxidation of complex 3.1 with an excess of PhICl2, which yielded
an approximately 2:1 mixture of C–Cl and C-Br reductive elimination products (Scheme
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3.2a).6 This represented the first example of C–X bond forming reductive elimination from
nickel. They propose the likely intermediacy of a Ni(III) species (3.2), however note that
two-electron oxidation to Ni(IV) (3.3) cannot be ruled out due to an inability to isolate the
reactive intermediates. It is also noteworthy that both the chlorine ligands introduced upon
oxidation, and the bromine ligand present in complexes 3.2 and 3.3, were available for C–
X reductive elimination.
A subsequent study by Sanford examined the oxidation of a Ni(PhPy)2 complex (3.4),
which can then undergo competitive C–X or C–C reductive elimination (Scheme 3.2b).7
The analogous palladium complex had previously been shown to undergo preferential C–
X reductive elimination when exposed to a variety of oxidants, including hypervalent
iodine reagents, and thus this study provided an excellent comparison of the reactivity of
these two metals. It was shown that upon oxidation with PhICl2, complex 3.4 gave only
trace C–Cl bond formation (3%, 3.5) and the major product 3.6 was that of C–C reductive
elimination. Interestingly, oxidation of 3.4 with other Cl+ sources, NCS or CuCl2, provided
no observable C–Cl products, showing a slight but significant divergence in reactivity of
the hypervalent iodine oxidant. Again, in this study, no high oxidation state intermediates
could be isolated or observed in situ, although the divergent reactivity from that of
palladium may suggest a difference in mechanism.
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Scheme 3.2. C–X versus C–C bond forming reductive elimination from high
oxidation state nickel.

Recently, in a high-profile report, the same group succeeded in the isolation and
characterization of a Ni(IV) intermediate upon oxidation of a diorganonickel(II) complex
3.7 (Scheme 3.3).8 At the outset of their study, key insights into the stability of 3.7 to
oxidation were obtained via cyclic voltammetry. Observation of two quasi-reversible
oxidation peaks at −0.61 V and +0.27 vs. Fc/Fc+, representative of Ni(II)/Ni(III) and
Ni(III)/Ni(IV) redox couples, is noteworthy as these potentials are relatively low and hints
that catalytic cycles with interchange between these redox states could be plausible.
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Initially, oxidation of 3.7 with hypervalent iodine reagents PhI(OAc)2, PhICl2, or F+ source
NFTPT resulted in rapid C(sp3)–C(sp2) reductive elimination to give cyclobutane 3.10, not
allowing for study of any intermediates. However, use of TDTT resulted in formation of a
stable Ni(IV)–CF3 intermediate 3.9 that was detectable by 1H- and 19F-NMR, before giving
rise to the same cyclobutane product 3.10. Further evidence for the intermediacy of a
Ni(IV) species was provided through X-ray crystallographic characterization of a complex
possessing a tridentate tris(2-pyridyl) methane ligand, again upon oxidation with TDTT
(not shown). Although products of oxidation with hypervalent iodine reagents were not
directly observed in this case, the analogous reactivity of complex 3.8 to that of hypervalent
iodine-mediated oxidation provides strong evidence that those reactions are also
proceeding via a Ni(II)/Ni(IV) redox couple. This study provides clear evidence for the
accessibility of Ni(II)/Ni(IV) catalysis manifolds and supports further efforts for
developing reactions that invoke this pathway. It also shows that the development of novel
C–X bond-forming reactions, analogous to those with Pd(II)/Pd(IV), will likely require
ligand scaffolds that are not capable of undergoing competitive C–C reductive elimination.
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Scheme 3.3. Oxidation and reductive elimination from a Ni(IV) intermediate
using hypervalent iodine, F+, and CF3+ sources. Rapid and selective C–C bond
formation was observed in the case of all hypervalent iodine oxidants.

Sanford’s group has recently utilized tripyrazoylborate (Tp) as a supporting ligand to
isolate Ni(IV) complex 3.11 and examine its competency in C(sp2)–CF3 reductive
eliminations (Scheme 3.4a).9 Oxidation was examined with a variety of Ar–X species and
it was found that only aryldiazonium salts and diaryliodonium salts were competent
oxidants, with diaryliodonium salts giving superior yields of complex 3.12. This represents
the first evidence of the accessibility of the Ni(II)/Ni(IV) manifold under mild conditions
with diaryliodonium salts. 3.12 was further shown to undergo clean C–CF3 bond formation
upon heating and results suggest a two-electron reductive elimination pathway. Sanford
also recently reported the oxidation of a TpNi(II)biphenyl complex 3.13 and its subsequent
reactivity in C–O bond reductive elimination (Scheme 3.4b).10 Oxidation with PhI(OTFA)2
for just 10 min at 25 °C cleanly produced 3.14 in 50% isolated yield. In line with their
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previous studies, intramolecular C(sp2)–O coupling from 3.14 was slow, however 3.15
could be detected upon heating, the result of C–O bond-forming reductive elimination
followed by cyclization and hemiketalization. It was also found that the –OTFA ligand
could under rapid displacement with a nucleophilic source of –CF3, which would then
undergo slow C–CF3 reductive elimination (not shown). Taken together, these two reports
show the relatively facile access of the Ni(II)/Ni(IV) manifold with hypervalent iodine
reagents and lend strong support for the development of diverse catalytic reactions via this
pathway. Furthermore, the tripyrazoylborate ligand is emerging as an excellent choice for
stabilization and isolation of high oxidation state nickel complexes.

Scheme 3.4. Use of trispyrazoylborate (Tp) ligand in the synthesis and
characterization of Ni(IV) species via oxidation with hypervalent iodine
reagents. (a) Use of diaryliodonium salts; (b) Use of PhI(OTFA)2.
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Taking advantage of the excellent σ-donor ability of N-heterocyclic carbenes (NHCs),
Alison Fout’s group reported the isolation of Ni(IV) complex 3.17 and its reactivity has an
electrophilic halogen surrogate (Scheme 3.5).11 Initial characterization of Ni(II) species
3.16 via cyclic voltammetry revealed only a single reversible oxidation wave at +0.57 V
vs. Fc/Fc+, which was attributed to the Ni(II)/Ni(III) couple. Thus, it was somewhat
surprising that treatment of 3.16 with common outer-sphere one-electron oxidants such as
Ag+, Ph3C+, or Fc+, was unsuccessful. However, treatment of 3.16 with PhICl2 resulted in
clean two-electron oxidation to give 3.17, which was characterized by X-ray
crystallography. This result was the first definitive evidence that hypervalent iodine
reagents were competent oxidants in the Ni(II)/Ni(IV) redox couple. Also notable is the
significantly higher oxidation potential of 3.16 relative to that of 3.17 (see Scheme 3.5) and
yet PhICl2 was still a competent oxidant. In the continued development of this field, it will
likely be important to continue to obtain electrochemical measurements of both
hypervalent iodine reagents and metal complexes, which could then be used as a predictive
tool for the success of the subsequent oxidation.

Scheme 3.5. Two electron oxidation of Ni(II) monoanionic bis(carbene) pincer
complex with PhICl2 and characterization of stable Ni(IV) intermediate 3.17.

157

By realizing the value of the Ni(II)/Ni(IV) manifold and the lack of its application in
catalysis,we decided to develop a protocol in which we could promote the functionalization
of aryl C(sp2) bonds through a Ni(IV) intermediate with potential application in catalytic
approaches. To start the development of this method, we took inspiration from the work
reported by Liang12 in which it was demonstrated that bis-phosphino amino ligands (PNP)13
were able to stabilize the nickel (II) aryl complex (3.18)12 (Scheme 3.6). Therefore, we
hypothesized that under oxidative conditions we could generate a high valent nickel
(Ni(IV))9,10,8 in situ (3.19) that would undergo selective C–X (X = –Cl, –OAc) bond
formation (3.21/3.22, Scheme 3.6). Such reactivity would demonstrate the ability of
selective formation of C–X bonds from a Ni(IV) intermediate and would bring important
information about the oxidative behavior of PNP-nickel pincer complexes in the presence
of λ3-iodane reagents. Additionally, we could take advantage of this information and use
nickel complexes of the pincer type for a potential application of a Ni(II)/Ni(IV) catalytic
manifold.

Scheme 3.6. Initial hypothesis of oxidative C–X coupling through a Ni(IV)
intermediate.
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As demonstrated by Sanford and others, λ3-iodanes have been successfully applied
as two electron oxidants to achieve high-valent palladium and nickel complexes.8–11
Therefore, the use of these reagents seemed to be ideal for achieving a high-valent nickel
bearing the pincer (PNP) ligand and to obtain the functionalized aryl compounds
(3.21/3.22, Scheme 3.6). For a detailed discussion about the use of λ3-iodane reagents as
two electron oxidants for palladium, nickel, and other transition metals, the reader is guided
to the chapter 2 of this dissertation.

3.2.2

Method Development: Oxidative Behavior of Pincer Nickel Complexes

By taking advantage of all the vast information about the synthesis of PNP
ligands13,14–17 and their nickel complexes, we decided to use the PNP nickel aryl (3.18) as
our model substrate based on its stability and readily accessibility. This ligand scaffold was
accessed through a Buchwald-Hartwig amination (3.23) followed by a nucleophilic
aromatic substitution (3.24) and metalation (3.25). A further salt metathesis in the presence
of PhLi reagent afforded 3.26 in good yields.

Scheme 3.7. Synthesis of PNP-Ni(II)-Aryl complex
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To start our screening studies, the λ3-iodanes of choice were PhlI(OAc)2 (3.20) ,
PhlICl2 (3.21), and, based on our lab extensive experience, we decided to utilize the N-HVI
[PhI(Py)2]2OTf (3.27) reagent (We hypothesized the Ni(IV) intermediate could be
stabilized if pyridinium ligand were present on 3.19). Therefore, in this last case, we should
observe the formation of an aryl-N-pyridinium salt (3.28). We began our studies by
screening the complex 3.26 with the above mentioned λ3-iodane reagents under the
conditions mentioned in Table 3.1. However, the desired aryl functionalization (3.21, 3.22
and 3.28) and the starting complex 3.18 were not recovered from this first screening
process. We hypothesized that a degradative pathway could be operating under those
conditions since the 1H-NMR of the crude reactions showed the formation of a complex
mixture of products. Although purification through flash chromatography and multiple
recrystallization attempts were made, no clear identification of the products of the reactions
was possible.

Table 3.1. Screening of HVIs and PNP-Ni(II)-aryl complex.

entry
1
2
3

HVI
PhI(OAc)2
PhICl2
PhI(Pyridine)22OTf

conditions
THF, rt, o/n
THF, rt, o/n
THF, rt, o/n
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product
Complex mixture
Complex mixture
Complex mixture

Building on these findings, we hypothesized the PNP scaffolds were not
offering enough stabilization for the proposed Ni(IV) intermediate; possibly the “soft”
phosphine-based ligands were providing a poor orbital overlap with the “hard” Ni(IV)
center, leading to a potential disproportionation or other degradative pathways. We were
then drawn to a report from Hu on the use of Amidobis(amine) (NNN) scaffolds for
Kumada couplings (Scheme 3.8).18–21 It was proposed that the (NNN) ligand scaffold was
critical to stabilize the Ni(III) intermediate and we therefore envisioned the (NNN) ligand
set could potentially stabilize our proposed Ni(IV) species.

Scheme 3.8. Hu application of NNN-Ni-Chloride complex in Kumada cross-coupling

By taking advantage of the protocol developed by Hu,22,23 the (NNN)
nickel(II)chloride complex 3.32 could be readily accessed via a Buchwald-Hartwig
amination/metalation sequence (Scheme 3.9), which would be used as a platform for the
synthesis of (NNN)-nickel(II)-aryl (3.36) complex by salt metathesis in the presence of
aryl Grignard reagents.
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Scheme 3.9. Hu synthesis of Amidobis(amine) (NNN)-Ni(II)-Aryl complex.

With our new model substrate in hands, we screened the same λ3-iodanes as
mentioned during initial screening with the (PNP)-nickel pincer complex (3.18) under
identical conditions. However, when 1.2 equivalents of the λ3-iodane reagents were
employed, selective C–N bond formation was observed in excellent yields at room
temperature. It is noteworthy to mention that no starting material was left over (Table 3.2,
entries 1-3) and no degradation or other by-products were observed in these reactions.
To further probe this oxidative behavior, we tested a panel of formal 1 and 2
electron oxidants. We observed that nearly quantitative yields with NBS (3.38), NCS
(3.39), and TDTT (3.40) (Table 3.2, entries 4-7).8 However, the established one electron
oxidant CuBr241(3.42) gave only 52% yield of the C–N product (Table 3.2, entries 8).
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Table 3.2. Screening of HVIs and (NNN)-Ni(II)-aryl complex.

entry

Oxidant

conditions

Product Distribution

Isol Yield (%)

1
3.36
THF, rt, o/n
3.35
94
2
3.37
THF, rt, o/n
3.35
99
3
3.27
THF, rt, o/n
3.35
99
4
3.38
THF, rt, o/n
3.35
98
5
3.39
THF, rt, o/n
3.35
96
6
3.40
THF, rt, o/n
3.35
98
7
3.41
THF, rt, o/n
3.35:3.34 (1:0.42)
--*
8
3.42
THF/MeCN, rt, o/n
3.35:3.32 (1:0.91)
52
*The isolated yield of entry 7 was not obtained since the remaining 3.34 degrades to 3.35
upon chromatography purification.
Although the previously desired aryl–X product was not obtained under these
conditions, we were motivated by this unexpected outcome since the synthesis of C–N
bonds, especially aryl amines, gained substantial attention of the scientific community due
to its presence in bio-active molecules.24 In 2019, more than 85% of the new FDAapproved drugs display functional groups or heteroaromatic motifs containing C–N
bonds25 and it is noteworthy to mention that synthetic drugs usually contain three times
more nitrogen than isolated natural products.26
Generally, C(sp3)–N bonds are synthesized by nucleophilic addition having an
amine source as the nucleophile (Scheme 3.10a).27 Nevertheless, overalkylation is a
common problem observed in such protocols. Additionally, alkyl-amines can also be
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accessed through reductive amination of ketones and aldehydes, and the direct reduction
of nitriles28 and nitro-groups29 (Scheme 3.10b). However, the installation of those
functional handles in some scaffolds is not facile.

Scheme 3.10. (a) Synthesis of alkyl amines through nucleophilic addition. (b)
Synthesis of primary and secondary amines by reductive amination of nitro and
cyano groups. (c) Buchwald-Hartwig amination of aryl
halides.

Alternatively, the synthesis of aromatic amines can be achieved through transition
metal-catalyzed processes. The Cham-Lam30 and the Buchwald-Hartwig,24,31–35 and the
represent methodologies that are widely utilized in academic and industrial settings
(Scheme 3.1c). However, despite the exponential growth experienced by this field over the
years, these protocols still rely on scarce transition metals and harsh conditions.
In this context, Hillhouse36–38 and Muniz39 have successfully demonstrated the use
of nickel towards the synthesis of heterocyclic scaffolds through C–N bond formation
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(Scheme 3.11a and b). More recently, Garg demonstrated an efficient nickel catalyzed
aryl-amination of carbamates (Scheme 3.11c).40–45 Nevertheless, despite the importance
of such methodologies, no other reports were published regarding this topic.

Scheme 3.11. (a) Hillhouse’s selective carbon-nitrogen bond formation through
Ni(II) complex. (b) Muniz’s catalytic di-amination. (c) Garg C(sp2) catalytic
amination of carbamates.

By recognizing the value of carbon–nitrogen bonds and the current need
economically viable methodologies, we realized that our findings could offer a great
understanding on the process of C–N formation through nickel under oxidative conditions.
Therefore, we decided to fully investigate the mechanism of this reaction and a expand its
scope to C–C bond formation.
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3.2.3

C–C vs C–N bond formation

With the successful result of the C–N coupling in hand, we decided to investigate
the oxidative behavior of the (NNN)-Ni(II)-aryl complex (3.34) in the presence of
diaryliodonium salts. As demonstrated in chapter 2, those reagents are robust option for
the formation of C–C bonds involving high-valent nickel and other transition metals.
Therefore, we could also demonstrate the ability of the (NNN)-Ni(II)-aryl complex (3.34)
to form C–C over C–N bonds in high oxidation states.
To evaluate this possibility, we chose Tol2I(OTf) (3.58) as the oxidant. After
stirring overnight, we could observe the formation of C(sp2)–C(sp2) coupling (3.59) in
30%, along with C–N coupling product (3.35) and the free (bis)aminoamido ligand scaffold
(3.33) (Scheme 3.12). While the C–C bond formation product was enabled in moderate
yield, this result supports the observation of predominant C–C bond formation pathway
when a high oxidation state nickel center is present.

Scheme 3.12. Diaryliodonium salt mediated C–C vs C–N coupling of (NNN)-Ni(II)Aryl complex.
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3.3.

MECHANISTIC EXPERIMENTATION

Inspired by the possibility of the C–N bond formation occurring through a
Ni(II)/Ni(IV) manifold, we decided to probe in depth the mechanism of this reaction. To
ensure that we could have more than one oxidation event, we firstly subjected the (NNN)Ni(II)-aryl complex (3.34) to cyclic voltammetry and differential pulse voltammetry, in
which we observed two distinct oxidation peaks at + 0.75V and +1.39V versus Ag/Ag+
that were assigned to Ni(II)/Ni(III) and Ni(III)/Ni(IV) redox couples in a quasi-reversible
behavior. This result gave us a valuable piece of information about the possibility of
existence of the potential Ni(IV) intermediate. (The reader is guided to Appendix 1 for a
detailed discussion about the experimentation described above). However, according to
Muniz seminal oxidative diamination report, a proposed Ni(III) intermediate was
responsible for the C–N bond forming event39 which indicates that a Ni(II)/Ni(III) manifold
could also be operating in our system. To fully uncover the true existence of Ni(IV) in this
reaction, we decided to induce the formation of Ni(III) complex in situ and compare the
outcome of this experimentation with our previous results. Therefore, if the C–N product
was found as a single product, the mechanism of our system would be justified through a
Ni(II)/Ni(III) manifold. Consequently, the λ3-iodane reagent would be acting as one
electron and not as a two-electron oxidant as we previously thought. Conversely, if we
observed unreacted starting material, the single electron oxidation pathway would not fully
explain the reactivity that we observed.
In 2015, Nocera reported the generation of diphenylphosphino-nickel(III) upon
exposure of its parent Ni(II) complex to 0.5 equivalent of PhICl2 (Scheme 3.13).46,47 As a
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clean full 1e- oxidation was observed in this experimentation, we decided to make this
approach our model experiment since this strategy would not introduce any other variable
in our system besides the generation of an in situ Ni(III) complex.

Scheme 3.13. Nocera’s Photoelimination of Cl2 via single electron Ni(II)/Ni(III)
cycle mediated by PhICl2.

The oxidants of choice were TolICl2 (3.37), and [PhI(Py)2]2OTf (3.27) in the
presence of tetrahydrofuran (THF). To our surprise, the results regarding TolICl2 (3.37)
were quite different from what we anticipated (Scheme 3.14a) in which we observed full
consumption of the starting material. However, the desired C–N product (3.35) was
produced in 49% along with (NNN)-Ni-Cl (3.32) in 48% (Scheme 3.14a). This result was
very distinct compared to the use of 1.2 equivalents of TolICl2 (3.37) (See Table 3.2). In
other words, we observed the substitution of nearly 50% of the aryl component by chloride.
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By taking inspiration from Sanford’s work, we decided to use CuCl2 (3.42) as one electron
oxidant (Scheme 3.6a) to double prove the existence of Ni(III) intermediate in the reaction.7
Not surprisingly, in this case, we observed a very similar outcome compared to the
aforementioned results regarding TolICl2 (3.37) in which the C–N product (3.35) was
observed in 52% and (NNN)-Ni-Cl (3.32) in 47% (Scheme 3.6a).

Scheme 3.14. (a) Mechanistic experimentation using 0.5 equiv. of TolICl2 and 1.0
equiv. of CuCl2. (b) Mechanistic experimentation using 0.5 equiv. of
[PhI(Py)2]2OTf.

Differently from TolICl2 (3.37), the N-HVI 3.27 revealed partial consumption of
the starting complex along with the C–N coupling product (Scheme 3.6b) under the same
conditions. This result strongly suggested to us that the N-HVI (3.27) could be acting as a
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two electron oxidant, since nearly 50% (Crude 1H-NMR ratio) of the starting complex was
recovered by using 0.5 equivalent of the oxidant and a full equivalent of the oxidant gave
near quantitative yield of C–N coupling (3.35) (See Table 3.2, entry 3).
Although the results of our mechanistic experimentation are not definitive proof,
they suggest that divergent reaction pathways are dependent on the oxidation state of the
reactive nickel center and provide evidence that C–N bond formation is more efficient
through a Ni(II)/Ni(IV) manifold.

3.4

MECHANISTIC INTERPRETATION

From the results obtained in our mechanistic experimentation, we hypothesized that
the N-HVI oxidant (3.27) acts as a two-electron oxidant towards the starting complex
(3.34), as 50% of the desired carbon–nitrogen product was found when 0.5 equivalents of
the oxidant were used. We believe that a geometric reasoning could justify the selectivity
towards C–N bond formation. As observed by Sanford and Fout, nickel complexes on its
+4-oxidation state undergo isomerization from the typical square planar to octahedral
geometry prior to the reductive elimination.8,10,11,48 Therefore, in our case, the complex
3.34 could undergo the same type of l isomerization and the intermediate 3.60 (Scheme
3.15) would be formed. As the geometry of 3.60 is “locked” in one unique conformation,
in which the aryl component will be cis to the nitrogen from the ligand scaffold (3.60,
Scheme 3.15), the only pathway to restore nickel on its more stable oxidation state (+2)
would be the C–N bond reductive elimination leading to the product 3.35 (Scheme 3.15).
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Scheme 3.15. Mechanistic scenario for Ni(II)/Ni(IV) manifold of (NNN)-Ni(II)-Aryl
complex.

This geometry argument explains the observed selective formation of the carbon–
nitrogen bond. However, one may think about radical stepwise oxidative addition 49 to the
nickel center which would lead to an octahedral geometry containing the “X” ligands from
the λ3-iodane trans to each other (3.62 Scheme 3.16a).44 In that scenario, C–X bond
formation products would be observable. However, as the yield of the C–N product was
nearly quantitative (See Table 3.2 entries 1-3), we can rule out that possibility.
Additionally, experimental evidence for cis-oxidative addition, followed by isomerization
at nickel +4 centers instead sequential 1e- oxidative addition was previously demonstrated
by Sanford (Scheme 3.16b).8
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Scheme 3.16.(a) Potential stepwise radical oxidative addition on complex 3.34. (b)
Sanford observation of Ni(IV) isomerization through cis addition of ligands.

In contrast to the Ni(IV) situation, the Ni(III) case, here, exhibits square pyramidal
geometries.48 In this case, the geometry is not locked in one conformation, but two
geometrical conformations could be in equilibrium in which the “X” ligand from the
oxidant could occupy an axial (3.60) or equatorial (3.63) position relative to the NNN
scaffold (Scheme 3.17). In our case, if the chlorine atom occupies the axial position (3.60),
then no isomerization of the aryl group would occur leading to reductive homolytic
cleavage which would restore nickel on its more stable +2 oxidation state and produce an
aryl radical (3.64) that would be further reduced (3.65, Scheme 3.7b).45 In order to verify
the homolysis event, we analyzed the reaction mixture through gas-chromatography, and
we confirmed the presence of benzene (3.65) ( See Appendix 1 for detailed information
regarding the gas-chromatography experimentation). It is likely that in our system, the aryl
radical 3.64 was reduced by proton abstraction from tetrahydrofuran that was used as
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solvent for the reaction (Scheme 3.17). If the chlorine atom occupies the equatorial position
(3.63, scheme 3.17), the aryl group bound to the nickel center will be cis to the amino group
present in the ligand scaffold. In this scenario a reductive elimination would lead to the
observed C–N bond formation product (3.35, Scheme 3.17).

Scheme 3.17. Mechanistic scenario for Ni(II)/Ni(III) manifold of (NNN)-Ni(II)-Aryl
complex in the presence of 3.37.

It is noteworthy to mention that by comparing the result of 1.2 (Table 3.2) with 0.5
equivalent of TolICl2 (3.37, Scheme 3.6a) we observed very distinct results. As 1.2
equivalents of the oxidant led to C–N bond formation in nearly quantitative yield, and 0.5
equivalent of the λ3-iodane produced just 50% of the desired coupled product along with
(NNN)-Ni-Cl (3.34), we believe that TolICl2 (3.37) can act as a one or two electron oxidant,
depending on the equivalencies employed in the reaction.
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3.5

CONCLUSION

In conclusion, we reported a selective C–N bond formation through a nickel pincer
complex under oxidative conditions. When using bisphosphino amido (PNP) complex
degradation was observed which could arise from the poor overlap between the “soft”
phosphine base ligand and the “hard” high oxidation nickel center leading to poor
stabilization of the potential Ni(IV) intermediate and consequently degradative pathways.
However, by switching to the “harder” (bis)aminoamido scaffold selective C–N coupling
was found in excellent yields with a different panel of oxidants. We also found that the
yield of the desired product is highly dependent on the oxidant of choice in which formal
two electron oxidants give C–N coupling in good yields, while the use of formal single
electron oxidants were low yielding and this outcome can be explained by the different
mechanisms adopted by the reaction according to the oxidation state of the reactive nickel
species. A two-electron oxidation manifold will lead to a Ni(IV) intermediate possessing a
“locked” octahedral geometry in which no isomerization of the aryl group would be
possible. Therefore, reductive elimination will afford selective C–N bond formation
product and restore the more stable +2 oxidation state at the nickel center. Conversely, two
geometries can co-exist in the case of single electron oxidation, which can lead to two
different reaction outcomes: homolytic cleavage of nickel–aryl bond which lead to the
formation of (NNN)-Ni-Cl or the C–N coupling through reductive elimination.
Additionally, we demonstrated that C–C over C–N bond formation could also be formed
by using a diaryliodonium salt as an oxidant, which can also occur through a Ni(IV)
intermediate. Overall, this transformation represents one of the few examples of C(sp2)–N
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bond formation from a proposed Ni(IV) intermediate and it can illustrate, in detail, the
oxidative behavior of nickel pincer complexes in the presence of λ3-iodanes. We believe
that this result can help address issues related to C–N coupling by using 1st row transition
metals, and potentially can be applied to future ligand design in catalytic systems towards
C–N bond formation.
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CHAPTER 4
DIRECT C-H ALPHA-ARYLATION OF ENONES WITH I(III) REAGENTS

4.1

Background and Significance
Alpha-arylated carbonyl compounds constitute important synthetic building blocks

that have been leveraged en route to complex scaffolds1–6 and heterocyclic structures.7–10
As demonstrated by Hartwig11,12, Buchwald,13–15 and Miura,16 palladium catalyzed crosscoupling methods can be successfully employed for the synthesis of diverse α-arylated
ketones through an in situ enolate generation in the presence of aryl halides. In such
methodologies, the catalytic cycle is divided into three main parts comprising 1-) The
oxidative addition event of the aryl halide component into the Pd(0) species. 2-)
Substitution of the halide by the in situ enolate assembled from the reaction between the
ketone possessing an α-hydrogen with the base and finally 3-) The reductive elimination
event which generates the catalyst and the desired α-arylated ketone (Scheme 4.1).11,17

Scheme 4.1. General catalytic cycle for the Pd catalyzed α-arylation of ketones.
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Although excellent yields were obtained in such protocols, controlling the
uncatalyzed enolate condensation, β-hydride elimination, and over alkylation under the
reaction conditions proved to be challenging. In this context, Hartwig group demonstrated
that

the

utilization

of

chelating

phosphino

ligands

such

as

1,1’-

diphenylphosphinoferrocene (DPPF) or 1,1’-bis(di-o-tolylphosphino)ferrocene (DTPF)
can efficiently avoid β-hydride elimination processes. Presumably, the presence of a
chelating ligand suppress the generation of an open coordination site necessary on the
palladium center for the β-hydride process to occur (Scheme 4.2).12

Scheme 4.2. The use of chelating ligands to suppress β-hydride elimination products.

Hartwig also demonstrated the selective monoarylation could be achieved
depending on the choice of base and the aryl halide. Electron-rich and electron-neutral aryl
bromides were selective for monoarylation in the presence of KHMDS as base. Whereas,
electron-poor aryl bromides offered good selectivity in the presence of NaOtBu.12
Unfortunately, in such methodologies, the nature of the base, ligand, solvent, and a delicate
balance between the catalyst and ligands11–13 seemed to affect the selectivity of the reaction
restricting the protocols to individual substrate optimization.11,17
More recently, Macmillan18–20 and others11,17,21, demonstrated that α-arylated
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ketones

and

aldehydes

could

also

be

accessed

through

a

synergistic

iminium/enamine/Cu(I)/Cu(III)manifold (Scheme 4.3). Differently from the previously
discussed palladium catalyzed methods, this approach offered milder conditions, and did
not rely on the use of expensive transition metals.18 In this case, diaryliodonium salts were
employed as arylating agents and as oxidants for the Cu(I) catalyst which generates the key
high-valent Cu(III)–aryl which leads to the desired α-arylated products (The reader is
guided to chapter 2 for a detailed explanation about the mechanism involved on
Cu(I)/Cu(III) manifold in the presence of diaryliodonium salts). Similar to the palladium
mediated alpha-arylation, the synergistic organocatalytic/Cu(I)/Cu(III) approach also
display a general catalytic cycle composed by three parts involving: 1-) the oxidative
addition between the Cu(I) active catalyst and the diaryliodonium salt leading to the
formation of a high-valent Cu(III)–aryl species. 2-) the ligand exchange of the triflate
counterion by the in situ generated enamine and 3-) The reductive elimination step that will
turnover the active Cu(I) catalyst and afford the desired α-arylated aldehyde upon
hydrolysis (Scheme 4.3a). As the formation of the enamine intermediate and the highvalent copper intermediate happened under mild conditions, high-enantiocontrol of the
pseudo-enolate and the subsequent Cu(III)–aryl intermediate was achieved. Therefore, the
desired α-arylated products could be obtained in high enantioselectivity and served as a
platform for the generation of asymmetric α-quaternary carbons with applications to the
synthesis

of

complex

molecules
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(Scheme

4.3b)18,19

Scheme 4.3. (a) Synergistic high-valent copper/organocatalytic α-arylation of
aldehydes. (b) Application of the high-valent copper/organocatalytic α-arylation
towards the synthesis of (S)-ketoprofen

By invoking a similar approach, Macmillan group also successfully demonstrated
the asymmetric intramolecular α-arylation of aldehydes. Differently from the commonly
invoked 2e- pathway described in the iminium/enamine catalysis, in this latter case, the in
situ formed enamine underwent single electron oxidation leading to the formation of a
“enaminium” intermediate containing a single occupied molecular orbital (SOMO), which
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initiated the arylation event through a cascade radical cyclization leading to a facile alpha
C–C coupling (Scheme 4.4) and a further second single electron oxidation followed by a
rearomatization event afforded the desired aryl component. In addition to a broad scope of
enatioenriched aldehydes, the synthetic utility of this methodology was demonstrated
through the asymmetric total synthesis of the alkaloid (-)-Tashiromine (4.12), which was
accessed in only three steps with no use of protecting group or intense redox modifications
(Scheme 4.4).

Scheme 4.4. Organocatalytic Iminium/Enamine α-arylation of aldehyde and
application of this approach towards the synthesis of (-)-Tashiromine.

Pre-formed silyl enol ethers also proved to be a versatile platform for the
asymmetric synthesis of α-arylated amides (Scheme 4.5). In this case, an identical
mechanistic approach to the synergistic iminium/enamine/high-valent copper catalysis was
invoked. However, the stereochemical differentiation occurred through the chiral Cu(I)
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catalyst, and the nucleophilic attack happened from the pre-formed silyl enol ether and not
the in situ generated enamine as previously discussed. Not different from the other methods
discussed above, the vast scope of amides obtained in this protocol was obtained in high
enantiomeric excess and good to excellent yields (Scheme 4.5) .

Scheme 4.5. Copper mediated α-arylation of amides using pre-formed silyl enol
ether as nucleophile.

Despite the extensive development surrounding the α-arylation of ketones and
aldehydes, the C(sp2)–H α-arylation of enones has not received the same attention. In this
case, most of the protocols are restricted to stepwise approaches, first involving, αhalogenation of the enone counterpart and then a palladium mediated cross-coupling
(Scheme 4.6).
Commonly, the α-halogenation of the enones can be accessed through a multi-step
procedure from pre-formed silyl enol ethers22 or direct α-electrophilic or nucleophilic
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halogenation.23,24 However, toxic reagents, such as bromine or phenylseleniumhalide25
(halide = bromide or chloride) reagents have to be employed to achieve high yields.
Although, this multi-step approach enables the access to α-arylated enones in good to
excellent yields, it still relies in the use of scarce/toxic transition metals8–10 and the scope
of these methodologies proved to be narrow tolerating few groups ( i.e alkyl, methoxide,
carboxy, and nitro) on the aryl motif. It is also noted that halogenated or densely
functionalized aryl groups are not tolerated by those methods. Probably competitive
pathways, such as homocoupling of the aryl component or competitive site selective
arylation would lead to low yields on the desired α-arylated enone and challenging
purification procedures. In this context, a direct C–H α-arylation protocol would offer an
atom-economical alternative which potentially would solve some of the issues encountered
on the current protocols.

Scheme 4.6. Commonly utilized methods for the α-arylation of enones.

One possible solution would be the β-nucleophilic activation of the enone, followed
to in situ assembly an enol intermediate that would further undergo C–H αfunctionalization through a direct arylation event. By using this strategy, Krische
demonstrated that enones could be selectively α-arylated in the presence of hypervalent
bismuth reagents and catalytic amounts of alkyl phosphine (Scheme 4.7) without the
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necessity of pre-functionalization.26 It was proposed that the mechanism of this
transformation started by a phosphine β-nucleophilic addition into the enone counterpart,
in a similar manner as demonstrated by Morita-Baylis-Hillman protocols,27–29 followed by
aryl transfer from the hypervalent bismuth reagent through an oxygen–bismuth ligated
intermediate (Scheme 4.7).30,31

Scheme 4.7. Krische’s phosphine catalyzed α-arylation of enones.

Although this groundbreaking report represents a compelling direct metal-free C–
H functionalization of enones, this methodology has not found wide application among the
organic chemistry community. It is possible that the low atom economy on the arylation
step aligned with the stepwise requirement for the synthesis of hypervalent bismuth
reagents and the narrow aryl scope tolerated caused such low acceptance of this
methodology and to the best of our knowledge, this field has not experienced other reports
up to the current date, despite the synthetic importance of α-arylated enones.
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4.2

α-Arylation of Enones via Iodonium Claisen Rearrangement

4.2.1

Innovation and Literature Precedent

Inspired by the synthetic utility of α-arylated enones and the limitations of the
current methodologies, we decided to develop a step/atom-economical protocol that would
offer a broad enone and aryl scope through a direct C–H arylation. In this context,
diayliodonium salts represent a class λ3-iodane reagents that exhibits a long story of
application in respect to arylation of carbonyl compounds. The first report of such
reactivity was demonstrated in 1960 by Beringer,32,33 in which diketones were arylated
under basic conditions in the presence of Ph2ICl (4.23) as the arylating agent (Scheme 4.8).
Presumably, the mechanism of this transformation happened through an in situ formed enol
through α-deprotonation of the diketone in the presence of base, and a further interaction
with the diaryliodonium salt led to the observed arylated products (Scheme 4.8).
Unfortunately, this protocol did not offer great selectivity towards monoarylation products
since a mixture of mono and diarylated products is formed from a second α-deprotonation
of the monoarylated product. In the subsequently years, the same group expanded the scope
of this transformation to other class of molecules including malonates,34 1,3-indanones,35
1 indanones,36 ester and β-ketoesters,37 yet the arylated products were obtained in moderate
yield.
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Scheme 4.8: Alpha-arylation of diketone mediated by diaryliodonium salts under
basic conditions.

By invoking a similar strategy, Koser demonstrated monoarylated ketones could
be accessed in high yields when pre-formed silyl enol ethers were utilized as nucleophiles
in the presence of diaryliodonium salts (Scheme 4.9).38 On this seminal report, Koser
demonstrated that Ph2IF (4.27) can be used as an arylating agent through a cascade reaction
initiated by the formation trimethylsilylfluoride (TMSF) that leads to selective monoaryl
transfer to the α-position. Initially, it was proposed that the nucleophilic α-carbon would
attack the electrophilic iodine center leading to the formation of the desired product through
reductive elimination.38 However, in a recent report, Olofsson demonstrated that after the
formation of trimethylsilylfluoride, an O-enolate intermediate containing oxygen ligated
to hypervalent iodine center, was formed, leading to the aryl transfer through a formal [3,3]
sigmatropic rearrangement (Scheme 4.9). Therefore, the α-arylation of pre-formed silyl
enol ethers should proceed through a formal Iodonium-Claisen sigmatropic rearrangement
(4.30 Scheme 4.9) and not through reductive elimination (4.29 Scheme 4.9) as previously
proposed.39
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Scheme 4.9. Koser seminal mono-arylation of ketones and DFT supported
[3,3]Iodonium-Claisen pathway for the α-arylation step.

Almost one decade later, Rawal demonstrated that pre-formed silyl enol ethers
could also be arylated by diaryliodonium salts containing electron-withdrawing groups (i.e.
NO2) (4.32 Scheme 4.10). In this case, it was observed the more electron-deficient aryl
group of the λ3-iodane reagent was selective transferred to the enone, which were in line
with studies previously reported by Beringer34. Under reductive cyclization conditions, the
α-arylated enones served as a versatile platform for the synthesis of carbo-fused indoles
which were applied to the synthesis of Aspidosperma alkaloid family (Scheme 4.10).4,6,7
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Scheme 4.10. Rawal synthesis of α-arylated ketones containing the NO2 group and
its application towards the synthesis of carbo-fused indoles

More recently, Shafir demonstrated that β-dicarbonyls40,41 and α-cyanoketones41
undergo efficient α-arylation by transferring the intact iodoaryl motif from PhI(OOCCF3)2
(4.32) reagent (Scheme 4.11). This groundbreaking protocol allowed the access to a variety
of carbonyl compounds possessing aryl motifs containing synthetically useful substituents
that were impossible to achieve otherwise. During the method development it was observed
the choice of the λ3-iodane was crucial for the reaction to occur, since no arylated products
were accessed in the presence of PhI(OAc)2 or PhI(OH)(OTs), and acidic conditions
proved to be helpful to the reaction since better yields were found when trifluoroacetic acid
(TFA) was utilized as additive.40,41 By taking advantage of the iodine functional handle,
Shafir demonstrated that the intact aryl iodide motif also served as platform for downstream
transformations allowing the readily access to useful building-blocks by straightforward
manipulations, such as cross-coupling methods.40 Although it was not discussed in detail,
the presence of electron-withdrawing groups in the alpha position was crucial for the
transformation to occur since the arylation was not enabled when cyclohexanone substrate
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was used.40–42 We believe that it is possible that the electron-withdrawing groups on the
alpha position would facilitate the formation of an in situ enol that led to the observed aryl
iodide transfer.43 In line with Olofsson studies,39 Shafir also illustrated that an O–enolate
(4.42) cationic intermediate was responsible for the [3,3] sigmatropic rearrangement to
occur (Scheme 4.11). By using 2-cyanopentenone as a model system, the DFT calculations
demonstrated the overall α-arylation reaction is exergonic by 56 kcalmol-1 and it is likely
to happen through a cationic transition state 4.44 suggesting the hypothesis of a chargeaccelerated Iodonium-Claisen rearrangement. Surprisingly, the C–enolate 4.43 was found
to be 13 kcal mol-1 lower in energy than the O–enolate (4.42) which is contrary to the
studies reported by Olofsson.39 However, it is likely that the C–C bond formation event
happened faster than the O–enolate to C–enolate tautomerization, which leads to the [3,3]
sigmatropic rearrangement (Scheme 4.11).41
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Scheme 4.11. Shafir ‘s alpha iodo aryl transfer to ketones

In this context, very recently, Peng disclosed an elegant protocol for the synthesis
of α-dilfuoroalkylated arenes invoking a direct iodoaryl transfer from PhI(OAc)2 to
difluorinated enol silyl ethers (Scheme 4.12). Differently from Shafir’s findings, this
approach did not require the presence of a Bronsted acid in the reaction mixture. Yet,
during the optimization process it was discovered the presence of a Lewis acid (TMSOTf),
and α-difluorinated silyl enol ethers were crucial for the success of the reaction, since only
PhI(OAc)2 and silyl enol ethers containing groups such as hydrogen, chlorine or
monofluorinated enol ethers did not afforded the desired α-arylated products. Through DFT
calculations it was observed the role of the Lewis acid was to in situ assemble the labile
PhI(OTf)2 intermediate 4.48, which would engage in the formation of the O–enolate 4.50
and subsequent [3,3] sigmatropic rearrangement to afford the observed α-arylated difluoro
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ketones. Surprisingly, the theoretical calculations also demonstrated the pz orbitals of
fluorine atoms present in the alpha position of the silyl enol ether are substantially involved
in the HOMO molecular orbital of the O–enolate (4.50) suggesting the presence of fluorine
atoms would decrease the electron density on the α-carbon by coulombic effect, which
would disfavor the formation of the C–enolate (4.52), leading to a facile assembling of the
O–enolate prior to the sigmatropic rearrangement (Scheme 4.12). The same calculations
were performed on the unproductive silyl enol ethers mentioned above and in all those
cases the formation of the C–enolate (4.52) was favored which probably led the reaction to
unproductive pathways. The resultant α-arylated difluoro ketones were obtained in good
yields exhibiting excellent tolerance towards alkyl, esters, halogens and heterocyclic
groups. In addition to that, the synthetic utility of this innovative protocol was
demonstrated through the readily access of analogs of important pharmacological
compounds such as Tetrasul and Felbinac, and the iodide group was also utilized as a
functional handle for alkynations and alkylations through established cross-coupling
protocols.
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Scheme 4.12. Peng iodoaryl transfer to difluoro enol ethers mediated by a fluorine
effect.

Building from the previous results, Peng also was able to extent the [3,3] iodoniumClaisen rearrangement for the access of α-iodoarylated oxazolines and enantioenriched αcarbonyl compounds under basic conditions. During the reaction development it was
observed that different aldimines and ketimines in combination with a wide array of bases
did not offered arylation products. However, oxazoline in combination with 2methylpyridine as base afforded the desired product in 62%. Interestingly, in this case,
DFT calculations demonstrated the imine functional group was acting as a carbonyl
surrogate which, in the presence of base, led to the formation of an iodonium-enamine
intermediate (4.58) prior to the [3,3] sigmatropic rearrangement (Scheme 4.13). By using
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chiral oxazolines, this methodology also enabled the access to enantioenriched α-arylated
imine derived compounds. Although this asymmetric transformation variant offered
moderate to good yields, excellent diastereoselectivity and functional group tolerance was
observed. Additionally, in this case, the theoretical calculations revealed that the origin of
the outstanding diastereoselectivity and the configuration of the final iodoarylated products
arises from a synergistic combination between the chiral oxazoline, which controls the
preferential surface for the assembly of the iodonium-iminium intermediate, and a π-π
interaction between the 2-methylpyridine and the aryl group from the PhI(OTf)2 (4.48)
reagent, which determines the configuration of the resulting alkene (Scheme 4.13). It is
noteworthy to mention that aryl iodides bearing electron-donating groups offered better
yields than those containing electron-withdrawing groups, which suggests the idea of a
reversed-polarity nucleophilic attack from the phenyl group of the aryl iodide motif to the
α-carbon of the oxazolidine. However, no further discussion regarding this question was
given. Additionally, the utility of this method was exemplified by the access of a variety
of α-arylated carboxylic acids and primary alcohols from the previous oxazolines under
acidic conditions. Similar to the previously discussed methods, the iodide group was used
as versatile functional handle for the synthesis of C–C bonds through cross-coupling
methods.
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Scheme 4.13. Peng racemic and diastereoselective synthesis of α-arylated oxazolines

With all of this information in hands, we hypothesized that a β-nucleophilic
activation of enones, similar to Krische approach, (see Krische α-arylation of enones
Scheme 4.7) followed by formation of an in situ formed O–enolate ( See Scheme 4.11, 4.12
and 4.13) intermediate by using diaryliodonium salts or ArI(OCOR)2 reagents, would
create a perfect mechanistic scenario for the Iodonium-Claisen rearrangement to occur 4.62
leading to the formation of intermediate 4.63 would undergo facile α-proton elimination
affording the desired α-arylated enone 4.64 or 4.65 (Scheme 4.14). Additionally, the λ3iodanes mentioned are readily accessible and can tolerate a wide range of substitutions on
the aryl motif, which would offer a wide range of enones containing a diverse substitution
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pattern on the aryl motif that could be potentially used for downstream manipulations.

Scheme 4.14. Initial hypothesis of α-arylation of enones mediated by λ3-iodanes.

4.2.2

Method Development: α-Arylation of Cyclohexenone

We started the development of this methodology, by using a one-pot procedure, in
line with Krische method for the α-arylation of enones,26 since this approach would be the
most efficient way to verify if the desired α-arylation would occur. Using cyclohexenone
as our model substrate, we began our screening studies by examining a range of common
nucleophiles from Morita-Baylis-Hillman protocols in combination with various λ3-iodane
reagents as potential aryl transfer reagents.29,44,45 We selected triphenylphosphine (4.72),
pyridine (4.73), and DMAP (4.74) as initial nucleophiles in combination with
diaryliodonium salts, Tol2IOTf (4.66), Ph2IOTf (4.67), Ph2ICl (4.23), Ph2IBF4 (4.68), and
o-nitrophenylphenyliodonium fluoride (NPIF) (4.32), given their extensive precedent for
enol arylation as discussed in section 4.2.1. Additionally, we considered using N-HVIs as
arylating agents based on our lab expertise in their synthesis and reactivity since we
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hypothesized that the formation of the O–enolate intermediate 4.62 would be facilitated by
the easy displacement of the pyridinium ligand by the oxygen from the enol intermediate.
(For experimental details the reader is guided to Appendix 2 of this dissertation.).
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Table 4.1: Screening of nucleophiles and λ3-iodane reagents for one pot arylation of
cyclohexenone.

Entry

Nucleophile

1

PPh3

2

[Ar2I]X reagent

Conditions

Additives

Product

Ph2IBF4

CDCl3, rt, 12h

---

4.60

PPh3

Ph2IBF4

MeCN, rt, 12h

---

4.60

3

PPh3

Ph2IBF4

MeCN, 80°C, 12h

---

4.60

4

PPh3

Ph2IBF4

HFIP, 60 °C,12h

---

4.60

5

PPh3

Ph2IBF4

CDCl3, 50 °C,12h

TMSOTf

4.60

6

PPh3

Ph2IBF4

MeCN, 80 °C, 12h

TMSOTf

---

7

Pyridine

Ph2IBF4

MeCN, 80 °C, 12h

---

4.60

8

Pyridine

Tol2IOTf

MeCN, 80 °C, 12h

---

4.60

9

Pyridine

Ph2ICl

MeCN, 80 °C, 12h

---

4.60

10

Pyridine

NPIF

MeCNd3, rt, 12h

TMSOTf

4.60

11

PPh3

PhI(Py)22OTf

MeCN, rt, 12h

---

4.60

12

PPh3

PhI(Py)22OTf

MeCN, 80 °C, 12h

---

4.60

13

Pyridine

PhI(Py)22OTf

MeCN, 80 °C, 12h

---

23%

14

Pyridine

PhI(Py)22OTf

MeCN, 90 °C, 12h

---

17% (4.78)

15

Pyridine

PhI(Py)22OTf

MeCN, 80 °C, 24h

---

23% (4.78)

16

DMAP

PhI(Py)22OTf

MeCN, rt, 12h

---

5% (4.78)

17

DMAP

PhI(4CF3Py)22OTf

MeCN, 80 °C, 24h

---

4.60

*Entry 6 led to a complex mixture of products.
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From this first round of screening we observed complete recovery of starting
material independent of the conditions when diaryliodonium salts were used (Table 4.1,
entries 1-10). Solubility issues were observed when chloroform was used (Table 4.1, entry
1). Moving to a more polar solvent in acetonitrile guaranteed full solubilization of the
reagents, yet no fruitful results were obtained. We then tried to trap the in situ formed
enolate as the silyl enol ether by the addition of TMSOTf (Table 4.1, entries 5, 6, 10)in the
reaction mixture, yet we observed completely recovery of starting material in those cases.
At this point, we imagined the O–enolate were not being formed in the presence of
diaryliodonium salts probably due to inefficient counter ion displacement (Scheme 4.15)
and moving to a different class of hypervalent iodine reagent could be beneficial to the
reaction.

Scheme 4.15. Inefficient counter ion displacement by the in situ formed enolate.

Based on our lab expertise, we decided to consider the more labile N-HVI (4.70)
as the aryl transfer reagent. To our delight, we observed the aryl iodide transfer product
(4.78) in 23% along with the starting cyclohexenone (4.60) after stir for 12h at room
temperature (Table 4.1, entry 13). Excited by this result, we believe the formation of the
O–enolate (4.62) prior to the Iodonium-Claisen rearrangement was indeed facilitated by
use of this more labile λ3-iodane. However, we hypothesized that not enough energy had
been provided for the sigmatropic rearrangement to occur since the α-arylated enone was
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obtained in low yield. Therefore, we screened the reactions at high temperatures (Table
4.1, entry 14) and longer times (Table 4.1, entry 15), yet we did not observe any
improvement on the yield of the desired α-arylation which could be due to degradation of
the N-HVI under high temperatures, since previous results in our group demonstrated that
above 60°C the N-HVI reagent degrades into a complex mixture of products. Therefore we
considered

to test the reaction at lower temperature in the presence of the more

nucleophilic 4-dimethylamino pyridine (DMAP) (4.74) that could facilitate the formation
of the enol intermediate and the further assembly of the O–enolate (4.62) prior to the [3,3]
rearrangement, yet no α-arylated product was achieved in this case (Table 4.1, entry 16)
which suggests to us that probably a background reaction between the N-HVI (4.70) and
DMAP (4.74) could happen leading to inefficient assembly of the O–enolate (4.79)
(Scheme 4.16).

Scheme 4.16. Potential Interaction between DMAP and the N-HVI leading to
formation of the stable PhI(DMAP)22OTf and no formation of the desired O–
enolate.

204

We also tested a combination between DMAP (4.74) and the more electrondeficient N-HVI PhI(4CF3-Py)22OTf (4.71) (Table 4.1, entry 17) which also did not lead
to the formation of the desired enone (Table 4.1, entry 17) which suggested to us that the
same situation observed in table 4.1, entry 16 could be happening here as well, since we
have an ideal scenario for a background interaction between the nucleophile (DMAP)
(4.74) and the electron-deficient N-HVI 4.71. which would lead to unsuccessful formation
for the O–enolate 4.79 and possible formation of the DMAP-derived N-HVI (4.80) through
ligand exchange.

Scheme 4.17. Potential Interaction between DMAP and the 4CF3 pyridine N-HVI
leading to formation of the stable PhI(DMAP)22OTf and no formation of the desired
O–enolate.

Based on our unsuccessful results and by inspecting Koser’s38, Rawal7, and Peng43
reports, we observed the pre-formation of a silyl enol ether seemed to be essential for the
arylation process to occur since the formation of the O–enolate prior to the Claisen
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rearrangement was successfully achieved with oxygen bearing the TMS group. (See
schemes 4.9, 4.10, 4.11, 4.12 and the discussion related). By analogy, we hypothesized
that in our system the formation of the O–enolate intermediate 4.62 prior to the IodoniumClaisen rearrangement could be facilitated if the enone counterpart was previously
activated to form a silyl enol ether. Additionally, to address the compatibility issues
encountered in the first screening process, and to avoid potential background reactions, we
adopted an iterative one-pot sequence, in which the pre-formation of a silyl enol ether
would happen first and then the λ3-iodane reagent would be added to the reaction mixture
(Scheme 4.18). We envisioned that by adopting this strategy, we could also verify the in
situ formation of the enol ether and the O–enolate intermediate by NMR methods, which
would facilitate further optimization processes.

Scheme 4.18. Pre-formation of the silyl enol ether and arylation on an iterative onepot sequence.

With this new hypothesis in hand, we first evaluated the formation of the silyl enol
ether from cyclohexenone substrate by using the protocol developed by Kim.46
Interestingly, as demonstrated in table 4.2, the desired product was not observed in the
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presence of triphenylphosphine (4.72) (Table 4.2, entries 1-3), DABCO (4.83) ( Table 4.2,
entry 4), imidazole (4.84) (Table 4.2, entry 5), triethylamine (4.85) (Table 4.2, entry 6),
DMAP (4.74) (Table 4.2, entry 9), and with 4-CF3-Pyridine (4.86) (Table 4.2, entry 10) as
nucleophiles. However, we observed full silyl enol ether formation in the presence of
pyridine (4.73) as nucleophile in deuterated chloroform (Table 4.2, entry 7,) and in
deuterated acetonitrile (Table 4.2, entry 8,). As no other byproducts were observed we
choose the β-pyridinium silyl enol ether 4.87 as our model substrate for the iterative onepot sequence.
Table 4.2: Screening process for the formation of silyl enol ether.

entry
1
2
3
4
5
6
7

Nucleophile
PPh3
DABCO
Imidazole
NEt3
Pyridine
Pyridine
DMAP

Lewis Acid
TMSOTf
TMSOTf
TMSOTf
TMSOTf
TMSOTf
TMSOTf
TMSOTf

conditions
CDCl3, -40 °C to rt, 1h at rt
CDCl3, -40 °C to rt, 1h at rt
CDCl3, -40 °C to rt, 1h at rt
CDCl3, -40 °C to rt, 1h at rt
CDCl3, -40 °C to rt, 1h at rt
MeCNd3, -40 °C to rt, 1.5h rt
MeCNd3, -40 °C to rt, 1.5h rt

8
4-CF3-py
TMSOTf
MeCNd3, -40 °C to rt, 1.5h rt
*Entries 1-4, 7 and 8 led to a complex mixture of products.

product
--------4.82
4.82
-----

For the subsequent arylation step, we started by using NPIF (4.32), (Table 4.3, entry
1) based on Rawall successful arylation protocol.7 Surprisingly, in this case the starting
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material was fully recovered along with the degradation of the hypervalent iodine reagent.
As we confirmed the formation of the silyl enol ether by 1H-NMR, we anticipated that the
O–enolate intermediate (4.88) ( Scheme 4.19) had not been formed in the presence of NPIF
(4.32). We believe that after the formation of TMSF the hypervalent iodine degraded prior
to the formation of the O–enolate (4.88) probably in a stepwise fashion (Scheme 4.19Stepwise Approach). Such information suggested to us that the formation of the O–enolate
could be facilitated by a concerted process in which the anion abstraction have to happen
at the same time at the new oxygen–iodine bond since no high energy intermediates would
be formed (4.92) (Scheme 4.19-Potential Concerted Approach). However, no literature
reports regarding the question were found.
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Scheme 4.19. Unsuccessful arylation between the pre-formed β-pyridinium silyl enol
ether and NPIF through iterative one-pot sequence and potential explanation.

As demonstrated in our first screening process, we anticipated the formation of the
O–enolate intermediate 4.62 would be facilitated by the presence of a labile hypervalent
iodine. Based on our promising results from Table 4.1, entry 13, the N-HVI (4.70) seemed
to be an ideal choice for these new conditions. Therefore, we considered the N-HVI (4.70)
as our starting point for this screening process. Additionally, based on Shafir’s successful
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arylation of ketones, we considered the PhI(OCOCF3)2 (4.93) and PhI(OAc)2 (4.94) as
arylating reagents.
We observed that degradation of starting material and no arylation happened when
the N-HVI was added at room temperature (Table 4.3, entry 2) which could be due to
potential formation of the C–enolate instead the O–enolate (4.62) prior to the IodoniumClaisen rearrangement. Additionally, based on Shafir41 and Peng43 reports, the arylating
agent was always added a low temperatures, likely due to kinetic control required for the
formation of the O–enolate (4.62) (See Scheme 4.11).41 Therefore we decided to apply the
same strategy in our system since we could offer better conditions for the formation of the
O–enolate (4.62) and decrease the probability of degradative pathways. Indeed, by adding
the arylating agent at -35 °C and let the reaction warm up to room temperature naturally,
and stir at that temperature for 12h, we observed formation of the desired α-arylated
product in 13% (Table 4.3, entry 3). Although a low yield was obtained, this result showed
us that α-arylation could happen in the presence of the pre-formed silyl enol ether and we
could achieve better yields by tuning the conditions of the arylation step. By adding the NHVI at -35 °C and heating the reaction to 80 °C we verified the formation of 30% of the
desired product (Table 4.3, entry 4) and as point of comparison, we decided to use
PhI(OCOCF3)2 (4.93) under the same conditions as entry 4 (Table 4.3). Interestingly, in
this case we observed the desired arylated enone was formed in 46% with no recovery of
starting material (Table 4.3, entry 5), which suggests that the ligand exchange step was
facilitated by the strong oxygen–silicon bond formation at low temperatures and not by
displacing the labile pyridinium ligand as we first considered. Since we had not observed
recovery of starting material, it is possible that 80 °C could be a high temperature for this
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reaction which led to competitive degrative pathways. Under lower temperatures (40°C)
utilizing the same conditions as entry 5, we observed the same yield (46%), which indicated
to us that the full mass balance of the reaction was not being recovered.
Table 4.3: Screening process for α-arylation by using pyridine as nucleophile and
cationic λ3-iodanes.

entry
HVI
1
NPFI
2
[PhI(Py)2]2OTf
3
[PhI(Py)2]2OTf
4
[PhI(Py)2]2OTf
5
PhI(O2CCF3)2

conditions
MeCN, rt, 12h
MeCN, rt, 12h
MeCN, -40°C to rt, 12h at rt
MeCN, -40°C to rt, then 80 °C
MeCN, -40°C to rt, then 80 °C

6
PhI(O2CCF3)2 MeCN, -40°C to rt, then 40 °C
7
PhI(O2CCF3)2 MeCN, -40°C to rt, stir 15 min (rt)
8
PhI(O2CCF3)2 MeCN, -40°C to rt, stir 1h (rt)
9
PhI(O2CCF3)2 MeCN, -40°C to rt, stir 2h (rt)
10
PhI(O2CCF3)2 MeCN, -40°C to rt, stir 18h (rt)
11
PhI(O2CCF3)2 MeCN,-40°C to rt, then
12
PhI(OAc)2
MeCN,-40°C to rt, then 40°C(12h)
40°C(12h)(12h)
*Entry 2 led to complex mixture of products.

Additives
product
--4.60
------4.78 (13%)
--4.78 (30%)
--4.78 (46%)
----------NEt3
NEt3

4.78 (46%)
4.93
4.93
4.93
4.93
4.78 (83%)
4.78 (43%)

In order to gain a better understanding of the reaction and to account for the full
mass balance we decide to use NMR techniques to identify possible intermediates or byproducts that could arise in course of the reaction. By adding the arylating agent at -40 °C
and letting the reaction warm up naturally and stir for 10 min, 1, 2, and 18h at room
temperature (table 4.3 entries 7-10), we observed that a plateau was reached and minimum
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formation of the desired product happened, yet the postulated pyridinium salt (4.95),
formed prior to the α-elimination ( See scheme 4.18) was present as the major component
(See the Appendix 2 for the 1H-NMR spectra). As the α-proton elimination was not facile
as we anticipated, we considered the addition of base to the reaction after left it stirring
overnight (Table 4.3, entry 11). To our delight, the yield of 4.78 was found to be 83% with
no recovery of starting material. In addition to that, we tested the reaction using PhI(OAc)2
(4.94) as arylating agent (Table 4.3, entry 12), yet lower yields were observed (43%), which
is in line with Shafir results since poor yields or no arylation were observed when
PhI(OAc)2 (4.94) or PhI(OH)(OTs) were obtained for the arylation of diketones of αcyanoketones (See scheme 4.11 and the discussion related)
To fully understand the elimination step, we decided to isolate and fully
characterize the postulated α-arylated pyridinium salt (4.95) which would be an important
piece of data for our comprehension of the entire reaction. Therefore, we repeated the
reaction of Table 4.3 entry 7 and direct purified it by chromatography, based on our group
experience on the purification of pyridinium salts. However, after the purification we
observed the postulated α-arylated pyridinium salt (4.95) converted into 4.78. While this
result may seem odd at first sight, we believe that the α-hydrogen present on the α-arylated
pyridinium salt (4.95) could be sterically hindered and the slightly acidic conditions offered
by the chromatographic conditions (silica gel, MeOH/CH2Cl2 1:99) would facilitate its
elimination through a keto-enol tautomerization (Scheme 4.20).
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Scheme 4.20. Acid mediated α-proton elimination from the postulated α-arylated-βpyridinium salt (4.95).

With this hypothesis in hand, we decided to verify if better yields would be
achieved MeOH and silica gel would be used as additives to the reaction. Therefore, we
decided to add the arylating agent at -40 °C, following our previously best conditions
(Table 4.3, entry 7), and then add MeOH/silica gel and let the reaction stir overnight at 40
°C (Scheme 4.21). Indeed, 90% of the desired α-arylated product 4.78 was isolated under
these new conditions, proving that slightly acidic conditions would provide the right
environment for the formation of the keto-enol equilibrium leading to further displacement
of the β-pyridinium motif which we decided to use as our optimized conditions.

SCHEME 4.21. Excellent yield observed using MeOH/silica gel as additive on the
optimized iterative one-pot sequence.
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4.2.3

Method Development: Substrate Scope

With the best conditions established, we tested the scope of this transformation.
Primarily, we wanted to evaluate the tolerance of our protocol towards groups that would
introduce steric and electronic effects in different positions on aryl motif and how they
would affect the reaction. In addition to that, we wanted to verify different groups, such as
heterocycles, would be amenable to be transferred, and how acyclic and cyclic enones
possessing different sizes would also affect the reaction outcome. We observed that aryl
substituents containing different steric and electronic parameters are well tolerated at meta
and para positions related to the iodide center and alkyl groups are well tolerated in all
positions of the aryl motif. Additionally, we observed that ortho-halogen substituents offer
the desired arylated enone in poor yields, which we believe that is a cause of electronic
effects since the ortho-methyl substituent gives the desired enone in 68%. We also
demonstrated that the incorporation of diverse aryl groups containing halogens (i.e. F, Cl,
Br) and halogenated groups are important for the synthesis of pharmaco-active compounds
(i.e. CF3) (Scheme 4.22) electron-rich aromatics and interesting heterocyclic structures
were amenable to being incorporated in good yields (Scheme 4.7). However, strong
electron-withdrawing groups (i.e. NO2, CN) led to a significant drop in yield which suggest
that the Iodonium-Claisen rearrangement could occur in a reversed-polarity fashion and
electron-withdrawing groups could make the aryl nucleophilic attack onto the α-enol
position

challenging

(See

Section

4.2.5.2-Mechanistic

Studies-The

arylation

event/Enolonium examination). Regarding the enone scope, we found that larger size rings
along with acyclic scaffolds gave low to moderate yields respectively (Scheme 4.22) which
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could be due to the steric effects after the O–enolate assembly in the case of the enones
containing larger sizes, and due to a restricted conformational control for the IodoniumClaisen rearrangement in the case of the acyclic example. By these results were could infer
that the reaction is clearly influenced by electronic, as well as steric parameters and it is
possible that the observed low yields are a consequence of the combined electronic and
steric effects of the arylating agent, which could be detrimental for the initial ligand
exchange or the [3,3] sigmatropic rearrangement.
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Scheme 4.22. Substrate scope of the one-pot α-arylation of enones mediated by
PhI(OCOCF3)2 reagents. (ArI(OAc)2 was used for entries 4.119 and 4.120)a
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4.2.4 Method Development-Failed Substrates

Despite our success on accessing the α-arylation of enones containing various
substituents in the aryl motif and size/acyclic variants, we observed that our optimized
method does not tolerate certain enone groups and some aryl motifs (Figure 4.1).

Figure 4.1. (a) Failed enone scope. (b) failed aryl scope.

Regarding the failed enones, we can hypothesize that substrate 4.124 would
introduce substantial steric interactions after the O–enolate (4.137) formation which would
not lead to the desired arylated product or the O–enolate would not be formed since the αenol position would not be electrophilic due to presence of the methyl group (For a detailed
discussion see Mechanistic section-the role of the β-pyridinium motif), which would lead
to the potential formation of the undesired C–enolate (4.138) and further degradative
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pathways (Scheme 4.23).

Scheme 4.23. Potential steric effects and formation of C–enolate from the substrate
4.124.

We also did not observe arylation when the acyclic substrates 4.125 and 4.126 were
utilized. In the case of 4.125 we observed that a complex mixture of products was obtained
which could be due to no formation of the β-pyridinium silyl enol ether or, if the O–enolate
was formed, the lack of control of the geometry of the intermediates aligned with potential
steric effects could lead to potential degrative pathways. We can extent the same
argumentation for the case of substrate 4.126 since the phenyl group could block the
nucleophilic β-pyridinium addition leading to no formation of the β-pyridinium silyl enol
ether. On the other hand, if the β-pyridinium silyl enol ether was formed, we believe it
would be difficult to control the right geometrical conformation for the arylation step due
to steric effects (Scheme 4.24).
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Scheme 4.24. Potential reasons for unsuccessful arylation of the acyclic substrates
4.125 and 4.126.

We also tried to expand our methodology to more complex substrates such as the
Wieland-Miescher ketone (4.127) which could lead to interesting substrates with potential
application towards the synthesis of complex molecules. However, we did not observe
neither arylation nor the β-pyridinium silyl enol ether formation with completely recovery
of starting material in this case. We believe that steric effects between the methyl and the
acetal groups from the Wieland-Miescher ketone (4.127) and the pyridine could prevent
the formation of the desired β-pyridinium silyl enol ether leading to no formation of the
desired O–enolate prior to the Iodonium-Claisen rearrangement.
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Scheme 4.25. Potential steric interactions responsible for unsuccessful arylation of
4.127.

In respect to the failed aryl substrates, it is noteworthy to mention that for these
reactions, cyclohexenone (4.60) was utilized the enone counterpart under our optimized
conditions for the formation of the silyl enol ether (See scheme 4.21) and differently from
the failed enones, which could not form the β-pyridinium silyl enol ether under our
optimized conditions (see potential explanations for failure described above), in this case
that possibility can be ruled out due to the verification of of the β-pyridinium silyl enol
ether formation through 1H-NMR which let us believe that the arylation step was the cause
of the undesired outcomes (Scheme 4.26). It should be noted that all the failed aryl
substrates, with exception of mesityl iodine 4.136, possessed –OAc instead the electron
deficient –OCOCF3 ligands on the λ3-iodane reagent, and according to Shafir reports, low
yields or no arylation were observed when –OAc based λ3-iodane reagents were utilized.40
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Although it was not discussed in detail the reason why –OAc ligands were detrimental for
the arylation event we believe this more electron-rich ligand can prevent the formation of
the required cationic O–enolate (Scheme 4.26a) prior to the Iodonium-Claisen
rearrangement41 (See section 4.2.1, scheme 4.11), and it is also possible that in the presence
of –OAc ligands the C–enolate formation could be favored which could lead to degradative
pathways (Scheme 4.26b).
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Scheme 4.26. Potential formation of: (a) the neutral O–enolate or (b) the C–enolate
by using λ3-iodane reagents possessing –OAc ligands.

Regarding the unsuccessful mesityl incorporation, we believe that we could
successfully form the cationic O–enolate prior to the Iodonium-Claisen rearrangement
since the required electron-deficient –OCOCF3 ligands were present on the λ3-iodane
reagent. However, we hypothesize that the Iodonium-Claisen rearrangement did not occur
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since steric interactions could be present between the ortho-methyl groups present on the
aryl iodine and the β-pyridinium enol which would lead to unproductive pathways (Scheme
4.27a). In addition to that, we can also hypothesize the existence of an alternative
mechanistic scenario, in which the Iodonium-Claisen rearrangement would be possible
(Scheme 4.27b). However, in this case, a dicationic intermediate with multiple resonance
forms (4.149) would be present and no rearomatization would be possible, which could
also lead to degradative pathways.

Scheme 4.27. (a) Unsuccessful Iodonium-Claisen rearrangement between the βpyridinium-silyl enol ether and MesI(OCOCF3)2 (Mes = Mesityl). (b) Successful
Iodonium-Claisen rearrangement and degradative pathways caused by no
rearomatization of the di-cationic intermediate generated.
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4.3 Derivatizations of the α-arylated enone 4.78

After establishing the substrate scope of this transformation, we turned our attention
to investigate the synthetic applications of this methodology. We envisioned the α-arylated
enones could be utilized as an excellent platform for the synthesis of challenging aryl
substituted heterocyclic structures that would be challenging to synthetize otherwise. By
utilizing established protocols for the reduction of 4.78 motif to the corresponding allylic
alcohol47 and further oxygen–carbon bond formation through a copper-catalyzed Ullman
coupling48 we easily accessed the tetrahydrobenzofuran 4.151, which upon exposure to
TsOH49 led to desired carbo-fused benzofuran 4.152 in excellent yields (Scheme 4.28).

Scheme 4.28. (a) Synthesis of carbo-fused benzofuran from the α-arylated enone
4.78.

As demonstrated by Rawall4,6,7 and Banwell8–10 α-arylated enones possessing
ortho-nitrophenyl motif were utilized as a versatile platform for the synthesis of indole and
indole related scaffolds. Therefore, we hypothesized that we could access this same
valuable intermediate by a direct substitution of the iodine by the nitro group from the αarylated enone 4.78. We started our studies based on a protocol reported by Mahesrawan,
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which demonstrated that the ipso-nitration of various aryl iodides could be accessed in the
presence of catalytic amounts of Cu(OTf)2 and KNO2 as source of the nitro group at high
temperatures (130°C). However, by applying Mahesrawan optimized conditions we
recovered a complex mixture of products in which neither the starting material (4.78) nor
the desired nitrated product were present which suggested to us that the α-arylated enone
could degrade prior to the nitration as a consequence of the high temperature utilized.

Scheme 4.29. (a) Maheswaran selective ipso-nitration. (b) Application of
Mahesrawan nitration conditions to access nitro substitution on the α-arylated
enone 4.78.

Another appealing strategy that could be applied in our system was reported by
Jung, in which the direct ipso-nitration of aryl halides was accessed through copper
catalysis under microwave radiation. In this protocol, excellent yields of the desired
nitrated product were observed in very short reaction time (10 minutes). In addition to that,
the microwave temperature (100°C) was also lower than Mahesrawan conditions, which
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could give us better chances to obtain the desired nitrated enone 4.155. By applying Jung’s
optimized conditions, we observed the reaction was incredible clean leading to one single
product formation which possessed the structure correspondent to the dihydrobenzofuran
4.158. Intrigued by this result, we believe this unexpected product could be formed through
a first oxidative addition of copper into the C–I bond of 4.78 and, instead to act as a
nucleophile, KNO2 could act as a base promoting the α-carbonyl deprotonation leading to
intermediate 4.159 through iodine/oxygen exchange which would further undergo
reductive elimination to afford the observed product (4.158) (Scheme 4.30).

Scheme 4.30. (a) Jung’s ipso-nitration of aryl iodide. (b) Unexpected formation
dihydrobenzofuran under Jung’s nitration conditions.
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Although the desired α-nitrated enone was not accessed under these conditions, we
were excited by this result, since the dihydrobenzofuran 4.158 could be used as diene
coupling partner in Diels-Alder reactions, which would potentially lead to valuable
complex benzofuran products. However, by reacting 4.158 in the presence of the dimethyl
acetylenedicarboxylate 4.160 under thermal conditions (95°C) we did not observed
formation of the desired Diels-Alder adduct (4.161), yet the formation of the dibenzofuran
4.162 was isolated in excellent yield (94%) which suggested to us that under thermal
conditions the aromatization is kinetically more favorable than the desired [4+2]
cycloaddition.

Scheme 4.31. Unsuccessful Diels-Alder approach and unexpected formation of
dibenzofuran 4.162.

Invoking a different approach for ipso-nitration, Olofsson demonstrated that
various nitroarenes could accessed from their parent iodoarenes through a [2,2] nitro
transfer from an in situ generated diaryliodonium salt (Scheme 4.32). During the
optimization process it was observed that the presence of a triflate counter anion offered
better yields since the ligand exchange between the nitro group and triflate was facilitated
in comparison to other anions, such as BF4, PF6 and OTs. Also, Olofsson demonstrated that
the electron-poor aryl components present in unsymmetrical diaryliodonium salts were
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selective nitrated in good to excellent yields (Scheme 4.32-Unsymmetrical diaryliodonium
salts).

Scheme 4.32. Olofsson approach for the direct nitration of arenes.

We hypothesized that if we could synthesize an unsymmetrical diaryliodonium
possessing an electron-rich aryl counterpart and the OTf anion from the parent α-arylated
enone 4.78, we could electronically differentiate the nitro group addition which would lead
the successfully formation of the nitrated enone 4.155. To achieve such task, we decided
to use anisole (4.171) as the electron-rich arene counterpart in the presence of TfOH since
it would offer substantial electronic differentiation between the aryl components, as well
as, the presence of the crucial OTf counter anion. To our delight, under Olofssson
diaryliodonium salt formation conditions we observed formation of the desired salt 4.172
in 87% and subsequent exposure of this intermediate to KNO2, also under Olofsson
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nitration conditions, led to the desired α-arylated enone possessing ortho-nitrophenyl group
4.155 in 69% (Scheme 4.33).

Scheme 4.33. The nitration of α-arylated enone inspired by Olofsson.

Although the commonly utilized palladium mediated protocols enable better yields
than our approach for the access of 4.155, we believe that our methodology can offer a
complementary approach to those methods, since aryl substituents (i.e. halogens) that are
not amenable in the palladium cross-coupling methods, due to the possibility of
homocoupling or multiple side reactions, could be tolerated in our protocol.
Despite our success on accessing challenging ortho-nitroarylated enone 4.155
through the diaryliodonium salt formation (Scheme 4.33), we envisioned that we could
also utilize the aryl iodide motif as electrophilic partner for the Buchwald-Hartwig
amination. In this context, we could offer the direct C(sp2)–N bond formation that would
also be useful for access diverse nitrogen substituted indoles (Scheme 4.34).

Scheme 4.34. Synthesis of N-substituted indoles from the α-arylated enone under
Buchwald-Hartwig amination conditions.
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We started the development of our studies by following the reports of Buchwald 50
and Hartwig51 groups, in which they demonstrated outstanding yields for the selective
amination of diverse aryl iodides. However, by subjecting the α-arylated enone 4.78 to the
Buchwald (Scheme 4.35a) or Hartwig (Scheme 4.35b) optimized conditions, we did not
observe successful C–N coupling, and the recovery of the starting enone (4.78) was not
possible in both attempts (Scheme 4.35c).
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Scheme 4.35. (a) Buchwald approach to the amination of aryl iodines. (b) Hartwig
approach for the amination of aryl iodine. (c) Application of Buchwald and Hartwig
conditions for the amination of the α-arylated enone 4.78.

We believe the unproductive pathways could be the result of the steric factors
between the bulky ligands present on the palladium center and the enone motif after the
oxidative addition step (Scheme 4.36a). In addition to that, it is possible that under the
strong basic conditions an α-deprotonation could happen leading to an oxygen ligated
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palladium(I) complex that would be inefficient for oxidative addition at the C–I bond and
the subsequent transmetalation/reductive elimination steps necessary for the successful C–
N bond formation to occur (Scheme 4.36b).

Scheme 4.36. (a). Potential steric interactions between the oxygen from the carbonyl
of the enone motif and the PdII complex after the oxidative addition event. (b)
Preferential formation of Pd(I) complex through α-deprotonation prior to the C–I
oxidative addition.

With the hypothesis of the potential undesired formation of the PdI in hand, we
changed our strategy to, first, perform an one-pot amine condensation/reductive
amination52 on the carbonyl of 4.78 to afford the intermediate 4.187, which would serve as
a platform for an intramolecular Buchwald-Hartwig amination as demonstrated on scheme
4.37.
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Scheme 4.37. Revised approach for the synthesis of indoles through the BuchwaldHartwig amination.

To access the arylated intermediate 4.187 we were based on Fujihara report,52 in
which he demonstrated that carvone could be selective aminated in good yelds through a
one-pot condensation/reductive amination (Scheme 4.38). Due to the similarities between
of our system and Fujihara’s, we believed we had substantial chances to aminate the αarylated enone 4.78 for the further intramolecular Buchwald-Hartwig amination. However,
after subject the α-arylated enone 4.78 to Fujihara’s optimized conditions we observed the
reaction led to a complex mixture of products.
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Scheme 4.38. (a) Fujihara’s amination of Carvone. (b) Unsuccessful attempt of
direct amination of the α-arylated enone 4.78 under Fujihara’s optimized
conditions.

As this protocol utilizes high temperature for long times, we believe that 1-) the
starting arylated enone degraded under the reflux conditions prior to the formation of the
amine condensation, or 2-) The reducing agent LiAlH4 could reduce the enone53 to the
allylic alcohol or to the C3 reduced anion, and its resonance forms, which could also lead
to possible degradative pathways (Scheme 4.39).
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Scheme 4.39. Potential degradative pathways for the direct amination of 4.78 under
Fujihara’s conditions.

4.4

MECHANISTIC STUDIES
In order to gain more insight into the mechanism of this novel arylation protocol

we studied the various parts to this reaction. We proposed this mechanism would occur
through the formation of the O–enolate prior to the Claisen rearrangement and α-proton
elimination would lead to the observed α-arylated enone (See Scheme 4.18). However, the
role of the individual steps, and how they lead to the observed α-arylated enone were
unclear to us. Therefore, we interrogated the following points 1-) the role of the βpyridinium motif. 2-) the arylation dependence on the aryl moiety, 3-) the polarity effect
on the rearrangement, and finally 4-) the α-elimination step.
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4.4.1

Mechanistic Studies-The role of the β-pyridinium motif

As observed during the method optimization the pre-formation of the β-pyridinium
motif was crucial for the arylation event to happen. However, many questions regarding
the nature of the reactivity this motif in the reaction are still open, Therefore, we decided
to investigate if the steric, electronic or if a synergistic combination of both steric and
electronic effects would contribute to the observed reactivity. To probe the steric effects
caused by pyridine we choose to use a silyl enol ether containing no substituents on the βposition (4.196, Scheme 4.40) as a model substrate, and following our optimized conditions
(See scheme 4.21), 4.196 was cooled down to -40 °C and the PhI(OCOCF3)2 (4.36) was
added at that temperature, and the reaction warmed up naturally. After stirring at room
temperature overnight, complete consumption of the starting material was observed, and
the α-trifluoroacetoxylated cyclohexanone (4.197) was isolated in 95% with no presence
of α-arylated cyclohexenone 4.78. This result suggests that a cationic O–enolate (4.144),
analogous to Shafir’s report, could be formed and the –OCOCF3 group present in reaction
mixture could perform a Sn2’ nucleophilic attack into the α-position of the enol in a
reversed-polarity (umpoled) fashion (Scheme 4.40). Therefore, it is likely that the βpyridinium present in the silyl enol ether 4.87 could sterically block the nucleophilic attack
from the –OCOCF3 group into the α-position of the enol leading to the desired arylation
event (Scheme 4.40). In addition to the experimentation described above, we also
performed the same reaction at 40°C and the same result was observed, yet the only
difference was the rate of consumption of starting material, which happened in one hour.
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Scheme 4.40. α-trifluoroacetoxylation of silyl enol ether containing no steric groups
at the β-position.

Next, we probed if the electronics of the β-pyridinium motif was influencing the
reaction in some extent. By designing that experimentation, we choose a silyl enol ether
that would present similar steric but different electronic effects than the β-pyridinium. We
envisioned that a β-phenyl substitution would perfectly mimic the steric effects of the βpyridinium group due to the size and shape similarities. Therefore, we established the silyl
enol ether (4.199) as our model substrate which was subjected to identical conditions to
the experimentation used to probe the steric effects of the pyridinium motif (See scheme
4.41). We observed that after stirring at room temperature for 30 minutes the starting
material was completely consumed, yet, in this case, we observed the formation of a
complex mixture of products with no α-arylated or α-trifluoroacetoxylated products in the
mixture (Scheme 4.41). This indicate to us that the electronics of the β-pyridinium motif
are crucial for the arylation event to occur. It is possible the presence of the pyridinium in
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the β-position decreases the electron density of the enol in the α-position by Coulombic
effect and facilitates the formation of the O–enolate (4.144 scheme 4.41) prior to the
Iodonium-Claisen rearrangement similarly to Peng’s arylation of difluoro enol ethers ( See
Scheme 4.12 and discussion related).43 In this context, due to the electron-rich nature
phenyl group compared to the β-pyridinium moiety the undesired C–enolate could be
formed instead the O–enolate, since the α-position of the enol 4.199 would be nucleophilic
enough to attack the hypervalent iodine center, which would lead to formation of the C–
enolate 4.200 and subsequent unproductive pathways. We also cannot rule out that the pz
orbitals of the pyridinium motif could be engaged in the HOMO molecular orbital of the
O–enolate assembled prior to the arylation event. Therefore, the “pyridinium effect”
observed in our system could be similar to the fluorine effect found on Peng’s arylation of
difluoro enol ethers43 (See Scheme 4.12 and discussion related). However, no DFT
calculations were made at the time of this dissertation to support this last argument.

Scheme 4.41. Reaction between phenyl substituted silyl enol ether and
PhI(O2CCF3)2 reagent and the electronic role of the β-pyridinium motif.
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We can also deduce based on Peng’s recent findings that a potential π-π interaction
between the β-pyridinium motif and the aryl group from the aryl iodide motif could be
present in our system as well. As evidenced by Peng on the enantioselective α-arylation of
oxazolines (See scheme 4.13 and related discussion and scheme 4.42a), the aryl group from
the aryl iodine motif engage in a π-π interaction with the 2-Methylpyridine prior to the
iodonium Claisen rearrangement. We hypothesize if such interaction would be present in
our system a correct orientation between the aryl iodine prior to the arylation event would
be accessed leading to the desired arylation event (Scheme 4.42b). However, at the time of
dissertation we have not gathered any data regarding this topic, yet we realize that DFT
methods could be applied to our system in order to evaluate the possibility of a π-π
interaction. We believe that future theoretical calculations can complement our
experimental data and offer a complete picture of the nature of the β-pyridinium motif in
the direct α-arylation of enones.
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Scheme 4.42. (a) Peng’s model for π-π interaction in the diastereoselective arylation
of oxazolines. (b) Potential π-π interaction between the β-pyridinium motif and the
aryl iodine on the α-arylation of enones.

By analyzing our experimentation outcome, we believe the electronics of
pyridinium motif influenced the α-arylation step by decreasing the electronic density
located at the α-position of the O–enolate intermediate. This would generate the ideal
scenario for the nucleophilic arylation event to occur (Scheme 4.43). In addition to that,
the pyridinium motif would also block the competitive Sn2’ reaction to occur, which would
lead to α-oxidized by-products. Therefore, we strongly believe the β-pyridinium motif is
synergistically operating in this reaction by blocking inter-molecular nucleophilic addition
and by generating the correct electronic situation for the arylation step to occur (Scheme
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4.43). In addition to that, the pz orbitals β-pyridinium motif could engage in the HOMO of
the O–enolate assembled prior to the rearrangement and a π-π interaction could potentially
occur between the phenyl group of the aryl iodine motif and the β-pyridinium moiety, yet
theoretical calculation will be required to confirm such hypothesis.

Scheme 4.43. Dual role of β-pyridinium motif on the α-arylation of enones.

4.4.2

Mechanistic Studies-The arylation event/Enolonium examination

As mentioned in section 4.2.3, the -arylation event seemed to be highly sensitive
to electronic/steric factors of the aryl group which probably affect the formation of the
either the O–enolate or the arylation event. We hypothesized that under low temperatures
we could visualize the formation of the O–enolate (4.144) prior to the rearrangement which
we could use to obtain kinetic constants related to its formation via 1H-NMR. Such
information would be significant to our studies since we could understand how the
substituents on the aryl motif were affecting, first, the formation of the O–enolate and,
second, the arylating step. However, at low temperature (-30°C) the 1H-NMR was
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composed by broad peaks that were difficult to attribute to the O–enolate intermediate
(4.144) or the initial silyl enol ether 4.87 (Figure 4.2, 4.3). Comparing the 1H-NMR from
the reaction mixture with the starting β-pyridinium silyl enol ether, we observed that all
the peaks were shifted downfield (Figure 4.4). However, we cannot attribute them to any
of the postulated intermediates since the shifting is observable in all peaks. We believe the
viscosity changing of the reaction solvent (MeCN) at low temperature could cause the
change in shift and the broadening of the peaks.

Figure 4.2. 1H-NMR of the reaction between the β-pyridinium silyl enol ether and
PhI(OCOCF3)2 at -30°C
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Figure 4.3. Expansion of the aromatic region and enolic protons of the 1H-NMR of
the reaction between the β-pyridinium silyl enol ether and PhI(OCOCF3)2 at -30°C
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Figure 4.4. 1H-NMR of the reaction between the β-pyridinium silyl enol ether and
PhI(OCOCF3)2 at -30°C (black color) superimposed with the β-pyridinium silyl enol
ether (light brown )

We then left the reaction warm up to room temperature naturally (10 minutes
stirring), yet we observed the formation of the pyridinium salt 4.95, which indicate to us
the arylation step happens fast (probably less than 10 minutes) and it is likely to occur at
low temperatures (between -30°C and 25°C). Therefore, a proper Hammett plot could not
be obtained from our data since the intermediates involved in the ligand exchange for the
formation of the O–enolate 4.144 and the arylation step were not visualized by 1H-NMR.
However, by plotting the isolated yield versus the sigma (σ) Hammett parameter of the
groups meta to the iodine center,54 we could observe that the yields were decreasing in
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function of the groups present in the aryl motif (Table 4.4, figure 4.4). It is noteworthy to
say that this trend is reflective of electronic effects on the efficiency of both the ligand
exchange at iodine and the subsequent arylation step. Therefore, the low R2 factor could
be potentially explained as these effects are likely in opposition to one another.
Table 4.4: sigma (σ) value of substituents in the para position to the iodine center and
their respectively isolated yields.

entry
1
2
3
4
5
6
7

Subst
OMe
Me
H
F
Cl
Br
CF3

σ
-0.27
-0.14
0.00
0.15
0.24
0.26
0.53

Yield (%)
76
78
90
60
42
44
56

8
9

CN
NO2

0.70
0.81

5
0
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100

Isolated yield (%)

-OMe -Me

-H

90
y = -75.251x + 69.175
R² = 0.7889

80
70

-F

-CF3

60
-Br

50

-Cl

40
30
20
10

-CN

0

-0.4

-0.2

0

0.2

0.4

0.6

-NO2

0.8

1

sigma value (σ)

Figure 4.5. Plotting of isolated yields versus Hammett sigma (σ) value of arylated
enones containing diverse substituents meta to the iodine center.

This pseudo-Hammett plot strongly suggests a nucleophilic arylating event was
occurring in this reaction, as better yields were obtained in the presence of electron
donating groups on the aryl motif. This experimentation suggested to us that a reversedpolarity enolate species could be present during the [3,3] sigmatropic rearrangement
probably due to the presence of the β-pyridinium motif (see section 4.4.1-Mechanistic
Studies-The role of the β-pyridinium motif) which would decrease the electron density on
the α-position of the silyl enol ether making it electrophilic and prone to receive a
nucleophilic attack from the aryl motif. (Scheme 4.44).
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Scheme 4.44. Presence of an umpoled Iodonium-Claisen rearrangement on the αarylation of enones mediated by the β-pyridnium silyl enol ether 4.87.

This hypothesis is in line with the recent reports by Szpilman, in which he
demonstrated that pre-formed silyl enol ethers in the presence of certain λ3-iodanes could
selectively form the enolonium intermediate (4.206) and undergo nucleophilic attack at the
α-position from the ligand previously displaced of the iodine center or an external
nucleophile (Scheme 4.45) in a reversed-polarity fashion.55–57

Scheme 4.45. Szpilman’s enolonium mediated umpoled C–C bond formation.
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Spilzman demonstrated that this high reactive species can be formed under specific
conditions, since groups such as β-keto-esters (4.209) or alcohols (4.211)/ketones (4.212)
containing a C(sp3) or β-C–H groups lead to the formation of iodonium ylides (4.210) or
proton elimination (4.213)58 which outcompete with the formation of the enolonium
intermediate. During their optimization protocol it was identified that PhI(OH)OTs in the
presence of BF3OEt2 and the silyl enol ether 4.201 at low temperature led to a clean reaction
that, supposedly, could be the formation of the C–enolate 4.207 or O–enolate 4.208
(Scheme 4.46).

Scheme 4.46. Possible structures formed upon reacting PhI(OH)(OTs) with silyl
enol ether 4.201 in the presence of BF3OEt2 and substrates that outcompete for the
formation of the enolonium intermediate.

248

To fully disclose the structure present in the reaction, Spilzman utilized

13

C and

DEPT-Q NMR techniques in which diagnostic peaks that reflects the CH2 group from the
enol (70.00 ppm) along with five quaternary carbons that belong to the ipso carbon from
the new species generated (123.07 ppm), the tosyl group, and to the phenyl acetophenone
(dimerization) by-product. Notably, no peaks were observed in the in the ketone region of
the spectrum, which completely rules out the formation of 4.207. After letting the reaction
warm up naturally and stir for 4 minutes another DEPT-Q experiment was performed and
it was possible to observe the decreasing on the intensity of the peak of the enol CH2 group
and a new quaternary peak on the ketone region along with a CH2 group at 94.2 ppm which
reflects the known α-tosylated phenyl ketone, which arises from a Sn2’ nucleophilic attack
from the OTs previously displaced from the λ3-iodane reagent. After letting the reaction
stir overnight it was possible to verify that the CH2 signal from the O–enolate 4.213 fully
converts to the α-tosylated ketone. In addition to that, DFT calculations demonstrated that
the O–enolate 4.213 is higher in energy than the corresponding C–enolate 4.212, which
indicates the process for the formation of the O–enolate 4.213 is fully kinetically
controlled.58
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Figure 4.6. 13C NMR of the reaction mixture formed from mixing PhI(OH)(OTs)
(1.5 equiv.) with BF3OEt2 (1.5 equiv.) then adding the enolate 4.206 at -78 °C . (a)
DEPT-Q spectra of the region around 70.00ppm. (b) Same region after removing
the sample from -76 °C from the NMR probe for 4 minutes then remeasuring it. (c)
reaction after 24h at rt reprinted from Arava, S.; Kumar, J. N.; Maksymenko, S.;
Iron, M. A.; Parida, K. N.; Fristrup, P.; Szpilman, A.M, Enolonium Species—
Umpoled Enolates. Angew. Chem. Int. Ed. 2017, 56(10), 2599-2603.

4.4.3

Mechanistic Studies-The α-elimination

From our mechanistic hypothesis, we believe that after the α-arylation step we
would observe the formation of the α-arylated-β-pyridinium species (4.95), in which the αproton elimination would lead to the formation of the α-arylated enone (Scheme 4.47a).
However, by adding PhI(OCOCF3)2 at -40 °C after the pre-formation of the β-pyridinium
silyl enol ether (4.87) and let the reaction warm up to room temperature naturally and stir
for 15 min, 1, 2, and 18h at room temperature (See table 1.3 entries 7-10 and scheme 4.47b),
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we observed that a plateau was reached, and minimum formation of the desired product
happened, yet the postulated pyridinium salt (4.95) was present as the major component
(Scheme 4.47 and Figures 4.7 and 4.8 ) which demonstrated that the proton elimination
was not facile as we anticipated. However, as illustrated on Table 4.3, entry 11 we verified
that under basic conditions the yield of the α-arylated enone (4.78) was substantially
increased probably through assistance on the α-proton elimination.

Scheme 4.47. (a) Our hypothesis of facile α-proton elimination. (b) Formation
of the α-arylated-β-pyridinium species (postulated) after the Claisen rearrangement
by 1H-NMR.
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Figure 4.7.1H NMR spectra of the reaction between the β-pyridinium silyl enol ether
and PhI(OCOCF3)2 after stir for 15 minutes at room temperature.
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Figure 4.8. 1H NMR spectra of the reaction between the β-pyridinium silyl enol
ether and PhI(OCOCF3)2 after stir for 15 minutes at room temperature (Aromatic
region expansion).

In order to fully understand this step, we decided to isolate and fully characterize
the postulated α-arylated pyridinium salt (4.95) which would be an important piece of data
for our comprehension of the reaction. Therefore, we repeated the reaction of Table 4.3
entry 7 and directly purified it by chromatography. However, after the purification we
observed the postulated α-arylated pyridinium salt (4.95) converted into 4.78. While this
result may seem odd at first sight, we believe that the α-hydrogen on the α-arylated
pyridinium salt (4.95) could be sterically hindered and the slightly acidic conditions offered
by the silica gel in combination with the MeOH present in the solvent system (MeOH/DCM
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1:99) would facilitate its elimination by tautomerization (Scheme 4.48).

Scheme 4.48. Acid mediated α-proton elimination from postulated α-arylated βpyridinium salt (4.95).

With this hypothesis in hand, we decided to verify if better yields would be
achieved if MeOH and silica gel would be used as additives to the reaction. Therefore, we
decided to add the arylating agent at -40 °C, following our previously screened conditions
(Table 4.3, entry 7), and then add MeOH/silica gel and let the reaction stir overnight at
40°C (Scheme 4.6). Indeed, 90% of the desired α-arylated product 4.78 was isolated under
these new conditions, proving that slightly acidic conditions would provide the right
environment for the formation of the enol/ketone equilibrium to occur and the further
displacement of the β-pyridinium to happen (Scheme 4.48).
Through our mechanistic experimentations we believe the α-arylation of enones
occurs through the formation of a O–enolate (4.144) from a preformed β-pyridinium silyl
enol ether 4.87 which enables the ideal chemical environment for the reversed-polarity
(umpoled) Iodonium-Claisen occur leading to the formation of a postulated α-arylated
ketone containing the β-pyridinium motif (4.95), which under slightly acid conditions
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offers the α-arylated enone by elimination of the β-pyridinium motif through a keto/enol
equilibrium (Scheme 4.49).

Scheme 4.49. Mechanism of the α-arylation of enones mediated by HVIs.
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4.4

CONCLUSION

Herein we demonstrated the development of a protocol for the selective α-arylation
of enones mediated by λ3-iodanes. This methodology tolerated a wide range of aryl groups
containing diverse substitution patterns and electron-rich heterocyclic structures which
occurs through the formation of an enolonium intermediate that undergoes a selective 3,3
sigmatropic rearrangement. By plotting the isolated yields against the sigma Hammett
parameter (σ) of the substituents in para position of the newly formed C–C bond, a
nucleophilic arylating event was verified. Therefore, it suggests that the arylation event
occurs through a reversed-polarity enolonium intermediate. The effects of the pyridinium
motif on this transformation were also investigated and based on the results of our
experimentation, it was verified the pyridinium motif is operating in a synergistic role of
steric effects, by blocking external inter molecular nucleophilic additions, and electronic
effects, by decreasing the electron density at the α-position of the enolonium, generating
the ideal condition for the nucleophilic arylating event. The α-arylated enones were also
derivatized to useful benzofurans and indole/indole related scaffolds. We believe this
methodology can be applied to synthesis of complex scaffolds, and it can offer a robust
option for the synthesis of unsymmetrical heterocyclic structures.
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CHAPTER 5
REGIOSELECTIVE C2 AND C3 AMINATION OF INDOLES WITH N-HVIS

5.1 BACKGROUND AND SIGNIFICANCE
Electron-rich heterocyclic scaffolds are present in a wide array of bioactive
complex molecules.1–3 Among all natural products, as well as small molecule
pharmaceutical compounds, indole and indole related motifs occupy a distinct place due to
their bioactive properties. These structures are associated with diverse biological activities
encompassing anti-inflammatory, anti-tuberculosis, anti-depressant, and anti-cancer
properties.4,5 As a result of the pharmaceutical relevance and the beautiful complexity
associated with indole containing natural products, the indole scaffold continues to be one
of the most highly studied heterocyclic motifs in organic chemistry, including methods for
its de novo synthesis as well as its functionalization by many synthetic groups (Figure 5.1).
4,6,15–24,7,25–28,8–14

However, despite the great advancements experienced by this field over

the years, the regioselective functionalization of indoles is still an area of intense research.

Figure 5.1. Presence of the “privileged” indole motif in various complex bio-active
molecules.
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Indoles are commonly referred as an electron-rich aromatic system that display
enhanced reactivity towards electrophiles similar to benzene in electrophilic aromatic
substitutions.29 Yet, one of the most distinct features of this motif is the outstanding
nucleophilic ability of the C3 position of the pyrrolyl ring which was demonstrated to react
103 times faster than the benzene towards electrophiles.30 In this context, the electrophilic
substitution resembles the classic enamine reactivity, which generates a transient high
reactive iminium intermediate that can undergo nucleophilic substitution at C2 position
preventing the rearomatization process to occur (Scheme 5.1).29,31

Scheme 5.1. General reactivity of the indole motif and issues encountered for the
functionalization of different positions on the indole motif.

Although the reactivity of indoles is a vast and a well-established area, the selective
functionalization of this motif is still challenging. Commonly, the C4-C7 positions present
on the benzenoid ring can be functionalized by numerous methods invoking transition
metals assisted C–H activation (Scheme 5.1). While enabling, these protocols require the
pre-functionalization of the indole motif, installation of functional handles, and the use of
expensive/scarce transition metals.20,28,29,32,33 Not differently, the selective C3 or C2
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functionalization also require the installation of protecting groups, and only with few
reports demonstrated the successful functionalization of free indoles (Scheme 5.1). In this
context, the presence of 1st and 2nd row transition metals was found to be crucial of the
success of the protocols, and the scope of such transformations is limited to C–C and C–O
bond formation.34, 35, 36 Although the scientific community have been observing a crescent
number of methodologies devoted to those processes,29,37 the regioselective amination of
the C2 and C3 position on indoles has remained underdeveloped with few examples
reported despite the anti-cancer and other pharmacological properties25,26,38,39 present in
such scaffolds. In addition to that, such methodologies also suffer from an extremely
limited amine scope and in most of the cases pre-functionalization of the indole counterpart
is required (Figure 5.2).

Figure 5.2. Relevance of C3 and C2 aminated indole motifs.

Regarding the selective C3 amination, Suna utilized λ3-iodane reagents to promote
the formation of a transient iodonium salt at the C3 position of diverse indoles which in the
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presence of catalytic amounts Cu(I) and an nucleophilic amine source led to the desired
amination (The reader is guided to Chapter 2 of this dissertation for a more complete
discussion of the reactivity of diaryliodonium salts in the presence of Cu(I) species).
Interestingly, their mechanistic experimentation suggested the presence of a stepwise
oxidative addition and the involvement of a single electron transfer (SET) from the Cu(I)
species to the previously formed indole-C3-idonium (5.3) and not the commonly adopted
2e- oxidative addition pathway (Scheme 5.2-Postulated Mechanism). Despite the excellent
C3 selectivity and broad indole scope demonstrated, the use of free indoles was not
amenable in this protocol,40 and, although it was discussed, it is likely that the C2 amination
could outcompete with the desired C3 amination if free indoles were utilized (See Scheme
5.2 Potential C2 amination ).
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Scheme 5.2. Suna’s selective C3 indole amination and potential C2 amination
if free indole would be utilized.

In this context, Itoh41 reported a cross-dehydrogenative C3 C–H amination using
phtalimide as an amine surrogate through a photoredox approach (Scheme 5.3).41 It was
demonstrated that phtalimide could be efficiently oxidized under aerobic conditions in the
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presence of 2-tertbutylanthraquinone (2-t-Bu-AQN) producing a nitrogen center radical
(5.16) that would react with the C3 position of the indole substrate leading to intermediate
(5.17) which would be further oxidized to afford the observed product (5.14, Scheme 5.3).
Despite the mild and environmentally benign conditions, free indoles were also not
tolerated in this methodology which could be potentially explained by the possibility of
side reactions in which the C2 center radical intermediate 5.17 could 1-) perform another
coupling with the phtalimide radical (5.16), 2-) react with the hydroperoxyl radical
generated under the reaction conditions, or 3-) dimerize (5.20) leading to a challenging
purification system and low yield on the desired C3 amidated indole (Scheme 5.3-Potential
pathways if free indoles were utilized).

Scheme 5.3. Itoh’s photocatalytic C3 amidation of C2 functionalized indoles.

Very recently, Wang42 elegantly disclosed a selective C3 amidation of free indoles
by using electrophilic oxy amides (5.22) in the presence of ZnCl2 (Scheme 5.4). Although
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the mechanism of this transformation was not discussed in detail, we hypothesize the
observed C3 amidated product could be formed through an indole C3 nucleophilic attack
on the Lewis acid activated oxy amide, which would further lead to the desired product. It
is noteworthy to mention that this protocol offered a diverse substrate scope in which
pyrroles, C2-functionalized and, differently from Suna’s and Itoh’s approaches, free
indoles were well tolerated offering good to excellent yields of the C3 amidated product
(5.23) and, despite no derivatizations of the C3 amidated products were demonstrated, we
believe that this protocol could be used to readily access a wide range of valuable 3aminoindoles scaffolds.42

Scheme 5.4 Wang’s selective C3 electrophilic amidation.

With respect to the C2 C–N bond formation, Muniz43 demonstrated a metal-free
selective C2 amination of triptamines under oxidative conditions (Scheme 5.5). This
protocol was very efficient for the C2 amination of tryptophan derived scaffolds. Yet,
following the same trend of the other methods, with exception to Wang’s C3 indole
amidation (See Scheme 5.4), free indoles were not amenable to selective C–H amination
under those conditions. In this case, we believe that after the C3 nucleophilic attack of the
indole into the electrophilic iodine center from the PhI(NTs)2 (5.25) reagent would lead to
the formation of the iminium-C3 iodonium intermediate 5.27 which would undergo C2
nucleophilic attack of the bistosylatedamino group and C2 proton elimination to afford the
271

C2 aminated product (Scheme 5.7). Although the reasons why free indoles were not
amenable in this protocol were not discussed, we believe the lack of C3 substitution could
introduce competitive –NTs2 addition leading to potential diaminated products or
degradative pathways (Scheme 5.7-Potential pathways if free indoles were utilized).

Scheme 5.5 Muniz’s selective C2 amination of tryptamines and potential
diamination if free indoles were utilized.

Nevertheless, free indoles were demonstrated to undergo selective C2 C–H
amination in the presence of stoichiometric amounts of iodine and nucleophilic amine
sources (Scheme 5.6).44 Mechanistically, it was proposed that, first an electrophilic three
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member iodonium was formed and a subsequent nucleophilic amine attack at the C2
position followed by proton elimination would lead to the desired C2 aminated indole
(Scheme 5.6-Proposed Mechanism). Although this protocol enabled the access to C2
aminated indoles in moderate to good yields, the amine substrate scope was found to be
extremelly narrow in which just tosylated anilines were tolerated. We believe the same
competitive pathways proposed in Muniz report (See scheme 5.5) could be happening if
less sterically encumbered amines were utilized since potential Sn2 type displacement of
the iodine prior to the C2 proton elimination could lead to diaminated products (Scheme
5.6-Potential Diamination if less sterically encumbered amines were utilized),yet no
discussion regarding this issues was offered.

Scheme 5.6 Liang selective C2 amination of free indoles in the presence of iodine
under basic conditions and potential explanation of limited amine scope.
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5.2

REGIOSELECTIVE C–H AMINATION OF FREE INDOLES

5.2.1

Innovation and Literature Precedent

Although the field of indole functionalization have been experiencing an
exponential growth in terms of the reports regarding its selective functionalization, it is
clear that indole C–H amination is underdeveloped comparing to the other areas, such as
C–C bond formation, probably due to the inherent challenges to regarding the selective
formation of C–N bonds on indoles (See section 5.1) and the limited amine scope in those
methodologies (See scheme 5.6). We believe that we could offer a mild and selective
protocol for the selective amination of indoles in which we could access a vast scope of
amine groups by taking advantage of our lab expertise with the synthesis and reactivity of
N-HVI reagents without the requirement of pre-functionalization on the indole counterpart.
Our group’s ongoing studies on the reactivity and synthetic utility of (bis)cationic
nitrogen-ligated λ3-iodanes, [(Het)2IPh]2OTf or N-HVIs, led to the discovery that they can
act as heterocyclic group transfer agents, leading to the formation of diverse
(heteroaryl)onium salts. This was first investigated in the context of the aminolactonization
of alkenoic acids, leading to the formation of diverse pyridinium lactones under very mild,
metal-free conditions (Scheme 5.7). This platform has potential to provide a general
solution to the synthesis of (heteroaryl)onium salts, which have a history as versatile
functional handles for organic synthesis. These motifs provide platforms for the synthesis
of highly functionalized piperidine and pyridone scaffolds via reductions and nucleophilic
functionalizations (Scheme 5.7), and the venerable Zincke reaction allows access to free
primary

amines.

Furthermore,

recent

advances
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have

found

that

the

2,4,6-

triphenylpyridinium salt, or “Katritsky salt”, is a powerful radical precursor for transitionmetal cross couplings, allowing the use of amines as coupling handles.

Scheme 5.7. Wengryniuk’s lactonization/Pyridination and potential synthetic
applications of the pyridinium salts.

Mechanistically, we hypothesize that the group transfer reactions proceed via an
activation/nucleophilic displacement cascade, which is shown in the context of the
aminolactonization in Scheme 5.7. The N-HVI first activates the olefin to generate 5.48,
followed by attack from the carboxylic acid, giving the intermediate lacto-iodonium salt
5.49. The key C–N bond forming step is then facilitated via displacement of the labile
iodonium salt (5.49) leaving group by the liberated heterocyclic ligand. Building from
these findings, and from Muniz’s selective C2 amination of tryptamines (Scheme 5.5),43
we proposed that indoles could serve as a nucleophilic partner to react with N-HVIs in
heterocyclic group transfer, resulting in indole aminated products (Scheme 5.8) in which
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N-protected indoles could selectively afford C2 aminated products (Scheme 5.8 a). On the
other hand, N–H-indoles would lead to C3 aminated products (Scheme 5.8b).
Mechanistically, we envisioned two possible activation modes, depending on the
substitution at nitrogen, could lead to these two different regiochemical outcomes (Scheme
5.10). In the case of N-protected indoles (5.50 scheme 5.8a), initial attack of indole on the
N-HVI would lead to the formation of the C3-iodonium-iminium intermediate 5.52 which
would undergo a nucleophilic attack from the displaced pyridine at C2 position 5.53 and
after a proton elimination would afford the C2 aminated indole 5.51 (Scheme 5.8a).
Conversely, in the case of N-H- indoles, a N1 nucleophilic attack to the iodine center would
lead to the assembly of the electrophilic intermediate 5.57 (Scheme 5.8b) through ligand
exchange, which would undergo a nucleophilic attack from the displaced pyridine at C3
position in a reversed-polarity fashion affording the iminium intermediate 5.58. A further
C3 proton elimination would restore the aromaticity of the indole motif as well as reduce
the iodine center from +3 to the more stable oxidation state +1 leading to the C3 aminated
product 5.56 (Scheme 5.8b). We believe the aminated products could then be used as a
platform for further accessing diverse piperidines, pyridones, and primary amines (See
Scheme 5.7) with potential application in medicinal chemistry or towards the synthesis of
complex scaffolds.
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Scheme 5.8. (a) Direct C2 C–H amination of free-indoles mediated N-HVI. (b)
Direct C3 C–H amination of free-indoles mediated N-HVI.
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5.2.2

Method Development: Direct C2 amination of free indoles

Using 1-Methyl-1H-Indole (5.60) as a model substrate we began our screening
studies by reacting it with the readily accessible and stable DMAP derived N-HVI (5.61)
(For experimental details the reader is guided to appendix 3) in which complete
consumption of starting material was observed after just 5 minutes at room temperature,
and after leaving the solution at -30 °C overnight, we observed formation of off-white solid
crystals, which were attributed to be the protonated dimethylamino-pyridine (5.63, scheme
5.9) through x-ray crystallography, and after 7 days at -30 °C we observed a second
crystallization process which the C2 aminated product (5.62, scheme 5.9) was also
characterized. It is noteworthy to mention that no other indole related by-products were
obtained, indicating a relatively clean reaction.

Scheme 5.9. First evidence of direct C2 C–H amination through cationic λ3-iodanes.

Building on this initial finding, we then turned our attention to screening other NHVIs, with the hope of developing a robust methodology containing a wide pyridinium
and indole scope. Under our initial conditions we verified that after aqueous work up, 75%
of the desired product was recovered (Table 5.1, entry 1), which indicated to us that some
of the desired product could be lost in the aqueous phase since the presence of other byproducts was not observed. Moving to a different solvent, acetonitrile, we directly purified
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the reaction by chromatography, without the use of aqueous work up, and we observed the
desired pyridinium salt was recovered in 89% (Table 5.1, entry 2). We also purified the
reaction by recrystallization techniques which offered slightly better results (92%) ( Table
5.1 entry 3). In addition to that, we observed that just a slightly excess of the N-HVI (Table
5.1, entry 4) was necessary for complete consumption of the starting material with no
difference in yields (92%), which we decided to consider as our optimized conditions.

Table

5.1:

First

screening

process

considering

1Methyl-1H-Indole

and

PhI(DMAP)22OTf.
entry
1
2
3
4

5.2.3

Conditions
DMF, rt, 5min
MeCN, rt, 5min
MeCN, rt, 5min
MeCN, rt, 5min

Equiv. N-HVI
2.0
2.0
2.0
1.5

Work up
Aqueous
-------

Purification
--Cromatog.
EtOH recryst.
EtOH recryst.

Isol. Yield
75%
89%
92%
92%

Method Development: Preliminary substrate scope

With the optimized conditions in hand, we turned our attention to evaluate a
preliminary pyridinium and indole scope tolerated by this method. Primarily, we wanted
to investigate how the electronic effects of the pyridinium motif and the presence of
protecting groups at C2 position of the indole counterpart would affect the reaction
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outcome. We observed that good yields were observed with electron-rich and electron
neutral N-HVI reagents (5.62, 5.65, Scheme 5.10). However, a moderate yield was
obtained when an electron-deficient N-HVI was employed (5.66). Although we do not have
a definitive answer for this last case, we believe that after the formation of the proposed
C3-iodonium-iminium intermediate the expected nucleophilic attack at the C2 position
would be slow due to poor nucleophilic ability of the 4-CF3-pyridine which combined with
the high reactivity of the electrophilic C3-iodonium-iminium could lead the reaction to
unproductive pathways.

Scheme 5.10. Preliminary pyridinium and indole scope of the direct C–H amination
mediated by cationic λ3-iodanes.

Having established the preliminary pyridinium scope we then turned our attention
to investigate if a C3 amination would be accessed in presence of a C2 protected N–Hindole. When 2-methylindole (5.68) was utilized under our standard reaction conditions
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we observed that a complex mixture of by-products was formed which suggested to us that
probably the reversed-polarity was not occurring as we previously anticipated, and it is
likely the N-unprotected indole could be reacting through the classical enamine pathway
(See scheme 5.1). Surprisingly, by using the N-HVI in the presence of cesium fluoride
(CsF), (See Appendix 4 for experimental details) we accessed the C3 aminated product
(5.67 scheme 5.12) in good yields (75%) which we anticipated to occur under a reactivity
modulation of the N-HVI in the presence of CsF through a reversed-polarity mechanistic
scenario (See scheme 5.8b) and the mechanistic discussion related).

5.2.4. Preliminary Proposed Mechanism-selective C2 pyridination

With the results from our preliminary substrate scope, we believe the C2 carbon–
nitrogen bond formation occurs through the classical indole reactivity demonstrated in
section 5.2.1, scheme 5.8a), in which, first, the nitrogen assisted C3 nucleophilic attack to
the electrophilic iodine center of the hypervalent iodine reagent would lead to the formation
of the labile C3-iodonium-iminium intermediate 5.70, which then would undergo
intermolecular C2 pyridine attack (5.71) followed by a C2-proton elimination leading to
the C2 aminated indole (5.51) by elimination of the C3-iodonium motif.
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Scheme 5.11. Postulated mechanism of C2 pyridination of 1-Methyl-1H-Indole
(5.60).

5.2.5

Preliminary Proposed Mechanism-selective C3 pyridination

As mentioned in section 5.2.3, the C3 amination only occurred when CsF was used
as additive in the reaction. Intrigued by this result we decided to verify if some interaction
between the N-HVI and CsF was occurring since it would probably be the reason of the
observed amination outcome. By analyzing the reaction between the N-HVI and CsF
through 1H-NMR (see Appendix 4 for experimental details), we observed that a drastically
changing of the structure of the N-HVI occurred ( Figure 5.3), yet we could not conclude
which structure(s) were present in this control reaction due to signal overlapping on the
1

H-NMR spectra (Figure 5.3).
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Figure 5.3. Top: 1H NMR of the pyridnium derived N-HVI in MeCNd3 ( aromatic
region expansion). Bottom crude 1H-NMR of the reaction between the pyridinium
derived N-HVI and CsF (aromatic region expansion).

Although it is still unclear how CsF alters the structure of the hypervalent iodine
reagent, it is likely that an interaction between the electrophilic iodine center and the
nucleophilic fluoride present in the mixture happened which led to the observed reactivity.
Therefore, the first step of this reaction would then happen through an intermolecular
nucleophilic attack from the nitrogen from the indole motif to the electrophilic iodine
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center leading to the intermediate 5.72 which would undergo a C3 nucleophilic attack from
the previously displaced pyridine, and then a C3 proton elimination would afford the C3
aminated indole 5.67.

.
Scheme 5.12. Postulated mechanism of C3 pyridination of 2-methylindole.

5.3

FUTURE STUDIES

Despite our preliminary success in the selective amination of the C2 and C3
position of indoles, we realize that this project still needs development. Therefore, we
envision that an expansion of the substrate scope considering indoles with different
substitutions on the aryl ring and at nitrogen atom would give valuable information about
the electronic and steric effects tolerated by this protocol (Scheme 5.4a). Building on those
results an expansion to other classes of heterocycles, such as benzofurans, thiophenes,
pyrroles and furans should occur due to their prominence in drug synthesis (Scheme 5.14b).
Finally, a deep mechanistic investigation, especially on the C3 amination, and diverse
derivatizations encompassing the access to piperidines, pyridones and primary amines
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should happen (Scheme5.14c). We believe this protocol will expand the field of
heterocyclic amination by giving valuable information of the reactivity the synthetic utility
of N-HVIs as group transfer reagent.

Scheme 5.13. Future substrate scope expansion and derivatizations of the
regioselective C2 and C3 amination of indoles mediated by N-HVIs.
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5.3

CONCLUSION

In conclusion, we demonstrated the regioselective carbon-nitrogen bond formation
on indoles. This methodology does not require pre-functionalization of the starting
materials and good to excellent isolated yields were found. We believe the indole–
pyridinium salts can be used as platform for the synthesis of substituted piperidines,
primary amines, and pyridones. By our preliminary substrate scope, we observed that
electron-rich and neutral pyridines are well tolerated. However, electron deficient pyridines
are somewhat detrimental for the reaction. Surprisingly, selective C3 C–H pyridination was
obtained when 2-MethylIndole was utilized under the optimized conditions with addition
of CsF as additive. We believe that two distinct mechanistic scenarios can be operating in
this method: 1) if N-Methyl-Indole is employed, a nucleophilic C3 attack to the iodine
center would happen, leading to selective C2 pyridination, and 2) if 2-MethylIndole is
employed a ligand exchange between the nitrogen of the indole and the “activated”
hypervalent iodine reagent would preferentially happen. Therefore an “umpoled” pyridine
attack on the C3 position would happen, leading to C3 pyridinate product. At the time of
the completion of this dissertation, this project was still ongoing. Therefore, we would like
to mention that a detailed screening process in the case of electron-poor pyridines an
expansion of the substrate scope for the C2 and C3 pyridination of indoles must be made.
A potential expansion of the scope to other classes of heterocycles, including benzofurans
and thiophenes could also happen. Additionally, a detailed mechanistic study on the C2
and C3 carbon–nitrogen bond formation should be made, and further functionalization of
the indole–pyridinium salts should also be demonstrated. We believe this protocol can
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bring useful conclusions to the scientific community regarding the design of systems
towards the selective amination of free indoles and we hope it can be applied to the
synthesis of complex scaffolds in the future.
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A.1 - General Information:
1

H and 13C NMR spectra were recorded at 500 MHz and 125 MHz on a Bruker Advance

500 or 400 MHz and 100 MHz on a Bruker Advance 400. 1H NMR chemical shifts were
reported in part per million (ppm) from the solvent resonance (CDCl3 7.26 ppm, C6D6 =
7.16 ppm). The data was reported as follows: chemical shift number, multiplicity (s =
singlet, d = doublet, t = triplet, sept = septet, dd = doublet of doublets, td = triplet of
doublets, m = multiplet). Proton decoupled attached proton test (APT) 13C NMR shifts
were reported in ppm from the solvent resonance (CDCl3 77.16 ppm). The reaction
solvents used were anhydrous (HPLC-grade solvent passed through an activatedalumina column). All other reagents were used without further purification.
[(Py)2IPh]2OTf and [Tol2I]OTf were synthesized according to the literature,1,2 and used
without further purification. Flash chromatography was carried out using Sorbent
Technologies silica gel 60 6 (40 — 63 pm) in the solvent system listed in the individual
experiments. The reactions were monitored using analytical thin-layer chromatography
(TLC) on Merck silica gel (60 F2s4) plates. Accurate mass spectra were recorded on an
Agilent 6520 Accurate-Mass Q-TOF LC/MS. All reactions were carried out inside
glovebox unless specified.
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A.2 - Synthesis of the (NNN)-Ni(II)-Aryl complex

The ligand precursor (3.33) was synthesized following the
reported procedure.3 The spectral data is consistent to that
previously reported.3 1H NMR (500 MHz, CDCl3) δ 7.40 (dd,
J = 8.0, 1.4 Hz, 2H), 7.15 (s, 1H), 7.10 (dd, J = 7.8, 1.5 Hz,
2H), 7.00 (td, J = 7.7, 1.4 Hz, 2H), 6.87 (td, J = 7.6, 1.5 Hz, 1H), 2.69 (s, 12H).

The (NNN)-NiCl complex (3.32) was synthetized following
the literature procedure.3 The spectral data is identical to that
previously reported. 1H NMR (500 MHz, CDCl3) δ 7.43 (d, J
= 7.6 Hz, 2H), 6.99 (m, 4H), 6.48 ( t, J = 7.1 Hz , 2H), 2.910 (
s, 12H).
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The (NNN)-NiPh complex (3.34) was synthetized following the
literature procedure.3 The spectral data is identical to that
previously reported. 1H NMR (500 MHz, C6D6) δ 7.43 (dd, J
= 8.4, 1.1 Hz, 2H), 7.01 (ddd, J = 8.5, 7.2, 1.4 Hz, 2H), 6.97
(dd, J = 8.0, 1.4 Hz, 2H), 6.48 (ddd, J = 8.2, 7.3, 1.2 Hz, 2H), 2.91 (s, 12H).
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A.3 - Oxidation of (NNN)-NiPh complex with two- and one-electron oxidants (Table 3.2)
Table 3.2. Screening of HVIs by using (NNN)-ni(II)-aryl complex

entry
1

Oxidant
3.29

Conditionsa
THF, rt, o/n

Product Distribution
3.35

2
3
5
6
7
8
9

3.30
3.22
3.31
3.32
3.33
3.34
3.35

THF, rt, o/n
THF, rt, o/n
THF, rt, o/n
THF, rt, o/n
THF, rt, o/n
THF, rt, o/n
THF/MeCN, rt, o/n

3.35
3.35
3.35
3.35
3.35
3.35:3.34 (1:0.42)
3.35:3.32 (1:0.91)

Isol Yield (3.28) (%)
94
99
99
98
96
98
--b
52

Inside a glovebox, (NNN)-NiPh (3.34, 15.0 mg, 0.04 mmol, 1 equiv.) and the appropriate
oxidant (1.0-1.2 equiv.) were added to a 20 mL scintillation vial. THF (1.0 mL) was added
to give a 0.04 M solution and the mixture was allowed to stir overnight at room
temperature. The vial was brought outside the glovebox and the solvent was removed in
vacuo. Initial product ratios of 3.32;3.34;3.35 were evaluated via analysis of the crude 1HNMR spectra. Isolated yields of 3.35 were obtained following purification by flash
chromatography (5% EtOAc/Pentane).
a

The reactions were carried out in dry THF with exception of entry 9: THF/MeCN 1:1 v/v.

b

The isolated yield of entry 8 was not obtained since the remaining 3.34 degrades to 3.35
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upon chromatography purification.
c

For CuCl2 (3.42), only 1 equivalent was used rather than 1.2 equivalents.

Isolated as a white crystalline solid. 1H NMR (500 MHz, CDCl3)
δ 7.11 – 7.07 (m, 2H), 7.05 – 7.01 (m, 4H), 6.97 – 6.94 (m, 2H),
6.88 – 6.82 (m, 3H), 6.81 – 6.77 (m, 2H), 2.45 (s, 12H).

13C

NMR (125 MHz, CDCl3) δ 148.04, 138.86, 128.02, 127.35,
123.98, 121.65, 120.12, 119.38. HRMS (ESI) m/z calcd for C22H25N3+ (M+H)+ 332.2127
found 332.2122. X-ray crystallographic data for 3.35 is provided on part A.9 (CDCC
crystal code: CCDC 1835130).

A.4 - Oxidation of (NNN)-NiPh with DiarylIodonium Salt Tol2IOTf

Inside a glovebox, (NNN)-NiPh (3.34) (15.0 mg, 0.04 mmol) was added to a 20 mL
scintillation vial and dissolved in a 1:1 mixture of THF/CH3CN (1 mL total volume, 0.04
M). [Tol2I]OTf (24) was added in one portion and the solution was then stirred overnight
at room temperature. The vial was brought outside the glovebox and the solvent was
removed in vacuo. The reaction was purified by flash chromatography (5%
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EtOAc/Pentane) to yield 25 (2.0 mg, 0.012 mmol, 29%), 3.35 (1.6 mg, 0.004 mmol, 9.2%),
and HMeNN2 (3.33) (5.4 mg, 0.024 mmol, 60%). Spectral data for 25 was consistent with
that reported in the literature.2
The spectral data is consistent with that previously reported.2 1H NMR (400
MHz, CDCl3) δ 7.59 – 7.57 (m, 2H), 7.51 – 7.48 (m, 2H), 7.44 – 7.40 (m, 2H),
7.34 – 7.30 (m, 2H), 7.24 (dd, J = 2.2Hz 2H), 2.40 (s, 3H).

A. 4 A - Mechanistic Experimentation - Oxidation using 0.5 equiv. of TolICl2

Inside a glovebox, (NNN)-NiPh (3.34) (10 mg, 0.025 mmol, 1 equiv.) and (tolyl)ICl2 (3.37)
(3.6 mg, 0.0125 mmol, 0.5 equiv.) were added to a 20 mL scintillation vial. THF (1 mL,
0.025 M) was added and the mixture was allowed to stir overnight at room temperature.
The solvent was removed in vacuo inside the glove box. Still inside the glovebox, the crude
mixture was dissolved in C6D6, filtered and added to a NMR tube. Analysis of the 1H-NMR
spectra of the crude reaction mixture revealed 3.35:3.32 in a 1.0:1.01 ratio, along with trace
impurities relating to (tolyl)ICl2 (3.37).

300

A. 4 B - Mechanistic Experimentation - Oxidation using 1.0 equiv. of CuCl2

Inside a glovebox, (NNN)-NiPh (3.34) (10 mg, 0.026 mmol, 1 equiv.) and CuCl2 (3.42)
(3.5 mg, 0.026 mmol, 1.0 equiv.) were added to a 20 mL scintillation vial. THF (0.5 mL)
and MeCN (0.5 mL), (total volume: 1 mL, 0.025 M) were added and the mixture was
allowed to stir overnight at room temperature. The solvent was removed in vacuo inside
the glove box. Still inside the glovebox, the crude mixture was dissolved in C 6D6, filtered
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and added to an NMR tube. Analysis of the 1H-NMR spectra of the crude reaction mixture
revealed only 3.35:3.32 in a 1.00:0.91 ratio. Purification via flash chromatography gave a
52% isolated yield of 3.35 along with 47% yield of 3.33, arising from decomposition of
3.32 on silica.
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A.4 C - Mechanistic Experimentation - Oxidation using 0.5 equiv. of PhI(Py)22OTf

Inside a glovebox, (NNN)-NiPh (3.34) (10 mg, 0.025 mmol, 1 equiv.) and [PhI(Py)2]2OTf
(3.27) (8.3 mg, 0.0125 mmol, 0.5 equiv.) were added to a 20 mL scintillation vial. THF (1
mL, 0.025 M) was added and the mixture was allowed to stir overnight at room
temperature. The solvent was removed in vacuo inside the glove box. Still inside the
glovebox, the crude mixture was dissolved in C6D6, filtered and added to a NMR tube.
Analysis of the 1H-NMR spectra of the crude reaction mixture revealed only 3.35:3.34 in
a 1.03:1.00 ratio, along with trace impurities relating to [PhI(Py)2]2OTf (3.27).
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A.5 - GC (Gas chromatography) experimentation-Identification of Benzene from the
reaction mixture
The GC experimentation was performed using the following instrument: GC system
Hewlett Packard HP 6890 series. The method was set using the following parameters:
Temperature ramp: The temperature ramp was set to 5 °C for 5 min from 30 °C to 170 °C
and hold at this later temperature for 2 minutes. Injection of 1μL of sample.

Cromatogram of the crude reaction in THF.

Cromatogram of the crude reaction in THF (zoomed in on benzene retention time)
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Cromatogram of benzene in DCM.

Cromatogram of THF in DCM.

Cromatogram of Tolyl-Iodine in DCM.

A. 6 - Electrochemical Studies on the (NNN)-Ni(II)-aryl (3.34) complex
The electrochemical measurements were performed inside the glove box using a
potentiometer from CH instruments (model CHI630D). For the cyclic voltammetry
experiments the following parameters were used: Init E (V) = +1.7V, High E (V) =
+1.7V, Low E (V) = -1.7V, Init P/N = N, Scan rate (V/s) = 0.3, Segment = 6, Sample
Interval (V) = 0.001, Quiet Time (sec) = 2, Sensitivity (A/V) = 1e–5. The electrodes used
were working electrode = glassy carbon, counter electrode = platinum wire, reference
electrode = silver wire.
For the differential pulse voltammetry, the following parameters were used: Init
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E (V) = –1.7, Final E (V) = 1.7, Incr E (V) = 0.004, Amplitude (V) = 0.05, Pulse Width
(sec) = 0.05, Sample Width (sec) = 0.0167, Pulse Period (sec) = 0.5, Quiet time (sec) =
2, Sensitivity (A/V) = 1e–4. The electrodes used were: working electrode = glassy carbon,
counter electrode = platinum wire, reference electrode = silver wire.

Cyclic voltammetry of the complex 3.34((NNN)-NiPh) (Scan window: +1.2V to –1.2V)

It is possible to observe a well-defined peak of oxidation and reduction suggesting a
quasi-reversible behavior (decreasing value of the current) of NiII/NiIII redox couple. On
this voltammogram is not possible to observe a second oxidation (NiIII/NiIV). A greater
potential window would be necessary to detect a second oxidation peak (demonstrated
below). (*Three segments were used on this cyclic voltammetry.)

Cyclic voltammetry of the complex 3.34 ((NNN)-NiPh) (Scan window: +1.7V to –1.7V)
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Using a larger potential window, it is possible to observe a non-defined oxidation
region. Even though the resolution is not clear it indicated that more than one oxidation
event may be occurring. Once again quasi-reversible behavior is observed, this fact
suggests that some of the complex is being destroyed upon oxidation. Due to insufficient
resolution, we decided to perform Differential Pulse Voltammetry (DPV).

308

Differential Pulse Voltammetry (DPV) of complex 3.34 ((NNN)-NiPh)

High sensitivity is achieved on differential pulse voltammetry compared to cyclic
voltammetry since only the faradaic current is extracted from the system. By analyzing
the voltammogram it is possible to observe two well-defined oxidation peaks, which are
suggestive to belong to NiII/NiIII and NiIII/NiIV redox couples. The DPV also indicated
complex decomposition upon oxidation to NiIV, in line with observations of quasireversible behavior in CV.
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Part 9 - Crystallographic Data of compound 3.28
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A.9 - Crystallographic data of compound 3.35.

Figure A.1 ORTEP figure of compound 3.28 with 50% thermal ellipsoids
Table 1 Crystal data and structure refinement for 3.35.
Identification code
solve_a
Empirical formula
C22H25N3
Formula weight
331.45
Temperature/K
99.94
Crystal system
tetragonal
Space group
I41/acd
a/Å
12.669(3)
b/Å
12.669(3)
c/Å
45.176(11)
α/°
90
β/°
90
γ/°
90
Volume/Å3
7251(4)
Z
16
ρcalcg/cm3
1.215
μ/mm 1
0.072
F(000)
2848.0
Crystal size/mm3
0.54 × 0.32 × 0.21
Radiation
MoKα (λ = 0.71073)
2Θ range for data collection/°
3.606 to 55.882
Index ranges
-16 ≤ h ≤ 4, -14 ≤ k ≤ 13, -55 ≤ l ≤ 59
315

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2σ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e Å-3

10386
2180 [Rint = 0.0418, Rsigma = 0.0327]
2180/0/115
1.067
R1 = 0.0469, wR2 = 0.1240
R1 = 0.0657, wR2 = 0.1337
0.30/-0.23

Table 2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic
Displacement Parameters (Å2×103) for solve_a. Ueq is defined as 1/3 of of the trace of
the orthogonalised UIJ tensor.
Atom
x
y
z
U(eq)
N001
5000
7500
4433.8(4)
23.4(4)
N002
6817.4(10)
6099.7(10)
4527.6(3)
29.6(3)
C26
5156.8(11)
6543.9(11)
4269.7(3)
23.9(3)
C17
5000
7500
4745.6(4)
23.8(4)
C25
6034.9(12)
5868.9(12)
4317.0(3)
26.5(3)
C18
5189.4(11)
8428.5(11)
4903.3(3)
26.7(3)
C27
4402.6(13)
6284.5(12)
4058.1(3)
27.8(3)
C19
5178.4(12)
8424.9(13)
5210.0(4)
31.4(4)
C28
4448.6(14)
5353.2(13)
3898.8(4)
33.0(4)
C30
6057.3(14)
4926.2(12)
4153.4(4)
33.8(4)
C20
5000
7500
5365.8(5)
32.4(5)
C23
7336.3(13)
7127.6(14)
4509.9(4)
35.3(4)
C29
5273.3(15)
4670.4(13)
3951.1(4)
36.9(4)
C24
7585.6(14)
5271.7(14)
4592.8(4)
40.4(4)

Table 3 Anisotropic Displacement Parameters (Å2×103) for solve_a. The Anisotropic
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…].
Atom
U11
U22
U33
U23
U13
U12
N001 25.4(9)
16.6(8)
28.3(9)
0
0
1.8(7)
N002 23.9(6)
27.2(7)
37.5(7)
1.5(6)
1.5(5)
5.6(5)
C26
26.4(7)
17.5(6)
27.8(7)
0.4(5)
4.8(6)
-1.0(5)
C17
19.4(9)
23.4(10)
28.6(11)
0
0
3.8(8)
C25
28.6(8)
22.8(7)
28.2(8)
2.2(6)
5.6(6)
1.9(6)
C18
23.4(7)
22.5(7)
34.0(8)
-0.7(6)
-2.8(6)
1.6(6)
C27
30.6(8)
23.1(7)
29.5(8)
2.7(6)
1.4(6)
-2.2(6)
C19
25.2(8)
32.8(8)
36.0(8)
-7.7(7)
-4.1(6)
5.5(6)
C28
42.4(10)
28.5(8)
28.1(8)
-1.4(6)
1.2(7)
-7.1(7)
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C30
C20
C23
C29
C24

40.4(9)
24.9(11)
25.7(8)
54.3(11)
31.7(9)

25.4(8)
42.6(13)
36.4(9)
23.8(8)
40.4(10)

Table A.4 Bond Lengths for 3.35
Atom Atom Length/Å
N001 C26 1.4341(16)
N001 C261 1.4340(16)
N001 C17
1.408(3)
N002 C25
1.405(2)
N002 C23
1.461(2)
N002 C24
1.461(2)
C26 C25
1.419(2)
C26 C27
1.391(2)
C17 C18 1.3961(18)
1

35.5(9)
29.6(11)
43.8(10)
32.7(8)
49.2(10)

0.7(7)
0
-0.2(7)
-5.2(7)
4.0(8)

7.9(7)
7.3(9)
-1.5(6)
0.4(7)
13.0(7)

Atom Atom Length/Å
C17 C181 1.3961(18)
C25 C30
1.405(2)
C18 C19
1.385(2)
C27 C28
1.383(2)
C19 C20
1.385(2)
C28 C29
1.377(2)
C30 C29
1.388(3)
1
C20 C19
1.386(2)

1-X,3/2-Y,+Z

Table 5 Bond Angles for 3.35
Atom Atom
Atom
Angle/˚
Atom Atom
1
C26 N001
C26
117.73(16) C18
C17
1
C17 N001
C26
121.13(8) N002
C25
C17 N001
C26
121.14(8) C30
C25
C25 N002
C23
117.79(13) C30
C25
C25 N002
C24
117.22(13) C19
C18
C24 N002
C23
110.56(13) C28
C27
C25 C26
N001
122.66(13) C20
C19
C27 C26
N001
117.37(12) C29
C28
C27 C26
C25
119.97(13) C29
C30
1
C18 C17
N001
120.69(9) C19
C20
C18 C17
N001
120.69(9) C28
C29
1

8.6(7)
0
0.4(7)
6.7(8)
0.8(8)

1-X,3/2-Y,+Z
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Atom
C181
C26
N002
C26
C17
C26
C18
C27
C25
C191
C30

Angle/˚
118.62(19)
121.99(13)
121.27(14)
116.66(14)
120.39(15)
122.01(15)
120.82(15)
118.61(15)
122.04(15)
118.9(2)
120.61(15)

Table A.5 Bond Angles for 3.28.
Atom
C261
C17
C17
C25
C25
C24
C25
C27
C27
C181
C18
1

Atom
N001
N001
N001
N002
N002
N002
C26
C26
C26
C17
C17

Atom

Angle/˚

Atom

C26 117.73(16)
C261 121.13(8)
C26 121.14(8)
C23 117.79(13)
C24 117.22(13)
C23 110.56(13)
N001122.66(13)
N001117.37(12)
C25 119.97(13)
N001 120.69(9)
N001 120.69(9)

C18
N002
C30
C30
C19
C28
C20
C29
C29
C19
C28

Atom
C17
C25
C25
C25
C18
C27
C19
C28
C30
C20
C29

Ato
m
C181
C26
N002
C26
C17
C26
C18
C27
C25
C191
C30

Angle/˚
118.62(19)
121.99(13)
121.27(14)
116.66(14)
120.39(15)
122.01(15)
120.82(15)
118.61(15)
122.04(15)
118.9(2)
120.61(15)

1-X,3/2-Y,+Z

Table 6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement
Parameters (Å2×103) for solve_a.
Atom
x
y
z
U(eq)
H18

5327

9067

4800

32

H27

3839

6762

4022

33

H19

5295

9065

5315

38

H28

3922

5188

3756

40

H30

6627

4449

4182

41

H20

5000

7500

5576

39

H23A

7861

7186

4668

53

H23B

7687

7198

4318

53

H23C

6809

7688

4532

53

H29

5306

4018

3848

44
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H24A

8086

5527

4742

61

H24B

7218

4647

4669

61

H24C

7968

5086

4412

61

Experimental

Single crystals of C22H25N3 [solve_a] were [crystallized through slow evaporation of
chloroform at room temperature]. A suitable crystal was selected and [was mounted using
a Mit-e-Gen cryoloop with Paratone-N oil ] on a 'Bruker APEX-II CCD' diffractometer.
The crystal was kept at 99.94 K during data collection. Using Olex2 [1], the structure was
solved with the SIR2004 [2] structure solution program using Direct Methods and refined
with the XL [3] refinement package using Least Squares minimisation.

1. Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H.
(2009), J. Appl. Cryst. 42, 339-341.
2. Burla, M.C., Caliandro, R., Camalli, M., Carrozzini, B., Cascarano, G.L., De
Caro, L., Giacovazzo, C., Polidori, G., Siliqi, D., Spagna, R. (2007). J. Appl.
Cryst. 40, 609-613.
3. Sheldrick, G.M. (2008). Acta Cryst. A64, 112-122.
Crystal structure determination of [solve_a]

Crystal Data for C22H25N3 (M =331.45 g/mol): tetragonal, space group I41/acd (no. 142),
a = 12.669(3) Å, c = 45.176(11) Å, V = 7251(4) Å3, Z = 16, T = 99.94 K, μ(MoKα) =
0.072 mm-1, Dcalc = 1.215 g/cm3, 10386 reflections measured (3.606° ≤ 2Θ ≤ 55.882°),
2180 unique (Rint = 0.0418, Rsigma = 0.0327) which were used in all calculations. The final
R1 was 0.0469 (I > 2σ(I)) and wR2 was 0.1337 (all data).

Refinement model description
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Number of restraints - 0, number of constraints - unknown.

Details:

1. Fixed Uiso
At 1.2 times of:
All C(H) groups
At 1.5 times of:
All C(H,H,H) groups
2.a Me refined with riding coordinates:
C23(H23A,H23B,H23C), C24(H24A,H24B,H24C)
2.b Aromatic/amide H refined with riding coordinates:
C18(H18), C27(H27), C19(H19), C28(H28), C30(H30), C20(H20), C29(H29)
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B.1 General Information
1

H and 13C NMR spectra were recorded at 500 MHz and 125 MHz on a Bruker Advance

500 or 400 MHz and 100 MHz on a Bruker Advance 400. 1H NMR chemical shifts were
reported in part per million (ppm) from/ the solvent resonance (CDCl3 =7.26 ppm, CD3CN
= 1.94 ppm, (CD3)2SO = 2.50 ppm). The data was reported as follows: chemical shift
number, multiplicity (s = singlet, d = doublet, t = triplet, sept = septet, dd = doublet of
doublets, td = triplet of doublets, m = multiplet). Proton decoupled attached proton test
(APT) 13C NMR shifts were reported in ppm from the solvent resonance (CDCl3 = 77.16 ppm
or CD3CN = 1.32 ppm, 118.26 ppm). The reaction solvents used were anhydrous (HPLCgrade solvent passed through an activated-alumina column). All other reagents were
purchased and used without further purification. All N-HVIs were synthesized and handled
according to reported procedures.1,2 Flash chromatography was carried out using Sorbent
Technologies silica gel 60 A (40 — 63 pm) in the solvent system listed in the individual
experiments. The reactions were monitored using analytical thin-layer chromatography
(TLC) on Merck silica gel (60 F2s4) plates. Accurate mass spectra were recorded on an
Agilent 6520 Accurate-Mass Q-TOF LC/MS. Samples were taken up in a suitable solvent
for analysis. The signals were mass measured against an internal lock mass reference of
perfluorotributylamine (PFTBA) for EI-GCMS, and leucine enkephalin for ESI-LCMS.
Waters software calibrates the instruments, and reports measurements, by use of neutral
atomic masses. The mass of the electron is not included. Infrared spectra were obtained
using a Thermo Nicolet iS5 FTIR spectrometer with an iD5 ATR accessory.
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B.2 - First Screening process
Cyclohexenone (4.60) (73 μL, 0.75 mmol, 1.0 equiv.) was added to a flamed dried
test under Ar atmosphere and dissolved in dry acetonitrile (2.25 mL, 0.2 M), Then the
nucleophile (0.83 mmol, 1.1 equiv.), the arylating agent (0.83 mmol, 1.1 equiv.), and
TMSOTf ( 174 μL, 0.98 mmol, 1.3 equiv.)

were added to the mixture at room

temperature, in one portion under Ar. The reaction mixture was stirred at the temperature
and times showed in Table 4.1. Then the solvent was removed under reduced pressure
and the crude mixture was purified through flash chromatography.
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Table 4.1: Screening of nucleophiles and I(III) reagents for one pot arylation of
cyclohexenone.

Conditions

Additives

Product

Ph2IBF4

CDCl3, rt, 12h

---

4.60

PPh3

Ph2IBF4

MeCN, rt, 12h

---

4.60

3

PPh3

Ph2IBF4

MeCN, 80°C, 12h

---

4

PPh3

Ph2IBF4

HFIP, 60 °C,12h

---

4.60
4.60

5

PPh3

Ph2IBF4

CDCl3, 50 °C,12h

TMSOTf

4.60

6

PPh3

Ph2IBF4

MeCN, 80 °C, 12h

TMSOTf

---

7

Pyridine

Ph2IBF4

MeCN, 80 °C, 12h

---

4.60

8

Pyridine

Tol2IOTf

MeCN, 80 °C, 12h

---

4.60

9

Ph2ICl

MeCN, 80 °C, 12h

---

4.60

10

Pyridine
Pyridine

NPIF

MeCNd3, rt, 12h

TMSOTf

4.60

11

PPh3

PhI(Py)22OTf

MeCN, rt, 12h

---

12

PPh3

PhI(Py)22OTf

MeCN, 80 °C, 12h

---

4.60
4.60

13

Pyridine

PhI(Py)22OTf

MeCN, 80 °C, 12h

---

23%(4.78)

14

Pyridine

PhI(Py)22OTf

MeCN, 90 °C, 12h

---

17% (4.78)

15

Pyridine

PhI(Py)22OTf

MeCN, 80 °C, 24h

---

23% (4.78)

16
17

DMAP

PhI(Py)22OTf

---

DMAP

PhI(4CF3Py)22OTf

MeCN, rt, 12h
MeCN, 80 °C, 24h

5% (4.78)
4.60

Entry

Nucleophile

1

PPh3

2

[Ar2I]X reagent

---

NOTES: a The spectral data of table 4.1, entry 1 is not reported due to solubility issues
encountered when CDCl3 was used. In that case 4.60 was 100% recovered. b Complex
mixture of products obtained.
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B.3 - Synthesis of silyl enol ether screening process
The formation of the silyl enol ethers was made following a procedure developed
by Kim.15 The cyclohexenone (4.60) (0.37 mmol, 1.0 equiv.) was added to flame-dried
flask under argon and dissolved in dry acetonitrile (1.8 mL, 0.2 M), following by the
addition of the nucleophile (0.41 mmol, 1.1 equiv) dropwise or in one portion, if solid, at
room temperature. The reaction mixture was cooled to –35 C and TMSOTf (90 μL, 0.48
mmol, 1.3 equiv. * fresh distilled over CaH2 and stored under mol sieves) was added
dropwise. The reaction mixture was allowed to warm to room temperature and stir at the
times showed in table 4.2. An aliquot of the reaction mixture was taken, completed with
the deuterated solvent of choice and analyzed by 1H-NMR.

Table 4.2: Screening process for the formation of silyl enol ether.

entry
1
2
3
4

Nucleophile
PPh3
DABCO
Imidazole
NEt3

Lewis Acid
TMSOTf
TMSOTf
TMSOTf
TMSOTf

conditions
CDCl3, -40 °C to rt, 1h at rt
CDCl3, -40 °C to rt, 1h at rt
CDCl3, -40 °C to rt, 1h at rt
CDCl3, -40 °C to rt, 1h at rt

TMSOTf
5
Pyridine
CDCl3, -40 °C to rt, 1h at rt
TMSOTf
6
Pyridine
MeCNd3, -40 °C to rt, 1.5h rt
TMSOTf
7
DMAP
MeCNd3, -40 °C to rt, 1.5h rt
TMSOTf
8
4-CF3-py
MeCNd3, -40 °C to rt, 1.5h rt
*Entries 1-4, 7 and 8 led to a complex mixture of products.
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product
--------4.82
4.82
-----

B.4 - Screening process for α-arylation by using pyridine as nucleophile and λ3-iodanes as
arylating agents

The pyridinium silyl enol ether was synthesized as reported by Kim.15 The
cyclohexenone (4.60) (0.37 mmol, 1.0 equiv.) was added to flame-dried flask under argon
and dissolved in dry acetonitrile (1.8 mL, 0.2 M), following by the addition of pyridine (40
μL, 0.41 mmol, 1.1 equiv.*fresh distilled over CaH and stored under mol sieves) dropwise
at room temperature. The reaction mixture was cooled to –35 C and TMSOTf (90 μL,
0.48 mmol, 1.3 equiv. * fresh distilled over CaH2 and stored under mol sieves) was added
dropwise. The reaction mixture was allowed to warm to room temperature and stir for 1.5
h. Arylation: The reaction was then cooled again to –35°C and the appropriate I(III) (HVI)
reagent (0.48 mmol, 1.3 equiv) was added in one portion. The reaction was then warmed
to room temperature naturally at temperature specified in table 4.3 for 12h. If used,
additives (0.74 mmol, 2.0 equiv.) were added after the reaction stir for 12h. Then the
solvent was removed under reduced pressure and the crude mixture was purified through
flash chromatography.
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Table 4.3: Screening process for αarylation by using pyridine as nucleophile and
cationic λ3 - iodanes.

entry
HVI
conditions
1
NPFI
MeCN, rt, 12h
2
[PhI(Py)2]2OTf MeCN, rt, 12h
3
4

[PhI(Py)2]2OTf MeCN, -40°C to rt, 12h at rt
[PhI(Py)2]2OTf MeCN, -40°C to rt, then 80 °C

5
PhI(O2CCF3)2 MeCN, -40°C to rt, then 80 °C
6
PhI(O2CCF3)2 MeCN, -40°C to rt, then 40 °C
7
PhI(O2CCF3)2 MeCN, -40°C to rt, stir 15 min (rt)
8
PhI(O2CCF3)2 MeCN, -40°C to rt, stir 1h (rt)
9
PhI(O2CCF3)2 MeCN, -40°C to rt, stir 2h (rt)
10
PhI(O2CCF3)2 MeCN, -40°C to rt, stir 18h (rt)
11
PhI(O2CCF3)2 MeCN,-40°C to rt, then
40°C(12h)(12h)
12
PhI(OAc)2
MeCN,-40°C to rt, then 40°C(12h)
*Entry 2 led to complex mixture of products.

Additives
-----

product
4.60
---

----------------NEt3
NEt3

4.78 (13%)
4.78 (30%)
4.78 (46%)
4.78 (46%)
4.95
4.95
4.95
4.95
4.78 (83%)
4.78 (43%)

*Entries 7-10: The reaction was not purified through flash chromatography. No isolated
yields of these reactions were obtained.
B.5 - Attempt to verify the formation of the “enolonium” intermediate by 1H-NMR at -30
°C
The pyridinium silyl enol ether was synthesized as reported by Kim.15 The
cyclohexenone (0.37 mmol, 1.0 equiv.) was added to flame-dried flask under argon and
dissolved in dry acetonitrile (1.8 mL, 0.2 M), following by the addition of pyridine (40 μL,
0.41 mmol, 1.1 equiv.*fresh distilled over CaH and stored under mol sieves) dropwise at
room temperature. The reaction mixture was cooled to –35 C and TMSOTf (90 μL, 0.48
mmol, 1.3 equiv. * fresh distilled over CaH2 and stored under mol sieves) was added
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dropwise. The reaction mixture was allowed to warm to room temperature and stir for 1.5
h.
Arylation: The reaction was then cooled again to –35 °C and the appropriate I(III) (HVI)
reagent (0.48 mmol, 1.3 equiv.) was added in one portion. The reaction was kept at –35 °C
and an aliquot was transferred to an oven-dried nmr tube under Ar. The sample was
analyzed in a pre-chilled (–30 °C) spectrometer. *Although the 1H-NMR of this reaction
reflects the presence of an enol based on the chemical shift, we cannot confirm that the
proposed “enolonium” intermediate was observed, since the peak broadness makes the
assignment of protons impossible.

B.6 - Synthesis of [Bis(trifluoroacetoxyiodo)]arenes
[Bis(trifluoroacetoxy)iodo]benzene (SI-1)

Synthesized according to the procedure reported by Howes.3 (Diacetoxyiodo)benzene
(5.00 g, 15.5 mmol) was dissolved in trifluoroacetic acid (8.0 mL, 16 mmol) and the
solution was stirred at 50-55 °C for 1 h (Note: if the reaction mixture was still cloudy,
an additional 3 mL of trifluoroacetic acid was added and the solution was stirred until
it became homogeneous). The reaction was then cooled to room temperature and placed
in an ice bath (0 C) for 30 min, generating a white suspension. The white solid was
filtered washed with minimal amount of pentane and dried under vacuum to give
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[Bis(trifluoroacetoxy)iodo]benzene as white solid. Yield: 4.86 g, 73% yield. The
spectral data was consistent with that previously reported.1 1H NMR (400 MHz, CDCl3)
δ 8.22 (d, J = 8.1 Hz, 2H), 7.77 (t, J = 7.5 Hz, 1H), 7.64 (t, J = 7.8 Hz, 2H).

[Bis(trifluoroacetoxyiodo)]arenes (SI-2 – SI-11) were synthesized according to General
Procedure A, via oxidation of the corresponding iodoarenes as reported by Skulski4
including a small modification on the work up for the removal of peroxides.

General Procedure A: The iodoarene (5.0 mmol, 1.0 equiv.) was added to a solution of
(CF3CO)2O (12 mL) in CH2Cl2 (40 mL) under Ar. The solution was cooled to 0 C and
stirred while sodium percarbonate (2.10 g, 13.4 mmol) was added portion wise (1.05 g
over 2 additions). After 2 h, the mixture was allowed to warm up to room temperature
and stirred for 20 h under Ar. The heterogeneous reaction mixture was then filtered to
remove CF3COONa as a white precipitate, which was washed with CH2Cl2, and then
discarded. The filtrate was washed with saturated solution of aqueous Na2S2O3 (removal
of peroxides), the organic phase was separated and dried over Na2SO4 and then
concentrated in vacuo followed by trituration with hexanes to give a white or pale-yellow
solid. The solid was isolated by vacuum filtration, washed with ~10 mL of hexanes, and
dried under vacuum.
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4-[bis(trifluoroacetoxy)iodo]-1-chlorobenzene (SI-2) was
synthesized according to General Procedure A to give the
desired product as a white solid. Yield: 1.67 g, 72%. The
melting point/ spectral data is consistent to that previously
reported.3 m.p. 130 – 133 °C. 1H NMR (500 MHz, CDCl3) δ
8.16 – 8.10 (m, 2H), 7.62 – 7.52 (m, 2H).
2-[bis(trifluoroacetoxy)iodo]toluene (SI-3) was synthesized
according to General Procedure A to give the desired product
as a white solid. Yield: 1.75 g, 79%. The spectral data is
consistent with that previously reported.6,7 m.p. 89 – 92 °C. 1H
NMR (500 MHz, CDCl3) δ 8.27 (dd, J = 8.1, 1.2 Hz, 1H), 7.64 (dtd, J = 15.4, 7.6, 1.6
Hz, 2H), 7.36 (td, J = 8.5, 7.8, 1.9 Hz, 1H), 2.79 (s, 3H).
3-[bis(trifluoroacetoxy)iodo]toluene (SI-4) was synthesized
according to General Procedure A to give the desired product as
a white solid. Yield: 1.91 g, 86%. The melting point data is
consistent with that previously reported.4 m.p. 92 – 96 °C. 1H
NMR (500 MHz, CDCl3) δ 8.08 – 7.97 (m, 2H), 7.60 – 7.44 (m,
2H), 2.48 (s, 2H). 13C NMR (500 MHz, CDCl3) δ 161.27 (q, J = 41.1 Hz), 143.03, 135.56,
134.74, 132.51, 131.78, 122.77, 112.99 (q, J = 288.4 Hz), 21.60. 19F NMR (500 MHz,
CDCl3) δ -73.48 (s).
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4-[bis(trifluoroacetoxy)iodo]toluene (SI-5) was synthesized
according to General Procedure A to give the desired product as
a white solid. Yield: 1.64 g, 74%. The spectral data and melting
point is consistent to that previously reported.4,7,8 m.p. 113 –
116 °C. 1H NMR (500 MHz, CDCl3) δ 8.10 – 8.06 (m, 2H), 7.39
(d, J = 8.3 Hz, 2H), 2.50 (s, 3H).
2-[bis(trifluoroacetoxy)iodo]-1-fluorobenzene

(SI-6)

was

synthesized according to General Procedure A to give the
desired product as a white solid (recrystallized from
CF3CO2H/Hexanes 1:10). Yield: 1.16 g, 52%. 1H NMR (500
MHz, CDCl3) δ 8.26 (ddd, J = 8.2, 5.6, 1.6 Hz, 1H), 7.78 (dddd,
J = 8.4, 7.4, 5.3, 1.6 Hz, 1H), 7.53 (td, J = 8.2, 1.4 Hz, 1H), 7.39 (ddd, J = 9.0, 7.6, 1.5
Hz, 1H). 13C NMR (500 MHz, CDCl3) δ 161.60, 161.27, 160.16, 158.11, 137.18 (d, J =
8.1 Hz), 137.06, 127.45 (d, J = 2.9 Hz), 117.46 (d, J = 21.6 Hz), 113.07 (d, J = 288.3 Hz),
110.18, 110.00.

19F

NMR (500 MHz, CDCl3) δ -73.34, -94.00. IR (neat) 1705, 1474,

1366, 1135, 854, 823, 779, 757, 729 cm-1. m.p. 116 – 119 °C. HRMS (ESI) m/z calcd
for C11H4F7IO4 447.9042 found 221.9988 (M – 2OTFA) +.
3-[bis(trifluoroacetoxy)iodo]-1-fluorobenzene

(SI-7)

was

synthesized according to General Procedure A to give the
desired product as a yellow solid (recrystallized from
CF3CO2H/Hexanes 1:10). Yield: 1.66 g, 74%. 1H NMR (500
MHz, CDCl3) δ 8.02 (d, J = 8.0 Hz, 1H), 8.03 – 7.92 (m, 1H),
7.65 (td, J = 8.3, 5.5 Hz, 1H), 7.44 (tdd, J = 8.2, 2.4, 0.9 Hz, 1H). 13C NMR (500 MHz,
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CDCl3) δ 163.83, 161.30 (dd, J = 81.5, 40.0 Hz), 133.39 (d, J = 7.8 Hz), 131.03 (d, J =
3.4 Hz), 122.88 (d, J = 25.6 Hz), 121.53 (d, J = 20.8 Hz), 121.18 (d, J = 8.3 Hz), 113.01
(q, J = 288.3 Hz).19F NMR (500 MHz, CDCl3) δ -73.35, -104.29. IR (neat) 1699, 1592,
1473, 1210, 1128, 996, 856, 778, 728, 666, cm-1. m.p. 110-112 °C HRMS (ESI) m/z calcd
for C11H4F7IO4 447.9042 found 221.9988 (M – 2OTFA) +.
4-[bis(trifluoroacetoxy)iodo]-1-fluorobenzene

(SI-8)

was

synthesized according to General Procedure A to give the
desired product as a white solid. Yield: 1.72 g, 77%. The
spectral data is consistent to that previously reported.8,9 1H
NMR (400 MHz, CDCl3) δ 8.25 – 8.18 (m, 2H), 7.33 – 7.27 (m,
2H).

3-[bis(trifluoroacetoxy)iodo]-1-trifluoromethylbenzene (SI9) was synthesized according to General Procedure A to give
the desired product as a white solid. Yield: 0.99 g, 40%. The
spectral and melting point data is consistent to that previously
reported.4,9 m.p. 99-100 °C. 1H NMR (400 MHz, CDCl3) δ 8.43 (d, J = 2.2 Hz, 1H), 8.40
– 8.36 (m, 1H), 8.00 (ddt, J = 7.9, 1.6, 0.8 Hz, 1H), 7.79 (t, J = 8.0 Hz, 1H).
4-[bis(trifluoroacetoxy)iodo]-1-trifluoromethylbenzene (SI10) was synthesized according to General Procedure A to give
the desired product as a white solid. Yield: 1.20 g, 48%. The
spectral and melting point data is consistent to that previously
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reported.5 m.p. 120 – 122 °C. 1H NMR (400 MHz, CDCl3) δ 8.36 – 8.29 (m, 2H), 7.92 –
7.85 (m, 2H).
3-Methyl-1-[bis(trifluoroacetoxy)iodo]-4-chlorobenzene
(SI-11) was synthesized according to General Procedure A to
give the desired product as a yellow solid (recrystallized from
CF3CO2H/Hexanes 1:10). Yield: 1.46 g, 61%. m.p. 103 – 105
°C. 1H NMR (500 MHz, CDCl3/TFA, 100:1) δ 8.07 (d, J = 1.9
Hz, 1H), 7.97 (dd, J = 8.6, 2.3 Hz, 1H), 7.56 (d, J = 8.6 Hz, 1H), 2.49 (s, 3H). 13C NMR
(500 MHz, CDCl3/TFA 100:1) δ 161.38 (q, J = 41.5 Hz), 141.34, 141.19, 137.20, 133.93,
132.55, 119.42, 112.82 (q, J = 288.3 Hz), 20.47. 19F NMR (500 MHz, CDCl3/TFA 100:1)
δ -73.34. IR (neat) 1730, 1699, 1389, 1362, 1130, 779, 728 cm-1. HRMS (ESI) m/z calcd
for C11H6ClF6IO4 + 477.8903 found 252.4800 (M-2OTFA) +
4-Fluoro-1-[bis(trifluoroacetoxy)iodo]-3-chlorobenzene
(SI-12) was synthesized according to General Procedure A to
give the desired product as a white solid (recrystallized from
CF3CO2H/Hexanes 1:10). Yield: 1.99g, 82%. m.p. 49 – 53 °C.
1H

NMR (500 MHz, CDCl3/TFA 100:1) δ 8.30 (dd, J = 6.2,

2.4 Hz, 1H), 8.13 (ddd, J = 8.9, 4.0, 2.4 Hz, 1H), 7.39 (dd, J = 8.8, 8.2 Hz, 1H). 13C NMR
(500 MHz, CDCl3/TFA 100:1) δ 162.58, 137.99, 136.10 (d, J = 8.5 Hz), 125.58 (d, J =
19.3 Hz), 120.54 (d, J = 23.0 Hz), 112.97 (d, J = 288.0 Hz).19F NMR (500 MHz,
CDCl3/TFA 100:1) δ -73.34, -102.69. IR (neat) 1781, 1685,1476, 1403, 1711, 1138, 821,
724, 703 cm-1. HRMS (ESI) m/z calcd for C10H3ClF7IO4 481.8653 found 255.8950 (M –
2OTFA) +.
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1-[bis(trifluoroacetoxy)iodo]-4-nitrobenzene (SI-13)

Synthesized as reported by Zhdankin5 including a small modification on the volume of
CHCl3 used for the reaction. 1-Iodo-4-nitrobenzene (1.25 g, 5.0 mmol, 1.0 equiv.) was
added to a solution of CF3CO2H (15 ml, 28.8 mmol, 6.6 equiv.) in CHCl3 (5 mL). Oxone
(4.60 g, 7.5 equiv.) was added portion wise and the reaction mixture was stirred at room
temperature for 1.5 h. After stir at room temperature overnight the solvent was removed
under reduced pressure and the residue was treated with CHCl3 (10 mL). The insoluble
inorganic salt was collected by filtration, washed with CHCl3 and discarded. The filtrate
was concentrated under reduced pressure and triturated with pentane to give 1[bis(trifluoroacetoxy)iodo]-4-nitrobenzene as a yellow solid. Yield: 0.630 g, 27%.
Spectral and melting point data is consistent with that previously reported.5,9 m.p. 157 –
160 °C.1H NMR (500 MHz, CDCl3) δ 8.45 – 8.39 (m, 4H).
1-[bis(trifluoroacetoxy)iodo]-3-nitrobenzene (SI-14)

Synthesized as reported by Zhdankin5 including a small modification on the volume of
CHCl3 used for the reaction. 1-Iodo-4-nitrobenzene (1.25 g, 5.0 mmol, 1.0 equiv.) was
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added to a solution of CF3CO2H (15 ml, 28.8 mmol, 6.6 equiv.) in CHCl3 (22 mL). Oxone
(4.60 g, 7.5 equiv.) was added portion wise and the reaction mixture was stirred at room
temperature for 1.5 h After stir at room temperature overnight the solvent was removed
under reduced pressure and the residue was treated with CHCl3 (10 mL). The insoluble
inorganic salt was collected by filtration, washed with CHCl3 (5 mL) and discarded. The
filtrate was concentrated under reduced pressure and triturated with pentane to give 1[bis(trifluoroacetoxy)iodo]-3-nitrobenzene as a yellow solid. Yield: 1.66 g, 70%. Spectral
data is consistent with that previously reported.5,9 1H NMR (500 MHz, CDCl3) δ 9.10 (t,
J = 1.9 Hz, 1H), 8.62 (ddd, J = 8.4, 2.1, 0.9 Hz, 1H), 8.54 (ddd, J = 8.1, 1.7, 0.8 Hz, 1H),
7.91 (t, J = 8.2 Hz, 1H).
1-[bis(trifluoroacetoxy)iodo]-4-benzonitrile (SI-15)

Synthesized as reported by Zhdankin5 including a small modification on the volume of
CHCl3 used for the reaction and CH3CN was used during the work up. 1-Iodo-4benzonitrile (1.00 g, 4.36 mmol, 1.0 equiv.) was added to a solution of CF3CO2H (5.0 ml,
9.60 mmol, 2.2 equiv.) in CHCl3 (22 mL). Oxone (2.01 g, 6.54 mmol, 1.5 equiv.) was
added portion wise and the reaction mixture was stirred at room temperature for 8 h. After
stir at room temperature overnight the solvent was removed under reduced pressure and
the residue was treated with CH3CN (20 mL). The insoluble inorganic salt was collected
by filtration, washed with CH3CN (10 mL) and discarded. The filtrate was concentrated
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under reduced pressure and triturated with pentane to give 1-[bis(trifluoroacetoxy)iodo]4-benzonitrile as a yellow solid. Yield: 1.44 g, 73%. m.p. 107 – 112 °C. 1H NMR (500
MHz, CDCl3) δ 8.45 (d, J = 8.8 Hz, 2H), 8.39 (d, J = 9.0 Hz, 2H). 13C NMR (500 MHz,
CDCl3) δ 161.32 (q, J = 41.8 Hz), 135.69, 135.36, 125.65, 117.91, 116.45, 113.00 (d, J =
288.1 Hz).19F NMR (500 MHz, CDCl3) δ -73.23. IR (neat) 2243, 1783, 1709, 1634, 1481,
1382, 1141, 1004, 823, 781, 730, 693 cm-1. HRMS (ESI) m/z calcd for C11H4F6INO4 +
454.9089 found 229.0178 (M – 2OTFA) +.
1-[bis(trifluoroacetoxy)iodo]-3-benzonitrile (SI-16)

Synthesized as reported by Zhdankin5 including a small modification on the volume of
CHCl3 used for the reaction and CH3CN was used during the work up. 1-Iodo-3benzonitrile (1.00 g, 4.36 mmol, 1.0 equiv.) was added to a solution of CF3CO2H (5.0 ml,
9.60 mmol, 2.2 equiv.) in CHCl3 (22 mL). Oxone (2.01 g, 6.54 mmol, 1.5 equiv.) was
added portionwise and the reaction mixture was stirred at room temperature for 8 h. After
stir at room temperature overnight the solvent was removed under reduced pressure and
the residue was treated with CH3CN (20 mL). The insoluble inorganic salt was collected
by filtration, washed with CH3CN (10 mL) and discarded. The filtrate was concentrated
under reduced pressure and triturated with pentane to give 1-[bis(trifluoroacetoxy)iodo]3-benzonitrile as a yellow solid. Yield: 1.29 g, 65%. m.p. 122 – 124 °C. 1H NMR (500
MHz, CDCl3) δ 8.49 (s, 1H), 8.45 (d, J = 8.5 Hz, 1H), 8.05 (d, J = 7.8 Hz, 1H), 7.81 (t, J
= 8.1 Hz, 1H).13C NMR (500 MHz, CDCl3) δ 161.21, 138.97, 138.17, 137.03, 132.76,
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121.75, 116.46, 115.92, 113.00 (q, J = 288.1 Hz). 19F NMR (500 MHz, CDCl3) δ -73.19.
IR (neat) 2241, 1724, 1692, 1393, 1366, 1144, 859, 797, 781, 731, 671 cm-1. HRMS
(ESI) m/z calcd for C11H4F6INO4 + 454.9089 found 229.0178 (M – 2OTFA) +.
1-[bis(trifluoroacetoxy)iodo]-4-bromobenzene (SI-17)

Synthesized as reported by Zhdankin5 including a small modification on the volume of
CHCl3 used for the reaction and CH3CN was used during the work up.1-Iodo-4bromobenzene (1.23 g, 4.36 mmol, 1.0 equiv.) was added to a solution of CF3CO2H (5.0
ml, 9.60 mmol, 2.2 equiv.) in CHCl3 (22 mL). Oxone (2.01 g, 6.54 mmol, 1.5 equiv.) was
added portionwise and the reaction mixture was stirred at room temperature for 8 h. After
stir at room temperature overnight the solvent was removed under reduced pressure and
the residue was treated with CH3CN (20 mL). The insoluble inorganic salt was collected
by filtration, washed with CH3CN (10 mL) and discarded. The filtrate was concentrated
under reduced pressure and triturated with pentane to give 1-[bis(trifluoroacetoxy)iodo]4-bromobenzene as a white solid. Yield: 2.00 g, 90%. Spectral data is consistent with that
previously reported.5,9 1H NMR (500 MHz, CDCl3) δ 8.05 (d, J = 8.7 Hz, 2H), 7.74 (d, J
= 8.7 Hz, 2H).
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1-[bis(trifluoroacetoxy)iodo]-2-bromobenzene (SI-18)

Synthesized as reported by Zhdankin5 including a small modification on the volume of
CHCl3 used for the reaction and CH3CN was used during the work up.1-Iodo-2bromobenzene (0.47 mL, 4.36 mmol, 1.0 equiv.) was added to a solution of CF3CO2H
(5.0 ml, 9.60 mmol, 2.2 equiv.) in CHCl3 (22 mL). Oxone (2.01 g, 6.54 mmol, 1.5 equiv.)
was added portionwise and the reaction mixture was stirred at room temperature for 8 h.
After stir at room temperature overnight the solvent was removed under reduced pressure
and the residue was treated with CH3CN (20 mL). The insoluble inorganic salt was
collected by filtration, washed with CH3CN (10 mL) and discarded. The filtrate was
concentrated under reduced pressure and triturated with pentane to give 1[bis(trifluoroacetoxy)iodo]-2-bromobenzene as a white solid Yield: 1.94 g, 94%. Spectral
data is consistent with that previously reported.6 1H NMR (500 MHz, CDCl3) δ 8.36 (dd,
J = 8.1, 1.4 Hz, 1H), 7.99 (dd, J = 8.0, 1.5 Hz, 1H), 7.62 (td, J = 7.8, 1.5 Hz, 1H), 7.51
(td, J = 8.0, 1.5 Hz, 1H).
1-[bis(trifluoroacetoxy)iodo]-3-bromobenzene (SI-19)

Synthesized as reported by Zhdankin5 including a small modification on the volume of
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CHCl3 used for the reaction and CH3CN was used during the work up. 1-Iodo-3bromobenzene (0.55 mL, 4.36 mmol, 1.0 equiv.) was added to a solution of CF3CO2H
(5.0 ml, 9.60 mmol, 2.2 equiv.) in CHCl3 (22 mL). Oxone (2.01 g, 6.54 mmol, 1.5 equiv.)
was added portionwise and the reaction mixture was stirred at room temperature for 8 h.
After stir at room temperature overnight the solvent was removed under reduced pressure
and the residue was treated with CH3CN (20 mL). The insoluble inorganic salt was
collected by filtration, washed with CH3CN (10 mL) and discarded. The filtrate was
concentrated under reduced pressure and triturated with pentane to give 1[bis(trifluoroacetoxy)iodo]-3-bromobenzene as a white solid. Yield: 1.70 g, 77%.
Spectral data is consistent with that previously reported.6 1H NMR (500 MHz, CDCl3) δ
8.36 (t, J = 1.8 Hz, 1H), 8.19 – 8.14 (m, 1H), 7.91 – 7.87 (m, 1H), 7.54 (t, J = 8.1 Hz,
1H).
1-[bis(trifluoroacetoxy)iodo]-2-chlorobenzene (SI-20)

Synthesized as reported by Zhdankin 5 including a small modification on the volume of
CHCl3 used for the reaction and CH3CN was used during the work up. 1-Iodo-2chlorobenzene (0.53 mL, 4.36 mmol, 1.0 equiv.) was added to a solution of CF3CO2H
(5.0 ml, 9.60 mmol, 2.2 equiv.) in CHCl3 (22 mL). Oxone (2.01 g, 6.54 mmol, 1.5 equiv.)
was added portionwise and the reaction mixture was stirred at room temperature for 8 h.
After stir at room temperature overnight the solvent was removed under reduced pressure
and the residue was treated with CH3CN (20 mL). The insoluble inorganic salt was
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collected by filtration, washed with CH3CN (10 mL) and discarded. The filtrate was
concentrated under reduced pressure and triturated with pentane to give 1[bis(trifluoroacetoxy)iodo]-2-chlorobenzene as a white solid. Yield: 1.86 g, 92%.
Spectral data is consistent with that previously reported.5 1H NMR (500 MHz, CDCl3) δ
8.35 (dd, J = 8.1, 1.4 Hz, 1H), 7.84 (dd, J = 8.1, 1.5 Hz, 1H), 7.71 (ddd, J = 8.1, 7.5, 1.5
Hz, 1H), 7.47 (ddd, J = 8.1, 7.5, 1.6 Hz, 1H).
1-[bis(trifluoroacetoxy)iodo]-3-bromobenzene (SI-21)

Synthesized as reported by Zhdankin5 including a small modification on the volume of
CHCl3 used for the reaction and CH3CN was used during the work up. 1-Iodo-3chlorobenzene (0.54 mL, 4.36 mmol, 1.0 equiv.) was added to a solution of CF3CO2H
(5.0 ml, 9.60 mmol, 2.2 equiv.) in CHCl3 (22 mL). Oxone (2.01 g, 6.54 mmol, 1.5 equiv.)
was added portionwise over 30 minutes and the reaction mixture was stirred at room
temperature for 8 h. After stir at room temperature overnight the solvent was removed
under reduced pressure and the residue was treated with CH3CN (20 mL). The insoluble
inorganic salt was collected by filtration, washed with CH3CN (10 mL) and discarded.
The filtrate was concentrated under reduced pressure and triturated with pentane to give
1-[bis(trifluoroacetoxy)iodo]-3-bromobenzene as a white solid. Yield: 1.76 g, 87%.
Spectral data is consistent with that previously reported.5 1H NMR (500 MHz, CDCl3) δ
8.20 (t, J = 1.9 Hz, 1H), 8.12 – 8.06 (m, 1H), 7.73 – 7.68 (m, 1H), 7.58 (t, J = 8.2 Hz,
1H).
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1-[bis(trifluoroacetoxy)]-4-Methyl-benzoate (SI-22)

Synthesized as reported by Shafir.6 p-Iodobenzoate (2.10 g, 8.0 mmol) was added to a
solution of CF3CO2H (24 mL) in CHCl3 (8.0 mL). Oxone (4.91 g, 16 mmol, 2.0 equiv.)
was added portion wise over 30 minutes and the reaction mixture was stirred at room
temperature for 8 h. When the reaction was completed (full consumption of starting
material by TLC analysis), the solvent was removed under reduced pressure and the solid
residue was treated with hot CHCl3 (6 x 30 mL) and filtered. The combined filtrate was
concentrated under reduced pressure to give 1-[bis(trifluoroacetoxy)]-4- methyl-benzoate
as a white solid. Yield: 0.468 g, 12%. Spectral data is consistent with that previously
reported.6 1H NMR (500 MHz, CDCl3) δ 8.27 – 8.21 (m, 4H), 3.98 (s, 3H).
(3-methyoxy)[bis(trifluoroacetoxy)iodo]benzene (SI-23)

Synthesized as reported by Kitamura.10 3-methoxy-iodobenzene (1.17 g, 5.0 mmol, 1.0
equiv.) was added to a stirring mixture of acetic acid (45 mL) and CF3SO3H (2.6 mL).
NaBO3∙4H2O (7.69 g, 50 mmol) was added portion wise over 10 minutes at room
temperature. The reaction was heated to 40-45 C for 4 h (disappearance of starting
341

material by TLC). Next, the volume of the reaction was reduced in half under reduced
pressure. Water (10 mL) was added and the reaction was extracted with dichloromethane
(3 x 10 mL). The combined organic layers were dried over Na2SO4 and the solvent was
removed under reduced pressure. The residue was washed several times with pentane to
give 1-(diacetoxyiodo)-3-methoxybenzene. Yield: 0.744 g, 42%). This solid was then
dissolved in trifluoroacetic acid (10 mL) and stirred at room temperature for 10 min
(complete solubilization). The solvent was then removed under reduced pressure and the
resulting precipitate was washed several times with pentane to remove impurities and
dried under vacuum to give (3-methyoxy)[bis(trifluoroacetoxy)iodo]benzene as an pale
orange solid. Yield: 681 mg 76%. The melting point data is consistent to that previously
reported.11 1H NMR (500 MHz, CDCl3) δ 7.74 (ddd, J = 8.1, 1.7, 0.7 Hz, 1H), 7.73 – 7.69
(m, 1H), 7.52 (t, J = 8.3 Hz, 1H), 7.22 (ddd, J = 8.5, 2.4, 0.6 Hz, 1H), 3.88 (s, 1H). 13C
NMR (500 MHz, CDCl3) δ 161.26 (q, J = 41.1 Hz), 132.60, 127.25, 122.53, 120.42,
120.20, 113.01 (q, J = 288.4 Hz), 56.11. 19F NMR (500 MHz, CDCl3) δ -73.43 (s). m.p.
102 – 104 °C.
(3-toluenesulfonate)[bis(trifluoroacetoxy)iodo]benzene (SI – 24)

Synthesized as reported by Kitamura.10 3-iodophenyl 4- methylbenzenesuldonate; (1.87
g, 5.0 mmol, 1.0 equiv.) was added to a stirring mixture of acetic acid (45 mL) and
CF3SO3H (2.6 mL). NaBO3∙4H2O (7.69 g, 50 mmol) was added portion wise over 10
minutes at room temperature. The reaction was heated to 40-45 C for 8 h (disappearance
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of starting material by TLC). Next, the volume of the reaction was reduced in half under
reduced pressure. Water (10 mL) was added and the reaction was extracted with
dichloromethane (3 x 10 mL). The combined organic layers were dried over Na2SO4 and
the solvent was removed under reduced pressure. The residue was washed several times
with pentane and dissolved in trifluoroacetic acid (10 mL) and stirred at room temperature
for 10 min (complete solubilization). The solvent was then removed under reduced
pressure and the resulting precipitate was washed several times with pentane to remove
impurities

and

dried

under

vacuum

to

give

(3-

methyoxy)[bis(trifluoroacetoxy)iodo]benzene as a white solid. Yield: 2.61 g mg 85%. 1H
NMR (500 MHz, CDCl3) δ 8.07 (ddd, J = 8.2, 1.9, 0.9 Hz, 1H), 7.85 (t, J = 2.0 Hz, 1H),
7.72 – 7.67 (m, 2H), 7.59 (t, J = 8.3 Hz, 1H), 7.43 (ddd, J = 8.3, 2.2, 0.9 Hz, 1H), 7.37 –
7.31 (m, 2H), 2.45 (s, 3H).

13C

NMR (500 MHz, CDCl3) δ 161.33, 161.00, 160.67,

160.42, 150.73, 146.64, 133.50, 132.97, 131.40, 130.31, 128.61, 128.33, 121.11, 112.99
(q, J = 288.4 Hz), 21.88. 19F NMR (500 MHz, CDCl3) δ -73.29 m.p. 105 – 107 °C.

B.7 - Synthesis of (Diacetoxyiodo)arenes
(Diacetoxyiodo)arenes were synthesized according to General Procedure B, via oxidation
of the corresponding iodoarenes as reported by as reported by Shafir.12

General procedure B: Solid NaBO3∙H2O or NaBO3∙4H2O (120 mmol, 12 equiv.) was
added portionwise over a period of 30 minutes to a solution of appropriate iodoarene (10
mmol) and acetic acid (100 mL). The reaction mixture was stirred and heated to 50 °C.
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After the TLC confirmed the complete consumption of starting material, the solvent was
removed by reduced pressure. Water was added to the residue followed by extraction with
CH2Cl2 (15 mL 3x). The combined organic fractions were dried over Na2SO4 and the
solvent was removed under reduced pressure. Addition of pentane leads to the formation
of title product (if the no precipitate formed, several drops of pentane was added until the
precipitate formed). The product was washed several times with pentane and dried under
vacuum.
N-methyl-4-iodopyrazole diacetate (SI-24) was synthesized
according to General Procedure B to give a white solid Yield: 2.86
g, 74%. The spectral data is consistent to that previously
reported.12 1H NMR (400 MHz, CDCl3) δ 7.92 (s, 1H), 7.86 (d, J
= 0.6 Hz, 1H), 4.02 (s, 3H), 2.00 (s, 6H).
Thiophen-3-yl-𝝀𝟑-iodanediyl

diacetate

(SI-25)

was

synthesized according to General Procedure B to give a paleyellow solid Yield: 906 mg, 55%. The spectral data is consistent
to that previously reported.12 1H NMR (500 MHz, CDCl3) δ 8.04
(dd, J = 3.0, 1.3 Hz, 1H), 7.52 (dd, J = 5.2, 1.3 Hz, 1H), 7.48 (dd, J = 5.2, 3.1 Hz, 1H),
2.02 (s, 6H).
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B.8 - Synthesis of diaryliodonium salts
Bis(4-methylphenyl) iodonium trifluoromethanesulfonate (SI-27)

Synthesized according to a procedure reported by Olofsson.13 Iodotoluene (200 mg, 0.92
mmol 1.0 equiv.) and m-CPBA (175 mg, 1.0 mmol, 1.1 equiv.) were dissolved in dry
CH2Cl2 (5 mL, 0.2 M), followed by addition of toluene (107 μL, 1.0 mmol, 1.1 equiv.).
The reaction mixture was cooled to 0℃ and triflic acid (162 μL, 1.84 mmol, 2.0 equiv.)
was added dropwise. The solution was let warm up naturally and it was stirred at room
temperature for 10 min. Next, the reaction mixture was concentrated under reduced
pressure and Et2O (2 mL) was added. The flask was then cooled down in the freezer for
30 min (formation of a white crystalline precipitate). The precipitate was filtered, washed
with cold Et2O, and dried under vacuum to give Bis(4-methylphenyl) iodonium
trifluoromethanesulfonate. Yield: 210 mg, 50%. The spectral data is consistent to that
previously reported.13 H NMR (500 MHz, CDCl3) δ 7.83 (d, J = 8.4 Hz, 4H), 7.24 (d, J
= 8.2 Hz, 4H), 2.39 (s, 6H).
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Diphenyliodonium tetrafluoroborate (SI-28)

Synthesized according to a procedure reported by Ochiai.14 A solution of
(Diacetoxy)iodobenzene (0.966 g 3.0 mmol, 1.0 equiv.) in dichloromethane (30 mL) was
added dropwise to a solution mixture of phenyl boronic acid (384 mg, 3.15 mmol, 1.1
equiv.) and BF3∙Et2O (0.41 mL, 3.3 mmol, 1.1 equiv.) in dry dichloromethane (30 mL) at
0 C under argon. The reaction mixture stirred at this temperature for 1.5 h. After the
addition of NaBF4 (6.60 g, 60 mmol, 20 equiv.), the mixture was continued to stir at 0 C
for 30 min. The reaction mixture was then poured into water and extracted with
dichloromethane (3x 20 mL) and the organic layer was dried over Na2SO4 and
concentrated under reduced pressure. The solid residue was washed several times with
diethyl ether and left at –78 °C to give Diphenyliodonium tetrafluoroborate as a pale
yellow crystalline solid. Yield: 211 mg, 24%. The spectral data is consistent to that
previously reported.14 1H NMR (400 MHz, DMSO-d6) δ 8.24 (d, J = 7.9 Hz, 2H), 7.67 (t,
J = 7.4 Hz, 1H), 7.53 (t, J = 7.7 Hz, 2H).
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o-Nitrophenylphenyliodonium fluoride (SI-29)

Synthesized as reported by Rawal.15 K2S2O8 (6.00 g, 22 mmol) was added in small
portions to a stirred solution of o-iodonitrobenzene (5.00 g, 20 mmol) in H2SO4 (100 mL),
followed by benzene (25 mL). The solution was stirred at room temperature for 1.5 h.
Next, the mixture was poured into ice (300 mL) and filtered. Aqueous KI (5.00 g in 20
mL of H2O) was added to the filtrate, giving an orange precipitate, which was filtered,
washed with H2O (250 mL) and small amount of acetone, and dried under vacuum to give
o-Nitrophenylphenyliodonium iodide. o-Nitrophenylphenyliodonium iodide (1.80 g, 4.0
mmol) was added in one portion to a stirred solution of AgF (0.500 g, 4.0 mmol) in H2O
(15 mL). The solution was stirred overnight at room temperature. Next, the insoluble
material was filtered, and the remaining solvent was removed under reduced pressure.
The residue was diluted in acetonitrile and recrystallized at 0℃ to give oNitrophenylphenyliodonium fluoride as a yellow solid. Yield 1.95 g, 71%. The spectral
data is consistent to that previously reported.15 1H NMR (500 MHz, CD3CN) δ 8.53 (dd,
J = 8.1, 1.5 Hz, 1H), 8.20 – 8.15 (m, 2H), 7.87 – 7.83 (m, 1H), 7.81 (ddd, J = 8.3, 7.4, 1.2
Hz, 1H), 7.71 (ddd, J = 8.1, 7.3, 1.5 Hz, 1H), 7.69 – 7.64 (m, 2H), 7.21 (dd, J = 8.2, 1.2
Hz, 1H).
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B.9 - Direct Alpha C–H Arylation of Enones with ArI(O2CR)2 Reagents

Unless otherwise stated, all arylations were carried out according to General Procedure
C, below.
General Procedure C:
Formation of -pyridinium silyl enol ether: The pyridinium silyl enol ether was
synthesized as reported by Kim.15 The starting ,-unsaturated ketone or aldehyde (0.37
mmol, 1.0 equiv.) was added to flame-dried flask under argon and dissolved in dry
acetonitrile (1.8 mL, 0.2 M), following by the addition of pyridine (40 μL, 0.41 mmol,
1.1 equiv.*fresh distilled over CaH and stored under mol sieves) dropwise at room
temperature. The reaction mixture was cooled to –40 C and TMSOTf (90 μL, 0.48 mmol,
1.3 equiv. * fresh distilled over CaH2 and stored under mol sieves) was added dropwise.
The reaction mixture was allowed to warm to room temperature and stir for 1.5 h.
Arylation: The reaction was then cooled again to –40 °C and the appropriate ArI(OCOR)2
reagent (0.48 mmol, 1.3 equiv) was added in one portion. The reaction was then warmed
to room temperature naturally (15 min after addition of the ArI(OCOR)2 reagent.) Upon
reaching the room temperature, MeOH (30.0 μL, 2.0 equiv.) and silica gel (small scoop,
~20 mg) was added and the reaction mixture was heated to 40 °C for 24 h under argon
(No condenser was placed on the flask upon heating overnight). The solvent of the
reaction was removed under reduced pressure and the residue was direct purified by flash
column chromatography on silica gel.
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4.97 was synthesized following General Procedure C using SI-1 as the
aryl source. Purification: 5% EtOAc/Hexanes. Yield: 100 mg, 90%.
Alternatively, this substrate could also be arylated using commercial
PhI(OAc)2 as the arylating agent (Yield: 84 mg, 76%) 1H NMR (500 MHz, CDCl3) δ
7.84 (dd, J = 8.0, 1.2 Hz, 1H), 7.33 (td, J = 7.5, 1.2 Hz, 1H), 7.11 (dd, J = 7.6, 1.7 Hz,
1H), 7.00 (td, J = 7.7, 1.7 Hz, 1H), 6.87 (t, J = 4.2 Hz, 1H), 2.62 (t, J = 6.7 Hz, 2H), 2.54
(q, J = 5.5 Hz, 2H), 2.16 (p, J = 6.1 Hz, 2H). 13C NMR (500MHz, CDCl3) δ 197.00
,149.32, 144.49, 142.29, 138.90, 130.18,129.72, 128.05, 99.91, 38.79, 26.25, 22.94. IR
(neat) 2950, 2925, 2861, 1667, 1448, 1339, 1091, 997, 820, 804, 752, 723, 674. HRMS
(ESI) m/z calcd for C12H12IO+ (M+H) + 298.9933 found 298.9922.
4.98 was synthesized following General Procedure C using SI-3 as the
aryl source. Purification: 5% EtOAc/Hexanes. Yield: 79.0 mg, 68%.
1H

NMR (500 MHz, CDCl3) δ 7.24 – 7.15 (m, 2H), 6.92 – 6.88 (m,

1H), 6.83 (t, J = 4.2 Hz, 1H), 2.73 – 2.51 (m, 4H), 2.48 (s, 3H), 2.27 – 2.07 (m, 2H). 13C
NMR (500 MHz, CDCl3) δ 197.34, 148.52, 145.94, 143.47, 142.21, 128.99, 127.89,
127.35, 107.02, 38.95, 29.63, 26.35, 23.02. IR (neat) 2925, 2861, 1682, 1422, 1348, 1157,
1121, 1035, 796, 725 cm-1. HRMS (ESI) m/z calcd for C13H14IO+ (M+H) + 313.0089
found 313.0077.
4.99 was synthesized following General Procedure C using SI-4 as the
aryl source. Purification: 2% EtOAc/Hexanes. Yield: 90.0 mg, 78%.
1H

NMR (500 MHz, CDCl3) δ 7.69 (d, J = 0.8 Hz, 1H), 7.14 (ddd, J

= 7.7, 1.6, 0.6 Hz, 1H), 6.99 (d, J = 7.7 Hz, 1H), 6.85 (t, J = 4.2 Hz, 1H), 2.66 – 2.57 (m,
2H), 2.53 - 2.49 (m, 2H), 2.30 (s, 3H), 2.19 - 2.11 (m, 2H). 13C NMR 500 MHz, CDCl3)
349

δ 197.29, 149.25, 144.40, 139.52, 139.45, 139.35, 129.84, 128.98, 99.84, 38.90, 26.35,
23.05, 20.70. IR (neat) HRMS (ESI) m/z calcd for C13H14IO+ (M+H) + 313.0089 found
313.0101.
4.100 was synthesized following General Procedure C using SI-5 as
the aryl source. Purification: 5% EtOAc/Hexanes. Yield: 76.0 mg,
66%. 1H NMR (500 MHz, CDCl3) δ 7.70 (d, J = 8.1 Hz, 1H), 6.94 (d,
J = 2.2 Hz, 1H), 6.85 (t, J = 4.2 Hz, 1H), 6.83 (dd, J = 8.0, 2.2 Hz, 1H),
2.61 (t, J = 6.8 Hz, 2H), 2.56 – 2.50 (m, 2H), 2.28 (s, 3H), 2.16 (p, J = 6.1 Hz, 2H).

13C

NMR (500 MHz, CDCl3) δ 197.29, 149.25, 144.40, 139.52, 139.45, 139.35, 129.84,
128.98, 99.84, 38.90, 26.35, 23.05, 20.70. IR (neat) 2921, 2864, 1674, 1454, 1392, 1346,
1006, 807 cm-1. HRMS (ESI) m/z calcd for C13H14IO+ (M+H)+ 313.0089 found 313.0082.
4.101 was synthesized following General Procedure C using SI9 as the aryl source. Purification: 5% EtOAc/Hexanes. Yield:
76.0 mg, 56%. 1H NMR (500 MHz, CDCl3) δ 8.08 (s, 1H), 7.59
(d, J = 7.9 Hz, 1H), 7.22 (d, J = 7.9 Hz, 1H), 6.91 (t, J = 4.1 Hz,
1H), 2.71 – 2.58 (m, 2H), 2.59 – 2.53 (m, J = 4.6 Hz, 2H), 2.28 – 2.06 (m, 2H). 13C NMR
(500 MHz, CDCl3) δ 196.60, 150.02, 146.13, 143.77, 135.82 (d, J = 3.5 Hz), 131.15,
130.37, 125.06 (d, J = 3.3 Hz), 122.95 (q, J = 272.8 Hz), 99.66, 38.71, 26.28, 23.00. 19F
NMR (400 MHz, CDCl3) δ -62.71 (s). IR (neat) 2928, 1677, 1354, 1318, 1127, 1077,
702 cm-1. HRMS (ESI) m/z calcd for C13H10F3IO+ (M+H) + 366.9807 found 366.9819.
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4.102 was synthesized following General Procedure C using SI-10 as
the aryl source. Purification: 5% EtOAc/Hexanes. Yield: 58.0 mg, 43
%. 1H NMR (500 MHz, CDCl3) δ 7.99 (d, J = 2.0 Hz, 1H), 7.46 (dd,
J = 8.1, 2.0 Hz, 1H), 6.97 (d, J = 8.1 Hz, 1H), 6.88 (t, J = 4.2 Hz, 1H),
2.63 – 2.58 (m, 2H), 2.57 – 2.51 (m, 2H), 2.20 – 2.11 (m, 2H). 13C NMR (500 MHz,
CDCl3) δ 196.60, 150.16, 143.74, 143.32, 139.59, 130.56, 126.72 (d, J = 3.5 Hz), 125.82
(d, J = 3.4 Hz), 123.96 (q, J = 272.3 Hz), 104.37, 38.71, 26.29, 22.86. 19F NMR (400
MHz, CDCl3) δ -62.79 (s). IR (neat) 2942, 1675, 1595, 1327, 1157, 1076, 1029, 834,716
cm-1. HRMS (ESI) m/z calcd for C13H10F3IO+ 365.9728 found 365.9713.
4.103 was synthesized following General Procedure C using SI23 as the aryl source. Purification: 5% EtOAc/Hexanes. Yield:
92.0 mg, 76%. 1H NMR (500 MHz, CDCl3) δ 7.38 (d, J = 2.5 Hz,
1H), 7.01 (d, J = 8.4 Hz, 1H), 6.91 – 6.83 (m, 2H), 3.78 (s, 3H), 2.65 – 2.58 (m, 2H), 2.56
– 2.48 (m, 2H), 2.21 – 2.06 (m, 2H).

13C

NMR (500 MHz, CDCl3) δ 197.50, 159.27,

149.53, 144.00, 134.60, 130.44, 124.19, 114.25, 99.94, 55.65, 38.90, 26.38, 23.06.IR (neat)
2944, 2918, 2855, 2834, 1669, 1590, 1480, 1352, 1224, 1025, 804, 794 cm-1. m.p. 75 – 77
°C. HRMS (ESI) m/z calcd for C13H13IO2 + (M+H) + 329.0039 found 329.0018.
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4.104 was synthesized following General Procedure C using SI-24
as the aryl source.1H NMR (500 MHz, CDCl3) δ 7.73 (d, J = 8.4
Hz, 2H), 7.44 (d, J = 2.3 Hz, 1H), 7.34 (d, J = 8.0 Hz, 2H), 7.01 (d,
J = 8.4 Hz, 1H), 6.96 (dd, J = 8.4, 2.4 Hz, 1H), 6.85 (t, J = 4.2 Hz,
1H), 2.58 (t, J = 6.7 Hz, 2H), 2.52 (q, J = 5.5 Hz, 2H), 2.45 (s, 3H), 2.15 – 2.09 (m, 2H).
13C

NMR (500 MHz, CDCl3) δ 196.74, 150.06, 148.57, 145.80, 143.42, 141.30, 132.57,

132.19, 130.55, 130.00, 128.60, 121.92, 99.16, 38.72, 26.27, 22.87, 21.86. IR (neat)
1675.68, 1596.17, 1470.84, 1371.61, 1209.50, 1194.20, 1180.35, 1160.27, 1091.56,
874.43, 813.48, 726.00, 665.20. HRMS (ESI) m/z calcd for C19H17IO4S (M+Na)

+

490.9803 found 490.9807
4.105 was synthesized following General Procedure C using SI-22 as
the aryl source. Purification: 5% EtOAc/Hexanes. Yield: 90.0 mg,
68%. 1H NMR (500 MHz, CDCl3) δ 7.93 (d, J = 8.2 Hz, 1H), 7.75 (d,
J = 1.8 Hz, 1H), 7.63 (dd, J = 8.2, 1.7 Hz, 1H), 6.91 (t, J = 4.1 Hz,
1H), 3.89 (s, 3H), 2.69 – 2.58 (m, 2H), 2.59 – 2.51 (m, J = 3.8 Hz, 2H), 2.23 – 2.10 (m,
2H). 13C NMR (500 MHz, CDCl3) δ 196.76, 166.58, 149.87, 143.94, 142.84, 139.27,
130.92, 130.19, 129.94, 106.33, 52.40, 38.74, 26.29, 22.91. IR (neat) 2949, 1716, 1672,
1587, 1434, 1298, 1239, 1203, 1107, 1006, 758 cm-1. HRMS (ESI) m/z calcd for
C14H13IO3+ (M+H) + 356.9988 found 356.9984.
4.106 was synthesized following General Procedure C using SI-13 as
the aryl source. Purification: 5% EtOAc/Hexanes. Yield: 14.0 mg, 11%.
1H

NMR (500 MHz, CDCl3) δ 8.04 (d, J = 8.6 Hz, 1H), 7.95 (d, J = 2.4

Hz, 1H), 7.85 (dd, J = 8.6, 2.5 Hz, 1H), 6.98 (t, J = 4.1 Hz, 1H), 2.67 –
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2.63 (m, 2H), 2.62 – 2.57 (m, 2H), 2.23 – 2.16 (m, 2H). 13C NMR (500 MHz, CDCl3) δ
196.30, 150.59, 148.09, 144.14, 143.23, 140.10, 124.65, 123.65, 108.61, 38.66, 26.33,
22.85. IR (neat) 2921, 2850, 1676, 1519, 1342, 1158, 1031, 891, 819, 719 cm-1. HRMS
(ESI) m/z calcd for C12H10INO3 + (M+H) + 343.9784 found 343.9777.
4.107 was synthesized following General Procedure C using SI-15 as
the aryl source. Purification: 5% EtOAc/Hexanes. Yield: 15.0 mg, 13%.
1H

NMR (500 MHz, CDCl3) δ 7.98 (d, J = 8.2 Hz, 1H), 7.37 (s (broad),

1H), 7.28 – 7.22 (m (broad), 2H), 6.93 (t, J = 3.5 Hz, 1H), 2.67 – 2.61
(m, 2H), 2.61 – 2.54 (m (broad), 2H), 2.22 – 2.13 (m, 2H). 13C NMR (500MHz, CDCl3) δ
196.37, 150.46, 143.90, 143.19, 140.10, 133.00, 132.00, 118.17, 112.42, 106.35, 38.65,
26.31, 22.84. IR (neat) 2943, 2226, 1671, 1459, 1346, 1202, 1153, 1031, 830, 725 cm-1.
HRMS (ESI) m/z calcd for C13H10INO+ 322.9807 found 196.0762 (M-I) +
4.108 was synthesized following General Procedure C using SI-20
as the aryl source. Purification: 5% EtOAc/Hexanes. Yield: 15.0 mg,
12%. 1H NMR (500 MHz, CDCl3) δ 7.38 (d, J = 8.0 Hz, 1H), 7.26
(m(overlap solvent), 2H), 6.97 (d, J = 7.4 Hz, 1H), 6.85 (t, J = 4.0 Hz, 1H), 2.58 (t(broad),
J = 33.1 Hz, 4H), 2.28 – 2.07 (m, 2H).

13C

NMR (500 MHz, CDCl3) δ 196.99, 149.13,

145.70, 145.55, 139.38, 129.19, 128.62, 127.97, 104.53, 38.95, 26.38, 23.02. IR (neat)
2925, 2865, 1670, 1442, 1392, 1351, 1156, 1123, 1024, 783, 758, 743, 721, 692 cm-1.
HRMS (ESI) m/z calcd for C12H11ClIO+ 331.9465 found 205.0420 (M-I) +.
4.109 was synthesized following General Procedure C using SI-21
as the aryl source. Purification: 5% EtOAc/Hexanes. Yield: 51.0 mg,
42%. 1H NMR (500 MHz, CDCl3) δ 7.84 (d, J = 2.1 Hz, 1H), 7.31
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(dd, J = 8.2, 2.1 Hz, 1H), 7.03 (d, J = 8.2 Hz, 1H), 6.88 (t, J = 4.2 Hz, 1H), 2.65 – 2.57 (m,
2H), 2.56 – 2.48 (m, 2H), 2.24 – 2.10 (m, 2H).

13C

NMR (500 MHz, CDCl3) δ 196.89,

149.86, 143.60, 140.82, 138.36, 134.07, 130.73, 128.35, 99.90, 38.76, 26.31, 22.94. IR
(neat) 2929, 1679, 1610, 1408, 1282, 1180, 817 cm-1. HRMS (ESI) m/z calcd for
C12H11ClIO+ 332.5647; found 205.1 (M-I) + (Low resolution MS from GCMS. Ionization
for HRMS Analysis was not successful under numerous methods).
4.110 was synthesized following General Procedure C using SI-2 as
the aryl source. Purification: 5% EtOAc/Hexanes. Yield: 80.0 mg,
71%. 1H NMR (500 MHz, CDCl3) δ 7.74 (d, J = 8.5 Hz, 1H), 7.11 (d,
J = 2.4 Hz, 1H), 6.99 (dd, J = 8.4, 2.5 Hz, 1H), 6.88 (t, J = 4.2 Hz, 1H),
2.61 (m, 2H), 2.57 – 2.51 (m, 2H), 2.20 – 2.12 (m, 2H). 13C NMR (400 MHz, CDCl3) δ
196.65, 149.86, 143.85, 139.97, 134.48, 130.21, 129.51, 97.10, 38.77, 26.30, 22.92. IR
(neat) 2950, 2927, 2862, 1662, 1667, 1448, 1339, 1090, 996, 820, 752 cm-1. HRMS (ESI)
m/z calcd for C12H11ClIO+ (M+H) + 332.9548 found 332.9548.
4.111 was synthesized following General Procedure C using SI-18
as the aryl source. Purification: 5% EtOAc/Hexanes. Yield: 23.0 mg
16%. 1H NMR (500 MHz, CDCl3) δ 7.56 (dd, J = 8.0, 1.5 Hz, 1H),
7.21 – 7.17 (m, 1H), 7.00 (dd, J = 7.5, 1.5 Hz, 1H), 6.83 (t, J = 4.2 Hz, 1H), 2.59 (t (broad),
J = 23.3 Hz, 4H), 2.29 – 2.03 (m, 2H). 13C NMR (500 MHz, CDCl3) δ 196.83, 148.87,
146.02, 146.02, 131.99, 130.85, 129.31, 128.26, 107.34, 38.88, 26.26, 22.92. IR (neat)
2924, 2864, 1669, 1438, 1388, 1344, 1156, 1123, 1020, 973, 780, 718, 688 cm-1. HRMS
(ESI) m/z calcd for C1H10BrIO+ 375.8960 found 248.9915 (M-I) +.
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4.112 was synthesized following General Procedure C using SI-19
as the aryl source. Purification: 5% EtOAc/Hexanes. Yield: 61.0
mg, 44%. 1H NMR (500 MHz, CDCl3) δ 7.99 (d, J = 2.0 Hz, 1H),
7.46 (dd, J = 8.1, 2.0 Hz, 1H), 6.97 (d, J = 8.1 Hz, 1H), 6.87 (t, J =
4.2 Hz, 1H), 2.65 – 2.58 (m, 2H), 2.56 – 2.51 (m, 2H), 2.23 – 2.09 (m, 2H). 13C NMR
(500 MHz, CDCl3) δ 196.75, 149.79, 143.58, 141.26, 140.91, 131.23, 131.12, 122.02,
100.37, 38.72, 26.27, 22.90. IR (neat) 2924, 2865, 1673, 1568, 1457, 1345, 1035, 841
cm-1. HRMS (ESI) m/z calcd for C1H10BrIO+ (M+H) + 376.9038 found 376.9048.
4.113 was synthesized following General Procedure C using SI-17 as
the aryl source. Purification: 5% EtOAc/Hexanes. Yield: 65.0 mg, 47%.
1H

NMR (500 MHz, CDCl3) δ 7.68 (d, J = 8.4 Hz, 1H), 7.26 (d, J = 2.3

Hz, 2H), 7.14 (dd, J = 8.4, 2.4 Hz, 1H), 6.89 (t, J = 4.1 Hz, 1H), 2.74 –
2.56 (m, 3H), 2.58 – 2.44 (m, 2H), 2.31 – 2.02 (m, 2H). 13C NMR (500 MHz, CDCl3) δ
196.64, 149.89, 144.29, 143.68, 140.24, 133.10, 132.42, 122.45, 98.01, 38.77, 26.31,
22.92. IR (neat) 2948, 2923, 2860, 1677, 1664, 1448, 1337, 1156, 1116, 1080, 1025, 992,
971, 803, 720 cm-1. HRMS (ESI) m/z calcd for C1H10BrIO+375.8960 found 248.9920 (MI) +.
4.114 was synthesized following General Procedure C using SI-6 as
the aryl source. Purification: 2% EtOAc/Hexanes. Yield: 40.0 mg,
34%. 1H NMR (500 MHz, CDCl3) δ 7.32 – 7.27 (m, 1H), 6.99 (td,
J = 8.1, 1.4 Hz, 1H), 6.93 – 6.87 (m, 2H), 2.67 – 2.60 (m, 2H), 2.60 – 2.53 (m, 2H), 2.23
– 2.13 (m, 2H). 13C NMR (500 MHz, CDCl3) δ 196.82, 162.65, 160.71, 149.72, 144.75,
143.62, 129.64 (d, J = 8.4 Hz), 125.79 (d, J = 1.8 Hz), 114.65 (d, J = 24.5 Hz), 87.65 (d,
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J = 24.6 Hz), 38.78, 26.29, 22.93.19F NMR (400 MHz, CDCl3) δ -90.15 (s). IR (neat)
2928, 2866, 1672, 1458, 1420, 1240, 1155, 902, 803, 723, 696 cm-1. HRMS (ESI) m/z
calcd for C12H11FIO+ (M+H) + 316.9839 found 316.9837.

4.115 was synthesized following General Procedure C using SI-7 as
the aryl source. Purification: 5% EtOAc/Hexanes. Yield: 70.0 mg,
60%. 1H NMR (400 MHz, CDCl3) δ 7.57 (ddd, J = 8.1, 2.1, 0.6 Hz,
1H), 7.08 – 7.04 (m, 2H), 6.88 (t, J = 4.2 Hz, 1H), 2.64 – 2.57 (m,
2H), 2.58 – 2.50 (m, J = 10.2, 5.8 Hz, 2H), 2.19 – 2.12 (m, J = 12.3, 6.0 Hz, 2H). 13C
NMR (500 MHz, CDCl3) δ 197.06, 162.43, 160.43, 149.93, 143.58, 138.38, 130.83 (d, J
= 8.0 Hz), 125.94 (d, J = 23.8 Hz), 115.20 (d, J = 21.0 Hz), 99.26 (d, J = 8.0 Hz), 38.77,
26.31, 22.95.19F NMR (471 MHz, CDCl3) δ -113.32 (s). IR (neat) 2928, 1675, 1588,
1575, 1477, 1353, 1255, 1214, 863, 808 cm-1. HRMS (ESI) m/z calcd for C12H11FIO+
(M+H) + 316.9839 found 316.9837.

4.116 was synthesized following General Procedure C using SI-8 as
the aryl source. Purification: 5% EtOAc/Hexanes. Yield: 99.0 mg,
85%. 1H NMR (500 MHz, CDCl3) δ 7.77 (dd, J = 8.7, 5.6 Hz, 1H),
6.91 – 6.85 (m, 2H), 6.77 (td, J = 8.4, 3.0 Hz, 1H), 2.64 – 2.59 (m,
2H), 2.57 – 2.52 (m, 2H), 2.19 – 2.14 (m, 2H). 13C NMR (500 MHz, CDCl3) δ 196.69,
163.86, 161.88, 149.86, 144.16 (d, J = 7.8 Hz), 143.83, 140.12 (d, J = 7.9 Hz), 117.73 (d,
J = 22.3 Hz), 116.76 (d, J = 21.6 Hz), 92.90 (d, J = 3.2 Hz), 38.77, 26.28, 22.91. 19F NMR
(471 MHz, CDCl3) δ -114.65 (s). IR (neat) 2922, 1666, 1571, 1452, 1399, 1340, 1285,
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1171, 1125, 1034, 890, 872, 806, 796, 723, 699, 645 cm-1. HRMS (ESI) m/z calcd for
C12H10FIO+ (M+H) + 316.9839 found 316.9841.
4.117 was synthesized following General Procedure C using SI-11
as the aryl source. Purification: 5% EtOAc/Hexanes. Yield: 88.0
mg, 64%. 1H NMR (400 MHz, CDCl3) δ 7.70 (s, 1H), 7.09 (s, 1H),
6.87 (t, J = 4.1 Hz, 1H), 2.63 – 2.59 (m, 2H), 2.58 – 2.48 (m, 2H),
2.32 (s, 3H), 2.20 – 2.08 (m, 2H). 13C NMR (400 MHz, CDCl3) δ 196.84, 149.73, 143.49,
141.2, 140.75, 137.49, 134.62, 130.37, 97.02, 38.78, 26.30, 22.94, 19.44. IR (neat) 2922,
2865, 1674, 1466, 1359, 1331, 1062, 887, 872, 808, 726 cm-1. HRMS (ESI) m/z calcd for
C13H12ClIO+(M+H) + 345.9621 found 345.9607.
4.118 was synthesized following General Procedure C using SI-12 as
the aryl source. Purification: 5% EtOAc/Hexanes. Yield: 21.0 mg
40%. 1H NMR (500 MHz, CDCl3) δ 7.85 (d, J = 7.2 Hz, 1H), 6.93
(d, J = 9.3 Hz, 1H), 6.90 (t, J = 4.2 Hz, 1H), 2.65 – 2.58 (m, 2H), 2.58
– 2.52 (m, 2H), 2.21 – 2.11 (m, 2H).

13C

NMR (500 MHz, CDCl3) δ 196.47, 159.40,

156.90, 150.27, 143.07, 139.54 (d, J = 70.6 Hz), 121.41 (d, J = 17.9 Hz), 118.24 (d, J =
21.9 Hz), 92.67, 38.69, 26.28, 22.86. IR (neat) 2926, 1674, 1559, 1458, 1339, 1225, 1182,
1070, 886, 872, 724, 710 cm-1. 19F NMR (471 MHz, CDCl3) δ -116.32 (s). HRMS (ESI)
m/z calcd for C12H9ClFIO+ 349.9371 found 223.0345 (M-I) +.
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4.119 was synthesized following General Procedure C using SI-26 as the
aryl source. Purification: 5% EtOAc/Hexanes. Yield: 87.0 mg, 77%. 1H
NMR (500 MHz, CDCl3) δ 7.30 (d, J = 5.3 Hz, 1H), 7.27 (t, J = 3.8 Hz,
1H), 7.06 (d, J = 5.3 Hz, 1H), 2.64 – 2.55 (m, 2H), 2.21 – 2.10 (m, 2H). 13C NMR (500
MHz, CDCl3) δ 196.34, 152.87, 136.30, 135.18, 134.54, 128.09, 127.77, 80.93, 38.62,
26.65, 22.73. IR (neat) 3091, 2946, 2868, 1667, 1422, 1339, 1330, 1148, 1114, 855, 697
cm-1. HRMS (ESI) m/z calcd for C10H9IOS+ (M+H) + 304.9497 found 304.9474.

4.120 was synthesized following General Procedure C using SI-25
as the aryl source. Purification: 5% EtOAc/Hexanes. Yield: 47.0
mg, 61%. 1H NMR (500 MHz, CDCl3) δ 7.87 (s, 1H), 7.62 (s, 1H),
7.15 (t, J = 4.4 Hz, 1H), 3.88 (s, 3H), 2.57 – 2.52 (m, 2H), 2.52 – 2.48 (m, 2H), 2.11 – 1.97
(m, 2H). 13C NMR (500 MHz, CDCl3) δ 198.18, 143.43, 137.06, 131.36, 129.71, 116.70,
39.08, 39.03, 26.38, 22.92. IR (neat) 2938, 1671, 1547, 1149, 1124, 984, 811, 670 cm-1.
HRMS (ESI) m/z calcd for C10H12N2O + (M+H) + 177.1028 found 177.1014.
4.121 was synthesized following General Procedure C using SI-1 as the
aryl source. Purification: 5% EtOAc/Hexanes. Yield: 82.0 mg, 78%. 1H
NMR (500 MHz, CDCl3 ) δ 7.90 (dd, J = 8.0, 1.2 Hz, 1H), 7.76 (t, J =
2.8 Hz, 1H), 7.36 (td, J = 7.5, 1.2 Hz, 1H), 7.19 (dd, J = 7.6, 1.7 Hz, 1H), 7.02 (td, J = 7.8,
1.7 Hz, 1H), 2.82 – 2.76 (m, 2H), 2.63 – 2.58 (m, 2H). 13C NMR (500 MHz, CDCl3) δ
206.63, 148.32, 137.46, 130.06, 129.78, 128.17, 98.49, 34.98, 26.83. IR (neat) 2919, 1699,
1461, 1429, 1310, 1137, 1012, 932, 753 cm-1. HRMS (ESI) m/z calcd for C11H9IO+ (M+H)
+

284.9776 found 284.9769.
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4.122 was synthesized following General Procedure C using SI-1 as the
aryl source. Purification: 5% EtOAc/Hexanes. Yield: 14.0 mg, 12%. 1H
NMR (500 MHz, CDCl3) δ 7.81 (d, J = 7.9 Hz, 1H), 7.33 (t, J = 7.5 Hz,
1H), 7.16 (dd, J = 7.5, 1.4 Hz, 1H), 6.98 (t, J = 7.7 Hz, 1H), 6.59 (t, J =
6.3 Hz, 1H), 2.87 – 2.80 (m, 2H), 2.61 – 2.52 (m, 2H), 2.04 – 1.94 (m, 2H), 1.94 – 1.86
(m, 2H). 13C NMR (500 MHz, CDCl3) δ 203.34, 148.48, 145.44, 138.86, 131.12, 129.14,
128.22, 99.49, 43.61, 28.23, 25.39, 21.79. IR (neat) 2931, 2862, 1666, 1460, 1366, 1161,
1013, 751 cm-1. HRMS (ESI) m/z calcd for C13H13IO+ (M+H) + 313.0089 found 313.0075.
4.123 was synthesized following General Procedure C using SI-1 as the
aryl source. Purification: 10% EtOAc/Hexanes. Yield: 42.0 mg, 42%.
1H

NMR – major isomer (500 MHz, CDCl3) δ 9.62 (s, 1H), 7.91 (dd, J

= 7.9, 0.9 Hz, 1H), 7.39 (td, J = 7.5, 1.2 Hz, 1H), 7.04 (ddd, J = 15.0,
7.5, 1.6 Hz, 2H), 6.98 (q, J = 7.0 Hz, 1H), 1.85 (d, J = 7.0 Hz, 3H). 1H NMR – minor
isomer (500 MHz, CDCl3) δ 9.62 (s, 1H), 7.43 – 7.39 (m, 1H), 7.37 – 7.32 (m, 1H), 7.19
– 7.16 (m, 2H), 6.86 (q, J = 7.1 Hz, 1H), 2.02 (d, J = 7.1 Hz, 3H). 13C NMR (500 MHz,
CDCl3) δ 193.71, 192.16, 151.71, 151.47, 148.39, 138.70, 130.40, 129.79, 129.61, 128.35,
128.07, 99.24, 16.19, 16.12. IR (neat) 2922, 2816, 2709, 1683, 1640, 1468, 1224, 1015,
741, 655 cm-1. HRMS (ESI) m/z calcd for C10H9IO+ (M+H) + 272.9776 found 272.9773.
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B.10 - Derivatization of -(2-iodoaryl)enones
2'-iodo-2,3,4,5-tetrahydro-[1,1'-biphenyl]-2-ol (SI-30)

2'-iodo-2,3,4,5-tetrahydro-[1,1'-biphenyl]-2-ol was synthetized according to the protocol
developed by Jennings.18 To a flamed dried test tube under Ar was added 2'-iodo-4,5dihydro-[1,1'-biphenyl]-2(3H)-one 4.78 (300 mg, 1.0 mmol, 1.0 equiv.), CeCl3.7H2O (460
mg, 1.2 mmol, 1.2 equiv.) and anhydrous MeOH (5.1 mL, 0.2M). The solution was cooled
down to 0 °C and NaBH4 (44.0 mg, 1.2. mmol, 1.1 equiv.) was added over 30 min at 0 °C.
After complete addition of NaBH4 the reaction was warmed up naturally to rt and stirred at
that temperature for additional 30 min (complete consumption of the starting material by
TLC). The reaction was then quenched with a saturated solution of NH4Cl (10 mL) and
extracted with CH2Cl2 (3x 10 mL). The combined organic layers were washed with brine,
dried over Na2SO4 and the solvent was removed under vacuum to give the desired product
(SI-30) as a colorless oil. Yield: 260 mg, 86%. 1H NMR (500 MHz, CDCl3) δ 7.85 (dd, J
= 7.9, 1.1 Hz, 1H), 7.31 (td, J = 7.5, 1.2 Hz, 1H), 7.20 (dd, J = 7.6, 1.7 Hz, 1H), 6.97 (td,
J = 7.7, 1.7 Hz, 1H), 5.73 (t, J = 3.6 Hz, 1H), 4.48 (t, J = 4.5 Hz, 1H), 2.28 – 2.12 (m, 2H),
2.01 – 1.89 (m, 2H), 1.86 – 1.77 (m, 1H), 1.75 – 1.68 (m, 1H).

13C

NMR (500 MHz,

CDCl3) δ 146.17, 143.33, 139.20, 131.50, 130.19, 128.83, 127.25, 99.87, 67.16, 31.47,
25.59, 17.70. HRMS (ESI) m/z calcd for C12H13IO+ 300.0011 found 300.0009.
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Synthesis of 2,3,4,4a-tetrahydrodibenzofuran (40)

2,3,4,4a-tetrahydrodibenzo[b,d]furan (4.151) was synthetized according to the protocol
developed by Buchwald from 4.150.19 A flamed dried test tube was charged with CuI (4.00
mg, 0.016 mmol, 0.1 equiv.), 1,10-phenanthroline (6.00 mg, 0.032 mmol, 0.2 equiv.),
Cs2CO3 (104 mg, 0.32 mmol, 2 equiv.), 2'-iodo-2,3,4,5-tetrahydro-[1,1'-biphenyl]-2-ol
(4.160), 50.0 mg, 0.16 mmol, 1.0 equiv.) and dry toluene (40 μL, 4M). The test tube was
cycled (3x Ar/vacuum), left under Ar, sealed and heated to 110 °C for 22h. The black
suspension was cooled down to room temperature and the solvent was removed under
vacuum and the residue was direct purified by flash chromatography (100% Hexanes).
Yield: 15.0 mg, 86%. 1H NMR (500 MHz, CDCl3) δ 7.31 (d, J = 7.4 Hz, 1H), 7.14 (t, J =
7.7 Hz, 1H), 6.87 (t, J = 7.4 Hz, 1H), 6.83 (d, J = 8.0 Hz, 1H), 5.82 (q, J = 3.4 Hz, 1H),
5.03 – 4.95 (m, 1H), 2.42 – 2.36 (m, 1H), 2.32 – 2.26 (m, 2H), 2.02 – 1.96 (m, 1H), 1.76 –
1.60 (m, 2H). 13C NMR (500 MHz, CDCl3) δ 161.61, 138.68, 129.44, 126.60, 120.90,
120.57, 116.85, 110.39, 83.07, 27.70, 24.74, 19.67. IR (neat) 2931, 1715, 1612, 1476,
1462, 1452, 1189, 1057, 933, 748 cm-1. HRMS (ESI) m/z calcd for C12H12O+ 172.0888
found 172.0880.
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1,2,3,4-tetrahydrodibenzofuran (41)

1,2,3,4-tetrahydrodibenzofuran (4.152) was synthetized according to the procedure
developed by Werz.20 2,3,4,4a-tetrahydrodibenzofuran (4.151) (12.0 mg, 0.070 mmol, 1.0
equiv.) was dissolved in CH2Cl2 (1.8 mL, 0.04M) and p-TsOH•H2O (16.0 mg, 0.084 mmol,
1.2 equiv.) was added at room temperature in one portion. The flask was sealed, and the
reaction stirred for 12h at 50 °C. After cooling down to room temperature, the solvent was
removed under vacuum and the residue was directly purified by flash chromatography
(100% Hexanes) to afford the desired compound as a transparent oil. Yield: 12.0 mg,
100%. The spectral data is consistent to that previously reported.19 1H NMR (400 MHz,
CDCl3) δ 7.44 – 7.35 (m, 2H), 7.24 – 7.16 (m, 2H), 2.75 (m, 2H), 2.67 – 2.60 (m, 2H), 1.99
– 1.90 (m, 2H), 1.90 – 1.81 (m, 2H).
Synthesis of 2,3-dihydrodibenzofuran (42)

A flamed dried microwave tube was charged with 2'-iodo-2,3,4,5-tetrahydro-[1,1'biphenyl]-2-ol (4.150) (50.0 mg, 0.17 mmol, 1.0 equiv.), CuI (3.00 mg, 0.017 mmol, 0.10
equiv.), N,N’-Dimethylethylenediamine (3.5 μL, 0.033 mmol, 0.20 equiv.), and dry DMSO
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(0.33 mL, 0.5M). The reaction mixture was irradiated for 10 min at 100 °C on 100W
microwave of initial power. H2O (10 mL) was added and the reaction was extracted with
EtOAc (3x 5 mL). The organic fractions were combined, dried over Na2SO4 and
concentrated under vacuum. The residue was purified by flash chromatography (100%
hexanes) to afford the desired product as a transparent oil. Yield: 22.0 mg, 76%. 1H NMR
(500 MHz, CDCl3) δ 7.52 – 7.47 (m, 1H), 7.45 – 7.40 (m, 1H), 7.24 – 7.16 (m, 2H), 6.53
(dt, J = 9.5, 1.9 Hz, 1H), 5.79 – 5.72 (m, 1H), 2.97 (t, J = 9.7 Hz, 2H), 2.63 (tdd, J = 9.7,
4.2, 1.9 Hz, 2H). 13C NMR (500 MHz, CDCl3) δ 154.85, 154.76, 126.00, 123.14, 122.81,
122.28, 118.97, 118.30, 112.92, 111.27, 24.50, 21.81. IR (neat) 2360, 1723, 1601, 1477,
1452, 1189, 1045, 985, 929, 729 cm-1. HRMS (ESI) m/z calcd forC12H10O+ 169.2972;
found 169.0000 (Low resolution MS from GCMS. Ionization for HRMS Analysis was not
successful under numerous methods).
Synthesis of dibenzofuran (43)

A flame-dried test tube was charged with 2,3-dihydrodibenzofuran (4.158) (22.0 mg, 0.13
mmol, 1.0 equiv.) and dry toluene (0.65 mL, 0.2 M). The test tube was sealed, and the
reaction was heated to 95 °C for 12h. After cooling to room temperature, the reaction was
concentrated under vacuum to afford the desired product as a white solid. Yield: 20.0 mg,
94%. The spectral data is consistent with that previously reported.22 1H NMR (500 MHz,
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CDCl3) δ 7.96 (d, J = 7.6 Hz, 1H), 7.58 (d, J = 8.0 Hz, 1H), 7.46 (t, J = 7.9 Hz, 1H), 7.35
(t, J = 7.4 Hz, 1H).
Synthesis of 2′-Nitro-4,5-dihydro-[1,1′-biphenyl]-2(3H)-one (44)

4.172 was synthesized as reported by Olofsson.16 To a solution of 2'-iodo-4,5-dihydro[1,1'-biphenyl]-2(3H)-one (4.78) (100 mg, 0.33 mmol, 1.0 equiv.) in dry CH2Cl2 (1.65
mL, 0.2 M) was added m-cpba (134 mg, 0.99 mmol, 3.0 equiv.) at room temperature. The
mixture was stirred at room temperature until formation of a homogeneous pale-yellow
solution (~5 min) and cooled down to 0 °C. Anisole (42.0 μL, 0.39 mmol, 1.2 equiv.) was
added dropwise at 0 °C followed by TfOH (60.0 μL, 0.66 mmol, 2.0 equiv.) also dropwise
(formation of a dark green solution). The reaction mixture warmed up naturally and stirred
at room temperature for additional 10 min. Next, the solvent was removed under vacuum
and the dark oil was purified through flash chromatography (gradient: DCM; 5%
MeOH/DCM) to afford 4.172 as dark green oil. Yield: 160 mg, 87% 1H NMR (400 MHz,
CD3CN) δ 8.00 – 7.92 (m, 3H), 7.67 (t, J = 7.3 Hz, 1H), 7.45 (d, J = 7.6 Hz, 1H), 7.43 –
7.38 (m, 1H), 7.31 (t, J = 4.2 Hz, 1H), 7.06 (d, J = 9.0 Hz, 2H), 3.85 (s, 3H), 2.73 – 2.61
(m, 4H), 2.26 – 2.15 (m, 2H). 13C NMR (500 MHz, CD3CN) δ 200.82, 164.26, 157.32,
141.07, 139.91, 138.77, 135.92, 134.03, 133.38, 132.36, 121.46 (q, J = 349.3 Hz), 118.93,
118.63, 103.24, 56.69, 38.80, 27.27, 23.12. 19F NMR (400 MHz, CD3CN) δ -79.35. IR
(neat) 2946, 1650, 1571, 1487, 1240, 1025, 828, 758, 636 cm-1. HRMS (ESI) m/z calcd
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for C20H18F3IO5S+ 554.3186 found 555.1001 (M+H) +.
2′-Nitro-4,5-dihydro-[1,1′-biphenyl]-2(3H)-one (4.155) was synthetized following the
protocol described by Olofsson.16 A flame-dried test tube was charged with
diaryliodonium salt (4.172) (100 mg, 0.18 mmol, 1.0 equiv.) and fresh distilled EtOAc
(1.1 mL, 0.14M) under Ar. KNO2 (46.0 mg, 0.54 mmol, 3.0 equiv.) was added in one
portion at room temperature. The reaction mixture was capped with Teflon cap and left
stirring at 70 °C for 3h. The solvent was removed under vacuum and the residue was
purified by flash chromatography (solvent phase: gradient 10% EtOAc: Hex to 15%
EtOAc: Hex) to afford the desired product as a light brown oil. Yield: 43.0 mg, 69%. The
spectral data is consistent with that previously reported.16 1H NMR (500 MHz, CDCl3) δ
8.03 (dd, J = 8.2, 1.2 Hz, 1H), 7.60 (td, J = 7.5, 1.3 Hz, 1H), 7.52 – 7.40 (m, 1H), 7.28 –
7.24 (m, 1H), 7.01 (t, J = 4.2 Hz, 1H), 2.59 (m, 4H), 2.16 (m, 2H).
B.11 - Mechanistic Investigation into the role of -pyridinium moiety
Synthesis of TMS enol ether 45

A flame-dried round bottom flask was charged with fresh distilled N,N-diisopropylamine
(2.0 mL, 14 mmol, 1.2 equiv.) and dry tetrahydrofuran (20 mL, 0.5M) under Ar. The round
bottom flask was cooled down to 0 °C and n-BuLi (5.1 mL, 13 mmol, 1.1 equiv.) was
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added dropwise under Ar. The mixture was stirred at 0 °C for additional 30 min. The
reaction was then cooled down to –78 °C and 2-cyclohexen-1-one (1.2 mL, 12 mmol, 1.0
equiv.) followed by trimethylsilyl chloride (2.2 mL, 17 mmol, 1.5 equiv.) were added
dropwise under Ar. The reaction stirred for additional 15 min at –78 °C and then was
warmed to room temperature naturally. TLC analysis showed complete consumption of
starting material after 45 min stirring at room temperature. Next, the reaction was quenched
with 10 mL of NaHCO3 was added and was extracted with hexanes (2x 15 mL). The
organic layer was washed with H2O (15 mL), dried over Na2SO4 and concentrated under
vacuum. The residue was purified through flash chromatography using hexanes to give the
silyl enol ether (4.196) as a pale-yellow oil. Yield: 1.9 g, 97%. The spectral data is
consistent to that previously reported.23 1H NMR (500 MHz, CDCl3) δ 4.93 – 4.73 (m, 4H),
2.02 – 1.95 (m, 2H), 1.68 – 1.62 (m, 2H), 1.53 – 1.46 (m, 1H), 0.17 (s, 9H).

Synthesis of TMS enol ether 46

The silyl enol ether 4.199 was synthesized following a protocol developed by Brandsma.24
A flame-dried round bottom flask was charged with LiBr (1.74 g, 20 mmol, 2.0 equiv.)
(Note: LiBr was left at 125 °C for 30 min prior to the reaction) and CuBr.SMe2 (103 mg,
0.50 mmol, 0.5 equiv.). The flask was cycled 3x Ar/vacuum, left under Argon and dry THF
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was added (13 mL). The flask was cooled down to – 40 °C and PhMgBr (24 mL, 0.5 M
solution) was added dropwise under Ar. A solution of TMSCl (2.3 mL, 20 mmol, 2.0
equiv.) and cyclohexen-2-one (1.0 mL, 10 mmol, 1.0 equiv.) in THF (13 mL) was
transferred dropwise to the round bottom flask containing the activated catalyst at –40 °C
under Ar. After stirring for 15 minutes at –40 °C, the temperature was raised to 0 °C and
NEt3 was added (3 mL, 21 mmol, 2.1 equiv.). At this point, cold NH4Cl (20 mL) was added,
the reaction was extracted with EtOAc (3x 20 mL), dried over Na2SO4 and the solvent was
removed under vacuum. The residue was purified by flash chromatography (100%
Hexanes) to afford the final product as a pale-yellow oil. Yield: 2.34 g, 95%. The spectral
data is consistent to that previously reported.24 1H NMR (500 MHz, CDCl3) δ 7.32 (t, J =
7.5 Hz, 2H), 7.25 (d, J = 7.3 Hz, 2H), 7.22 (t, J = 7.2 Hz, 1H), 4.96 (d, J = 1.2 Hz, 1H),
3.51 (m, 1H), 2.19 – 2.01 (m, 1H), 2.00 – 1.86 (m, 1H), 1.86 – 1.72 (m, 1H), 1.72 – 1.59
(m, 1H), 1.51 – 1.32 (m, 1H), 0.25 (s, 9H).
Synthesis of 2-oxocyclohexyl 2,2,2-trifluoroacetate (47)

A flame-dried test tube was charged with silyl enol ether (4.196) (71 μL, 0. 37 mmol, 1.0
equiv.) and dry acetonitrile (1.8 mL, 0.2 M) under Ar. The mixture was cooled down to –
40 °C and PhI(O2CCF3)2 (202 mg, 0.48 mmol, 1.3 equiv.) was added in one portion. The
reaction was warmed to room temperature naturally and stirred overnight. The solvent was
367

removed under vacuum and the residue was purified through flash chromatography (10%
EtOAc/Hex) to give 2-oxocyclohexyl 2,2,2-trifluoroacetate (4.197) as a transparent oil.
Yield: 73 mg, 95%. The spectral data is consistent to that previously reported.25 1H NMR
(500 MHz, CDCl3) δ 5.25 (dd, J = 12.4, 6.5 Hz, 1H), 2.67 – 2.54 (m, 1H), 2.48 – 2.35 (m,
1H), 2.20 – 2.02 (m, 1H), 1.91 (ddd, J = 25.2, 12.5, 3.6 Hz, 1H), 1.80 (ddt, J = 26.6, 13.1,
3.3 Hz, 1H), 1.72 – 1.62 (m, 2H). 19F NMR (500 MHz, CDCl3) δ -74.8 (s).
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B.13 Spectral Data ( Tables 4.1; 4.2 and 4.3)
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CHAPTER 5-EXPERIMENTAL DATA
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C.1 - General Information
1

H and 13C NMR spectra were recorded at 500 MHz and 125 MHz on a Bruker Advance

500 or 400 MHz and 100 MHz on a Bruker Advance 400. 1H NMR chemical shifts were
reported in part per million (ppm) from/ the solvent resonance (CDCl3 =7.26 ppm, CD3CN
= 1.94 ppm, (CD3)2SO = 2.50 ppm). The data was reported as follows: chemical shift
number, multiplicity (s = singlet, d = doublet, t = triplet, sept = septet, dd = doublet of
doublets, td = triplet of doublets, m = multiplet). Proton decoupled attached proton test
(APT) 13C NMR shifts were reported in ppm from the solvent resonance (CDCl3 = 77.16 ppm
or CD3CN = 1.32 ppm, 118.26 ppm). The reaction solvents used were anhydrous (HPLCgrade solvent passed through an activated-alumina column). All other reagents were
purchased and used without further purification. All N-HVIs were synthesized and handled
according to reported procedures.1–4 Flash chromatography was carried out using Sorbent
Technologies silica gel 60 A (40-63 pm) in the solvent system listed in the individual
experiments. The reactions were monitored using analytical thin-layer chromatography
(TLC) on Merck silica gel (60 F2s4) plates. Infrared spectra were obtained using a Thermo
Nicolet iS5 FTIR spectrometer with an iD5 ATR accessory.
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C.2 - First evidence of direct C2 C–H amination through cationic λ3-iodanes.

1-Methyl-1H-Indole (94 μL, 0.75 mmol, 1.0 equiv.) was added to a flamed dried 20 mL
scintillation vial inside a nitrogen filled glovebox and dissolved in dry DMF (1 mL, 0.8
M). The hypervalent iodine reagent (PhI(DMAP)22OTf) (1.12 g, 1.5 mmol, 2.00 equiv.)
was added to the mixture at room temperature, in one portion. The reaction was stirred for
5 minutes at room temperature and cold Et2O (~10 mL) was added to the reaction mixture
and left at -35 °C for 48h. Then the pale-yellow solid in then separated and dried under
reduced pressure and re-dissolved in MeCN (1 mL) and layered with cold Et2O (~10 mL).
Over the course of 48h pale-yellow crystals were formed. The crystals were separated from
the mother liquid and then submitted to x-ray crystallography analysis. The mother liquid
was then left at -35 °C and after 7 days a second crop of crystals were formed. The crystals
were separated from the mother liquid and analyzed by x-ray crystallography. First crystals
obtained: compound 5.63 (See x-ray crystallography data). Second crop of crystals:
compound 5.62 (See x-ray crystallography data).
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C.3 - First screening process considering 1Methyl-1H-Indole and PhI(DMAP)22OTf.

Table

5.1:

First

screening

process

considering

1Methyl-1H-Indole

and

PhI(DMAP)22OTf.

entry
1
2
3
4

Conditions
DMF, rt, 5min
MeCN, rt, 5min
MeCN, rt, 5min
MeCN, rt, 5min

Equiv. N-HVI
2.0
2.0
2.0
1.5

Work up
Aqueous
-------

Purification
--Cromatog.
EtOH recryst.
EtOH recryst.

Isol. Yield
(5.62)75%
(5.62)89%
(5.62)92%
(5.62)92%

1Methyl-1H-Indole (94 μL, 0.75 mmol, 1.0 equiv.) was added to a flamed dried flask and
dissolved in dry solvent (1.8 mL, 0.2 M) specified in Table 5.1. the N-HVI reagent was
then added at room temperature, in one portion following the equivalencies determined by
table 5.1 and the reaction was stirred for 5 minutes. The reaction mixture was then
submitted to aqueous work up or direct the purification techniques specified in table 5.1.
Aqueous work up: Dionized water (~10 mL) was added to the mixture and the reaction
was extracted 3x with EtOAC (~15 mL) and the organic phase was separated and washed
with a saturated solution of Na2S2O8 (~15 mL) and a saturated solution of NaHCO3 (~15
mL). The organic phase was separated and dried with anhydrous Na2SO4. The mixture was
filtered, and the solvent was removed under reduced pressure. The remaining pale-yellow
solid was then triturated using Et2O (~15 mL). The solid was separated from the Et2O
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phase and dried under reduced pressure to give compound 5.62 in its pure form as a paleyellow solid (Isolated yield = 75%)
Direct purification: After stirring for 5 minutes the reaction solvent was removed under
reduced pressure. The remaining oil was direct purified through flash chromatography
using a solvent gradient starting at dichloromethane (DCM) and moving directly to
1%MeOH/DCM as solvent system. The compound was obtained on its form as a paleyellow solid (Isolated yield = 89%)
Recrystalization from EtOH: After stirring for 5 minutes the reaction solvent was removed
under reduced pressure and the remaining crude oil was washed 2x with Et2O (10 mL).
The solid was dissolved in the minimum amount of EtOH and left at -35°C for 5 hours.
The pale-yellow crystals were separated from the mother liquid, washed with Et2O ( 5 mL)
and dried under reduced pressure to afford compound 5.62 on its pure form ( Isolated yield
= 92%).

C.4 - Synthesis and Characterization of C2 functionalized indole pyridinium salts using
the optimized conditions.

1Methyl-1H-Indole (47 μL, 0.38 mmol, 1.0 equiv.) was added to a flamed dried flask and
dissolved in dry MeCN (1.8 mL, 0.2 M). the N-HVI reagent of choice was then added at
room temperature, in one portion (0.57 mmol, 1.5 equiv.) and the reaction was stirred at
room temperature for 5 minutes.Then the solvent was removed under reduced pressure and
the remaining crude oil was washed 2x with Et2O (10 mL). The solid was dissolved in the
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minimum amount of EtOH and left at -35°C for 5 hours. The pale-yellow crystals were
separated from the mother liquid, washed with Et2O (~5 mL) and dried under reduced
pressure to afford The C2-pyridininated indole on its pure form as a crystalline solid.

Compound 5.62, isolated as a pale-yellow crystalline solid
(Isolated yield: 92%): 1H NMR (500 MHz, MeCN-d3) δ 8.10
(d, J = 8.0 Hz, 2H), 7.69 (dt, J = 8.0, 1.0 Hz, 1H), 7.51 (dd, J
= 8.4, 0.9 Hz, 1H), 7.38 (ddd, J = 8.4, 7.1, 1.2 Hz, 1H), 7.22 (ddd, J = 8.0, 7.1, 1.0 Hz, 1H),
7.01 (d, J = 7.9 Hz, 2H), 6.75 (d, J = 0.8 Hz, 1H), 3.57 (s, 3H), 3.29 (s, 6H). 13C NMR (500
MHz, MeCN-d3) δ 157.85, 143.58, 136.87, 136.59, 126.52, 124.64, 122.29, 121.92,
111.35, 108.49, 99.18, 41.10, 30.17. 19F NMR (500 MHz, MeCN-d3) δ -79.35. IR (neat):
3103, 1644, 1578, 1554, 1521, 1472, 1443, 1406, 1359, 1344, 1252, 1225, 1206, 1137,
1100, 1063, 1032, 946, 897, 821, 802, 765, 756, 735,688, 627. m. p. 161 – 163 °C

Compound 5.65, isolated as a yellow crystalline solid (Isolated
yield 80%) 1H NMR (500 MHz, MeCN-d3) δ 8.94 (ddd, J = 6.2,
1.5, 0.8 Hz, 2H), 8.77 (tt, J = 7.9, 1.4 Hz, 1H), 8.26 (dd, J = 8.0,
6.6 Hz, 2H), 7.77 (dt, J = 8.0, 1.0 Hz, 1H), 7.58 (dt, J = 8.4, 0.9 Hz, 1H), 7.47 (ddd, J =
8.4, 7.1, 1.2 Hz, 1H), 7.29 (ddd, J = 8.1, 7.1, 1.0 Hz, 1H), 6.98 (d, J = 0.8 Hz, 1H), 3.63 (s,
3H). 13C NMR (500 MHz, CD3CN-d3) δ 149.06, 147.19, 129.47, 126.22, 125.59, 123.13,
122.74, 122.46, 120.58, 111.68, 101.05, 30.73. 19F NMR (500 MHz, CD3CN-d3) δ -79.36.
IR (neat): 3070, 2272, 1626, 1544, 1490, 1466, 1438, 1403, 1345, 1321, 1259, 1226, 1140,
1102, 1048, 1028, 896, 848, 796, 777, 755, 681, 671, 654, 633. m. p. 132 – 134 °C
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Compound 5.66, isolated as a dark brown solid (Isolated yield
42%) 1H NMR (500 MHz, MeCN-d3) δ 9.20 (d, J = 6.4 Hz,
2H), 8.57 (d, J = 6.5 Hz, 2H), 7.80 (dt, J = 7.9, 1.0 Hz, 1H),
7.60 (dd, J = 8.5, 1.0 Hz, 1H), 7.50 (ddd, J = 8.4, 7.1, 1.2 Hz,
1H), 7.31 (ddd, J = 8.1, 7.1, 1.0 Hz, 1H), 7.06 (s, 1H), 3.69 (s, 3H). 13C NMR (500 MHz,
MeCN-d3) δ 149.25, 146.63 (q, J = 36.7 Hz), 138.01, 136.50, 126.65, 126.63, 126.38,
126.24, 123.08, 122.84, 121.15, 111.97, 102.44, 31.21.19F NMR (500 MHz, MeCN-d3) δ
-65.88, -79.31. IR (neat): 3487, 2266, 1605, 1444, 1228, 1171, 1082, 1029, 857, 765, 632.
m.p. 235 – 240 °C

C.5 - Synthesis and Characterization of C3 functionalized indole pyridinium salt using the
optimized C2 C-N bond formation conditions

2-Methylindole (49 mg, 0.37 mmol, 1.0 equiv.) was added to a flamed dried flask and
dissolved in dry MeCN (1.8 mL, 0.2 M). PhI(Pyridine)22OTf (0.38 g, 0.57 mmol, 1.5
equiv.) was then added at room temperature, in one portion and the reaction was stirred at
room temperature for 5 minutes ( TLC analysis shows complete consumption of starting
material). Then the solvent was removed under reduced pressure and the remaining crude
oil was washed 2x with Et2O (10 mL). A complex mixture of products was obtained from
this reaction (See spectral section for crude 1H-NMR data)
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C.6 - Synthesis and characterization of C3 functionalized indole pyridinium salt using CsF
as additive.

PhI(Pyridine)22OTf (0.38 g, 0.57 mmol, 1.5 equiv.) was added to a scintillation vial inside
a nitrogen filled glovebox. The flask was capped with a Teflon cap brought outside the
glovebox and left under Ar atmosphere. Then dry acetonitrile (1.8 mL, 0.2 M) was added
(A white suspension is formed) and CsF (87 mg, 1.1 mmol, 3.0 equiv.) was added in one
portion at room temperature. The resultant mixture stirred for 1h at room temperature
(Upon addition of CsF the white suspension became a clear pale-yellow solution). Then 2MethylIndole (49 mg, 0.37 mmol, 1.0 equiv.) was added in one portion at room temperature
to the mixture containing the N-HVI reagent and CsF. After stirring for 5 minutes at room
temperature (TLC analysis showed completely consumption of the starting material, the
reaction presented a dark red color) the reaction solvent was removed under pressure. At
this point DI H2O (~ 10 mL) was added to the remaining dark red oil which was extracted
3x with EtOAc (~15 mL). The combined organic phases were then dried over Na2SO4 and
concentrated under vacuum. The red oil was washed with Et2O (3x ~10 mL) and dried
under vacuum.
OBS: EtOH recrystallization did not worked in this case.
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Compound 5.67, isolated as a dark red viscous oil (Isolated yield
75%) 1H NMR (500 MHz, MeCN-d3) δ 10.02 (s, 1H), ) δ 8.86 (ddd,
J = 6.2, 1.5, 0.8 Hz, 2H), 8.62 (tt, J = 7.9, 1.4 Hz, 1H), 8.20 (dd, J =
8.0, 6.6 Hz, 2H), 7.53 (dt, J = 8.2, 0.9 Hz, 1H), 7.46 (dd, J = 8.1, 1.0
Hz, 1H), 7.30 (t, J = 7.7 Hz, 1H), 7.23 (t, J = 7.6 Hz, 1H), 2.46 (s,
3H). 13C NMR (500 MHz, MeCN-d3) δ 146.87, 146.44, 134.52, 133.05, 129.72, 124.18,
123.55, 122.51, 115.99, 112.83, 10.93. 19F NMR (500 MHz, CD3CN-d3) δ -79.36. IR
(neat): 3267, 3072, 1625, 1473, 1458, 1247, 1224, 1157, 1028, 749, 685, 635.

C.7 - NMR studies on the mixture of PhI(Pyridine)22OTf and CsF .

PhI(Pyridine)22OTf (0.38 g, 0.57 mmol, 1.5 equiv.) was added to a scintillation vial inside
a nitrogen filled glovebox. The flask was capped with a Teflon cap brought outside the
glovebox and left under Ar atmosphere. Then dry deuterated acetonitrile (1.8 mL, 0.2 M)
was added (A white suspension is formed) and CsF (87 mg, 1.1 mmol, 3.0 equiv.) was
added in one portion at room temperature. The resultant mixture stirred for 1h at room
temperature (Upon addition of CsF the white suspension became a clear pale-yellow
solution). At this point an aliquot of the reaction was taken and transferred to a previously
dried NMR tube under Ar atmosphere. The NMR experiments were recorded at room
temperature.
By inspecting the NMR spectra of the reaction, we can conclude the presence of CsF alters
the structure of the hypervalent iodine reagent. However, this experimentation proved not
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enough to disclose the role of CsF in this reaction. The displacement of the two pyridinium
ligands could happen under the conditions applied. However, no diagnostic peaks of the
difluorinated λ3-iodane. It is possible that those peaks were coincidentally overlapping with
other peaks at the aromatic region (For the spectral data of PhIF2 reagent the reader is
guided to the work of Gilmour5 and DiMagno 6). On the other hand, the 19F-NMR spectra
of the reaction revealed no formation of the difluoride λ3-iodane reagent since the chemical
shift for the reaction compound(s) is substantially different from the PhIF2 species. At the
time of the completion of this dissertation no other experimentation regarding this reaction
were made. Yet we recognize the interaction of the PhI(Pyridine)22OTf reagent with CsF
is still an open question. Therefore, further and more detailed experimentation should be
made to reveal the role of CsF on this reaction.
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C.9 - NMR spectra of the Indole-pyridinium salts and NMR spectra regarding the reaction
between PhI(Pyridine)22OTf and CsF.
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C.10 - Crystallographic data of DMAPHOTf salt

NOTE: Although a low R1 was found for this structure, twinning and disorder modelling
should be made on the carbon atom present on the triflate anion prior to publication.
Solving the structure on a different space group than the on suggested by the XPrep
program could also eliminate the unusual ellipsoid shape observed.
Table 1 Crystal data and structure refinement for 5.63.
Identification code
solveaa_b
Empirical formula
C8N2O3SF3H11
Formula weight
272.25
Temperature/K
99.99
Crystal system
monoclinic
Space group
Pc
a/Å
8.4325(8)
b/Å
9.3432(9)
c/Å
14.8348(12)
α/°
90
β/°
106.391(2)
γ/°
90
3
Volume/Å
1121.28(18)
Z
4
3
ρcalcg/cm
1.6126
556

μ/mm-1
F(000)
Crystal size/mm3
Radiation
2Θ range for data collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2σ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e Å-3
Flack parameter

0.329
560.9
0.80 × 0.50 × 0.45
Mo Kα (λ = 0.71073)
4.36 to 55.8
-11 ≤ h ≤ 11, -12 ≤ k ≤ 11, -19 ≤ l ≤ 18
9956
4588 [Rint = 0.0291, Rsigma = 0.0381]
4588/2/315
1.044
R1 = 0.0334, wR2 = 0.0741
R1 = 0.0542, wR2 = 0.0849
0.29/-0.43
0.4(2)

Table 2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic
Displacement Parameters (Å2×103) for 5.63 Ueq is defined as 1/3 of of the trace of the
orthogonalised UIJ tensor.
Atom
x
y
z
U(eq)
6731.2(11)
4345.3(15)
4547.1(8)
14.9(3)
S1
3322.4(11)
-657.4(15)
5415.4(8)
15.4(3)
S02
1543(3)
-625(4)
3662(2)
30.0(10)
F003
9637(3)
5469(5)
5373(2)
26.6(10)
F004
9595(3)
3147(4)
5397(2)
32.5(11)
F005
3987(4)
721(4)
5284(3)
24.5(11)
O006
481(3)
-1825(4)
4570(3)
31.2(10)
F007
8510(3)
4368(4)
6329(2)
26.9(10)
F008
419(3)
472(4)
4582(2)
31.2(9)
F009
7203(4)
4210(4)
3690(3)
22.1(10)
O00A
4140(4)
-1858(5)
5167(3)
26.1(11)
O00B
2867(4)
-792(5)
6281(3)
20.3(11)
O00C
5870(4)
3102(4)
4798(3)
18.8(9)
O00D
6005(4)
5713(4)
4685(3)
17.4(10)
O00E
2159(5)
5757(5)
8062(3)
17.5(11)
N00F
3873(5)
3403(5)
6194(3)
20.7(12)
N00G
1398(7)
-654(6)
4540(4)
29.9(16)
C00H
7330(6)
9980(7)
2492(4)
16.6(13)
C00I
6165(4)
8475(6)
3792(3)
16.8(11)
N00J
7895(5)
10768(6)
1882(3)
20.0(12)
N00K
4024(6)
4882(7)
6208(4)
16.7(14)
C00L
3465(6)
5684(6)
6795(4)
15.4(12)
C00M
557

C00N
C00O
C00P
C00Q
C00R
C00S
C00T
C00U
C00V
C00W
C00X
C00Y

6583(6)
2669(6)
7437(6)
3213(6)
8580(7)
6855(6)
6049(6)
2753(6)
7828(6)
2252(6)
1504(6)
8752(5)

10674(6)
3483(7)
8493(7)
2755(7)
9980(8)
7750(7)
9890(7)
5047(6)
12290(7)
7363(6)
5080(8)
4330(6)

3132(4)
7402(4)
2523(4)
6799(4)
1232(4)
3194(4)
3771(4)
7449(4)
1849(4)
8121(4)
8773(4)
5469(3)

17.2(13)
18.6(14)
16.9(12)
18.0(12)
31.9(16)
19.5(13)
20.3(14)
14.1(12)
25.5(14)
21.4(13)
22.1(13)
12.1(11)

Table 3 Anisotropic Displacement Parameters (Å2×103) for 5.63 The Anisotropic
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…].
Atom
U11
U22
U33
U12
U13
U23
17.9(7)
11.4(7)
17.1(7)
-1.8(6)
7.9(6)
0.4(6)
S1
16.8(7)
14.1(7)
16.9(8)
-1.0(6)
7.2(6)
0.7(6)
S02
35(2)
35(3)
19(2) -1.6(18)
5.8(19) 2.9(17)
F003
20.7(19)
31(3)
28(2) -14.5(19)
7.3(17)
-7(2)
F004
25(2)
37(2)
32(2)
7.2(18)
2.2(19)
-7(2)
F005
36(2)
19(2)
23(2) -5.4(18) 15.6(18) -0.8(18)
O006
30(2)
21(2)
42(3) -17.7(17)
9(2)
-7(2)
F007
39(2)
31(2) 12.3(18) -6.1(17)
9.0(18) 5.0(15)
F008
30(2)
31(2)
35(2) 10.1(18) 13.6(18)
4(2)
F009
32(2)
16(2)
18(2) -4.0(18)
6(2) -3.9(19)
O00A
23(2)
21(2)
38(3)
7.1(18)
13(2)
1(2)
O00B
26(2)
24(2)
17(2) -4.9(19)
16(2) 0.3(19)
O00C
25(2) 13.0(19)
22(2) -6.4(16) 12.9(19) -0.5(17)
O00D
16.3(19)
12(2)
28(2)
5.0(15) 11.7(18) 4.8(18)
O00E
26(2)
14(3)
19(2) -3.6(19)
15(2)
0(2)
N00F
23(3)
12(2)
26(3)
2.0(19)
5(2)
-15(2)
N00G
54(4)
13(3)
35(3)
-5(2)
33(3)
1(2)
C00H
17(3)
26(3)
7(2)
6(2)
3(2)
-8(2)
C00I
19(2)
26(3)
6.9(19) -5.0(19)
5.6(18) -6.3(17)
N00J
22(3)
25(3)
13(3)
-5(2)
3(2)
4(2)
N00K
18(3)
19(3)
16(3)
1(3)
9(3)
13(2)
C00L
20(2)
16(3)
13(3)
-3(2)
9(2)
4(2)
C00M
15(3)
15(3)
20(3)
-1(2)
3(2)
5(2)
C00N
22(3)
13(3)
19(3)
-3(2)
3(3)
6(2)
C00O
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C00P
C00Q
C00R
C00S
C00T
C00U
C00V
C00W
C00X
C00Y

18(2)
19(3)
52(4)
22(3)
17(3)
11(2)
29(3)
26(3)
19(3)
1.4(15)

22(3)
8(3)
30(3)
24(3)
22(3)
9(2)
28(3)
8(3)
27(3)
21(3)

13(2)
24(3)
28(3)
13(3)
21(3)
22(3)
19(3)
32(3)
20(3)
9(2)

Table 4 Bond Lengths for 5.63
Atom Atom Length/Å Atom Atom
1.441(4) N00F C00X
S1 O00A
1.473(4) N00G C00L
S1 O00D
1.456(4) N00G C00Q
S1 O00E
1.860(4) C00I N00K
S1 C00Y
1.440(4) C00I C00N
S02 O006
1.419(5) C00I C00P
S02 O00B
1.446(4) N00J C00S
S02 O00C
1.769(6) N00J C00T
S02 C00H
1.344(7) N00K C00R
F003 C00H
1.331(6) N00K C00V
F004 C00Y
1.335(6) C00L C00M
F005 C00Y
1.348(6) C00M C00U
F007 C00H
1.348(6) C00N C00T
F008 C00Y
1.349(6) C00O C00Q
F009 C00H
1.331(7) C00O C00U
N00F C00U
1.504(7) C00P C00S
N00F C00W

Table 5 Bond Angles for 5.63
Atom Atom Atom
Angle/˚
115.6(2)
O00D S1
O00A
115.6(2)
O00E S1
O00A
113.6(2)
O00E S1
O00D
103.0(2)
C00Y S1
O00A
102.9(2)
C00Y S1
O00D
103.7(2)
C00Y S1
O00E

2(2)
-2(2)
1(3)
0(2)
1(2)
4.8(16)
-3(3)
1(2)
-2(2)
-3.4(16)

8(2)
0(2)
0(3)
3(3)
33(3)
3(3)
6(2)
3(3)
3(3)
9(3)
3.4(19) -6.3(18)
6(3)
8(3)
12(3)
-1(2)
5(2)
0(2)
-6.7(14) -0.7(19)

Length/Å
1.466(7)
1.388(8)
1.327(8)
1.353(7)
1.434(8)
1.393(9)
1.369(7)
1.325(9)
1.456(8)
1.423(7)
1.332(8)
1.409(8)
1.372(8)
1.306(8)
1.464(8)
1.410(8)

Atom Atom Atom
C00P C00I N00K
C00P C00I C00N
C00T N00J C00S
C00R N00K C00I
C00V N00K C00I
C00V N00K C00R
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Angle/˚
122.2(5)
117.8(5)
121.4(5)
116.6(5)
123.2(5)
120.1(5)

O00B S02 O006
O00C S02 O006
O00C S02 O00B
C00H S02 O006
C00H S02 O00B
C00H S02 O00C
C00W N00F C00U
C00X N00F C00U
C00X N00F C00W
C00Q N00G C00L
F003 C00H S02
F007 C00H S02
F007 C00H F003
F009 C00H S02
F009 C00H F003
F009 C00H F007
C00N C00I N00K

115.8(2)
114.2(2)
115.6(3)
102.1(2)
102.9(3)
103.5(2)
120.9(5)
124.6(5)
114.3(5)
119.9(5)
113.3(4)
113.0(4)
105.0(5)
114.5(4)
104.7(5)
105.5(4)
120.0(6)

C00M C00L N00G
C00U C00M C00L
C00T C00N C00I
C00U C00O C00Q
C00S C00P C00I
C00O C00Q N00G
C00P C00S N00J
C00N C00T N00J
C00M C00U N00F
C00O C00U N00F
C00O C00U C00M
F004 C00Y S1
F005 C00Y S1
F005 C00Y F004
F008 C00Y S1
F008 C00Y F004
F008 C00Y F005

121.4(6)
120.7(5)
120.5(5)
122.1(5)
118.9(5)
121.4(6)
120.7(6)
120.8(6)
125.1(5)
120.5(5)
114.4(5)
109.9(3)
110.2(3)
109.0(4)
110.1(3)
108.7(4)
109.0(4)

Table 6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement
Parameters (Å2×103) for 5.63
Atom
x
y
z
U(eq)
5591(6)
10367(7)
4205(4)
24.4(16)
H00T
6942(6)
6737(7)
3231(4)
23.5(16)
H00S
7894(6)
7987(7)
2100(4)
20.3(15)
H00P
6458(6)
11685(6)
3113(4)
20.6(16)
H00N
4538(6)
5333(7)
5789(4)
20.0(16)
H00L
3136(6)
1740(7)
6793(4)
21.7(15)
H00Q
2203(6)
2982(7)
7823(4)
22.4(17)
H00O
3548(6)
6697(6)
6773(4)
18.5(14)
H00M
5790(4)
7991(6)
4198(3)
20.2(13)
H00J
9490(20)
9380(20)
1587(4)
48(2)
H00h
7718(10)
9380(20)
825(13)
48(2)
H00i
8990(30)
10657(8)
845(14)
48(2)
H00k
6672(6)
12600(7)
1630(14)
38(2)
H00r
8330(20)
12677(7)
2479(5)
38(2)
H00u
8430(20)
12641(7)
1417(11)
38(2)
H00v
3207(15)
7647(6)
8639(9)
32.1(19)
H00a
2370(20)
7751(6)
7530(6)
32.1(19)
H00b
1239(12)
7738(6)
8233(14)
32.1(19)
H00c
404(14)
4690(20)
8472(5)
33(2)
H00d
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2244(17)
1420(30)
4140(40)

H00e
H00f
H00G

4306(18)
5794(9)
2920(40)

9081(12)
9243(11)
5850(20)

33(2)
33(2)
20(9)

Experimental

Single crystals of C8N2O3SF3H11 5.63 were crystallized through slow evaporation of
chloroform at room temperature]. A suitable crystal was selected and [was mounted using
a Mit-e-Gen cryoloop with Paratone-N oil ] on a 'Bruker APEX-II CCD' diffractometer.
The crystal was kept at 99.94 K during data collection. Using Olex2 [1], the structure was
solved with the SIR2004 [2] structure solution program using Direct Methods and refined
with the XL [3] refinement package using Least Squares minimization.

Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H.
(2009), J. Appl. Cryst. 42, 339-341.

1. Bourhis, L.J., Dolomanov, O.V., Gildea, R.J., Howard, J.A.K., Puschmann, H.
(2015). Acta Cryst. A71, 59-75.
2. Bourhis, L.J., Dolomanov, O.V., Gildea, R.J., Howard, J.A.K., Puschmann, H.
(2015). Acta Cryst. A71, 59-75.
Crystal structure determination of 5.63
Crystal Data for C14H18N3Cl (M =272.25 g/mol): monoclinic, space group Pc (no.
7), a =

8.4325(8) Å, b =

9.3432(9) Å, c =

14.8348(12) Å, β =

106.391(2)°, V =

1121.28(18) Å3, Z = 4, T = 99.99 K, μ(Mo Kα) = 0.329 mm-1, Dcalc = 1.6126 g/cm3, 9956
reflections measured (4.36° ≤ 2Θ ≤ 55.8°), 4588 unique (Rint = 0.0291, Rsigma = 0.0381)
which were used in all calculations. The final R1 was 0.0334 (I>=2u(I)) and wR2 was
0.0849 (all data).
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Refinement model description
Number of restraints - 2, number of constraints - 34.
Details:
1. Fixed Uiso
At 1.2 times of:
All C(H) groups, All N(H) groups
At 1.5 times of:
All C(H,H,H) groups
2.a Aromatic/amide H refined with riding coordinates:
C00T(H00T), C00S(H00S), C00P(H00P), C00N(H00N), C00L(H00L), C00Q(H00Q),
C00O(H00O), C00M(H00M), N00J(H00J)
2.b Idealised Me refined as rotating group:
C00R(H00h,H00i,H00k), C00V(H00r,H00u,H00v), C00W(H00a,H00b,H00c),
C00X(H00d,
H00e,H00f)
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C.11 - Crystallographic data of C2 functionalized indole 4-Dimethyl-amino-pyridinium
triflate salt

(The hydrogens were omitted for clarity)
NOTE: Although attempts to refine this structure at the lowest possible R1 factor we made;
we could not find lower values than 14.2%. Probably the cause of this high R1 factor is due
to the presence of twinning or disorder effects (see the unusual ellipsoid shapes on the
fidure above). Additionally, the space group given by the program XPrep could be
equivocated. Therefore, prior to publication, twinning and disorder modeling, and solving
the structure on a different space group should be made. These operations would decrease
the high R1 factor observed and fix the unusual ellipsoids encountered.
Table 1 Crystal data and structure refinement for 5.62
Identification code
solve_a
Empirical formula
C17N3O3F3SH15
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Formula weight
80.38
Temperature/K
99.53
Crystal system
monoclinic
Space group
Cc
a/Å
24.582(9)
b/Å
10.504(4)
c/Å
14.624(6)
α/°
90
β/°
111.729(5)
γ/°
90
3
Volume/Å
3508(2)
Z
40
3
ρcalcg/cm
1.5220
μ/mm-1
0.239
F(000)
1670.1
3
Crystal size/mm
0.60 × 0.55 × 0.30
Radiation
Mo Kα (λ = 0.71073)
2Θ range for data collection/° 3.56 to 55.9
Index ranges
-32 ≤ h ≤ 31, -13 ≤ k ≤ 13, -19 ≤ l ≤ 19
Reflections collected
24013
Independent reflections
8102 [Rint = 0.1095, Rsigma = 0.1318]
Data/restraints/parameters
8102/2/494
2
Goodness-of-fit on F
1.277
Final R indexes [I>=2σ (I)] R1 = 0.1421, wR2 = 0.3396
Final R indexes [all data]
R1 = 0.2152, wR2 = 0.3951
-3
Largest diff. peak/hole / e Å 3.64/-1.04
Flack parameter
0.5(4)

Table 2 Fractional Atomic Coordinates (×104) and Equivalent Isotropic
Displacement Parameters (Å2×103) for 5.62. Ueq is defined as 1/3 of of the trace of
the orthogonalised UIJ tensor.
Atom
x
y
z
U(eq)
6532.2(13)
3769(3)
4058(2)
33.8(7)
S001
3876.2(14)
4315(3)
3810(2)
33.9(7)
S002
5594(3)
2858(7)
4333(5)
43.2(18)
F003
4384(3)
2750(7)
3031(5)
50(2)
F004
3300(3)
4950(6)
3366(6)
28.4(18)
O005
4007(3)
4384(7)
2177(4)
40.9(17)
F006
6753(4)
5029(7)
4122(7)
44(2)
O007
5952(3)
4546(8)
5187(6)
56(2)
F008
4873(3)
8044(7)
5334(6)
18.4(18)
N009
564

N00A
O00B
N00C
N00D
N00E
N00F
C00G
O00H
F00I
C00J
C00K
C00L
C00M
F00N
C00O
C00P
C00Q
C00R
C00S
C00T
C00U
C00V
C00W
C00X
C00Y
C00Z
C010
O011
C012
C013
C014
C015
C016
C017
C018
O019
C01A
C01B
C01C
C01D
C01E
C01F

5703(4)
4374(3)
7392(3)
4332(4)
2638(4)
5165(4)
4912(5)
3833(5)
3380(6)
4304(5)
5906(5)
6844(5)
3856(4)
5485(3)
7607(5)
6092(5)
3190(4)
3584(4)
5302(5)
4208(5)
4133(5)
6443(5)
6367(4)
5813(5)
3194(5)
3399(5)
3639(5)
6261(5)
5748(5)
5144(5)
4758(5)
6723(5)
5141(4)
6610(5)
6187(4)
6759(9)
3961(4)
6786(5)
3310(5)
4884(5)
5873(5)
2408(5)

8928(7)
5077(10)
8715(8)
1211(7)
1407(8)
2158(8)
1132(9)
3306(9)
2845(8)
8378(8)
7839(8)
8807(9)
7720(10)
4825(8)
7584(9)
9947(10)
1349(9)
2353(9)
116(9)
9602(9)
2281(9)
7751(9)
-63(9)
456(11)
9507(9)
241(10)
10158(10)
3233(12)
1775(10)
6955(10)
10018(9)
1895(11)
9034(9)
9929(11)
2496(10)
2914(10)
227(9)
671(11)
8231(9)
3255(11)
3958(12)
2596(10)
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5097(6)
4120(6)
5131(5)
7304(5)
7237(6)
7078(5)
7352(7)
4446(7)
2362(8)
5148(6)
4792(6)
5066(6)
5267(6)
3596(6)
4846(7)
5355(7)
7268(6)
7666(6)
7652(6)
4758(6)
7674(7)
4797(7)
7827(7)
7619(7)
4563(6)
6948(7)
4454(8)
3069(7)
7253(7)
5969(7)
4663(7)
7355(8)
5045(7)
5312(7)
7100(7)
4957(12)
6996(7)
7691(7)
4991(6)
6515(8)
4283(8)
7499(7)

22.7(19)
50(3)
21.0(18)
22(2)
26(2)
21.6(19)
24(2)
70(3)
137(7)
18(2)
17(2)
21(2)
23(2)
59(2)
25(2)
29(3)
21(2)
17(2)
20(2)
22(2)
27(3)
23(2)
22(2)
30(3)
24(2)
32(3)
29(3)
73(3)
30(3)
33(3)
23(2)
42(4)
18(2)
27(2)
24(2)
221(16)
25(2)
33(3)
22(2)
36(3)
34(3)
29(3)

C01G
C01H
C01I

7804(6)
2243(4)
3943(6)

9843(13)
332(12)
3551(12)

5381(10)
6965(8)
2764(8)

49(4)
35(3)
41(3)

Table 3 Anisotropic Displacement Parameters (Å2×103) for 5.62. The Anisotropic
displacement factor exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…].
Atom
U11
U22
U33
U12
U13
U23
33.0(16) 21.6(13) 47.2(17)
3.2(12) 15.1(13) -2.3(12)
S001
42.9(17) 29.4(15) 31.6(14) -13.2(13) 16.3(13) -8.9(12)
S002
34(4)
43(4)
50(4)
-13(3)
11(3)
4(3)
F003
50(5)
34(4)
58(5)
13(3)
11(4)
-5(3)
F004
29(4)
17(3)
39(4)
-6(3)
12(4)
12(3)
O005
47(4)
51(4)
25(3)
-2(4)
14(3)
10(3)
F006
51(5)
13(3)
85(7)
-6(4)
46(5)
-1(4)
O007
49(5)
71(5)
58(5)
12(4)
32(4)
-22(4)
F008
24(4)
7(4)
17(4)
14(3)
-1(3)
7(3)
N009
25(5)
16(4)
16(4)
12(3)
-6(4)
-7(3)
N00A
19(4)
91(7)
33(4)
-32(5)
0(3)
9(4)
O00B
18(4)
22(4)
13(4)
3(3)
-5(3)
1(3)
N00C
53(6)
20(4)
2(3)
17(4)
19(4)
3(3)
N00D
35(5)
26(5)
20(4)
-1(4)
14(4)
-18(4)
N00E
38(5)
18(4)
5(3)
16(4)
4(3)
4(3)
N00F
46(7)
10(4)
11(4)
12(4)
4(4)
3(4)
C00G
141(10)
31(5)
50(6)
4(6)
48(7)
32(4)
O00H
183(13)
28(4)
84(8)
-21(6)
-85(8)
3(5)
F00I
37(6)
5(4)
12(4)
11(4)
8(4)
-2(3)
C00J
34(6)
9(4)
7(4)
3(4)
5(4)
-1(3)
C00K
31(6)
26(5)
6(4)
0(4)
7(4)
-4(4)
C00L
29(6)
28(5)
4(4)
7(5)
-2(4)
0(4)
C00M
27(4)
83(6)
66(5)
28(4)
17(3)
-16(4)
F00N
31(6)
26(5)
13(5)
18(5)
2(4)
0(4)
C00O
39(7)
29(6)
6(4)
-14(5)
-8(4)
-18(4)
C00P
22(5)
28(5)
9(4)
14(4)
1(4)
-2(4)
C00Q
27(5)
17(4)
7(4)
20(4)
4(4)
9(3)
C00R
37(6)
15(4)
0(4)
23(4)
-3(4)
3(3)
C00S
38(6)
23(5)
1(4)
3(5)
1(4)
-14(3)
C00T
50(7)
7(4)
16(5)
17(4)
3(5)
-4(4)
C00U
41(7)
8(4)
17(5)
-4(4)
6(5)
-6(4)
C00V
23(5)
12(4)
18(5)
9(4)
-9(4)
-4(4)
C00W
30(6)
34(6)
13(5)
25(5)
-6(4)
-5(4)
C00X
566

C00Y
C00Z
C010
O011
C012
C013
C014
C015
C016
C017
C018
O019
C01A
C01B
C01C
C01D
C01E
C01F
C01G
C01H
C01I

40(7)
40(7)
35(6)
84(8)
27(6)
54(7)
37(6)
42(7)
23(5)
25(6)
28(6)
260(20)
27(6)
39(7)
35(6)
44(7)
15(5)
28(6)
53(8)
16(5)
37(7)

18(5)
27(6)
23(5)
100(8)
34(6)
28(6)
20(5)
24(6)
14(4)
28(6)
17(5)
19(6)
21(5)
30(6)
21(5)
36(6)
41(7)
35(6)
52(8)
48(7)
44(7)

3(4)
15(5)
33(6)
54(6)
10(5)
5(4)
21(5)
32(7)
24(5)
23(6)
24(5)
178(17)
28(6)
17(5)
7(4)
40(7)
38(7)
21(5)
45(7)
26(6)
25(6)

Table 4 Bond Lengths for 5.62.
Atom Atom Length/Å
Atom Atom
1.420(8) N00F C012
S001 O007
S001 O011 1.463(10) N00F C01D
S001 O019 1.518(14) C00G C00S
S001 C01E 1.781(12) F00I C01I
1.480(8) C00J C00M
S002 O005
1.391(8) C00J C00T
S002 O00B
1.439(8) C00K C00V
S002 O00H
S002 C01I 1.788(14) C00L C00V
F003 C01E 1.359(13) C00L C017
F004 C01I 1.312(14) C00M C01C
F006 C01I 1.276(14) F00N C01E
F008 C01E 1.406(13) C00P C017
N009 C00J 1.368(12) C00Q C00R
N009 C013 1.468(11) C00Q C00Z
N009 C016 1.379(12) C00R C00U
N00A C00K 1.386(11) C00S C00X

7(4)
-1(5)
21(5)
-7(7)
16(5)
27(5)
2(5)
11(5)
-5(4)
7(5)
12(4)
40(9)
25(4)
26(5)
3(5)
33(6)
-9(5)
26(5)
-21(7)
5(5)
5(6)

Length/Å
1.417(13)
1.436(12)
1.392(13)
1.485(17)
1.365(15)
1.390(13)
1.320(15)
1.439(13)
1.415(14)
1.361(14)
1.427(14)
1.298(15)
1.405(14)
1.419(14)
1.347(15)
1.323(16)
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-5(4)
-5(5)
17(5)
47(6)
-16(4)
-3(5)
19(4)
-18(5)
16(4)
4(4)
6(5)
-157(18)
12(5)
-4(5)
3(4)
30(6)
-1(5)
5(5)
22(6)
-9(4)
-8(5)

-6(4)
-17(4)
-5(4)
-37(6)
-7(4)
16(4)
0(4)
-19(5)
-14(4)
-8(4)
-4(4)
18(8)
-6(4)
2(4)
-4(4)
26(6)
-2(5)
2(4)
-44(6)
-6(5)
13(5)

N00A C00P
N00A C016
N00C C00L
N00C C00O
N00C C01G
N00D C00G
N00D C00U
N00D C01A
N00E C00Q
N00E C01F
N00E C01H
N00F C00G

1.391(13)
1.360(13)
1.318(13)
1.424(12)
1.514(15)
1.405(14)
1.410(11)
1.341(14)
1.342(13)
1.479(12)
1.446(14)
1.376(14)

C00T C010
C00T C014
C00W C00X
C00W C01B
C00X C012
C00Y C010
C00Y C01C
C00Z C01A
C012 C018
C014 C016
C015 C018
C015 C01B

Table 5 Bond Angles for 5.62
Atom Atom Atom
Angle/˚
116.5(7)
O011 S001 O007
119.0(7)
O019 S001 O007
121.0(7)
O019 S001 O011
103.7(5)
C01E S001 O007
96.5(6)
C01E S001 O011
88.5(11)
C01E S001 O019
117.8(5)
O00B S002 O005
109.2(6)
O00H S002 O005
118.7(6)
O00H S002 O00B
101.7(5)
C01I S002 O005
100.9(6)
C01I S002 O00B
105.9(6)
C01I S002 O00H
121.1(9)
C013 N009 C00J
108.4(7)
C016 N009 C00J
128.7(9)
C016 N009 C013
115.4(9)
C00P N00A C00K
122.0(8)
C016 N00A C00K
122.2(8)
C016 N00A C00P
121.4(9)
C00O N00C C00L
122.3(9)
C01G N00C C00L
115.8(9)
C01G N00C C00O
121.2(9)
C00U N00D C00G
121.5(8)
C01A N00D C00G
117.0(9)
C01A N00D C00U
120.5(9)
C01F N00E C00Q

1.426(14)
1.476(15)
1.394(14)
1.357(17)
1.473(16)
1.349(16)
1.462(14)
1.357(16)
1.401(17)
1.371(14)
1.382(15)
1.365(17)

Atom Atom Atom
C00R C00Q N00E
C00Z C00Q N00E
C00Z C00Q C00R
C00U C00R C00Q
C00X C00S C00G
C010 C00T C00J
C014 C00T C00J
C014 C00T C010
C00R C00U N00D
C00L C00V C00K
C01B C00W C00X
C00W C00X C00S
C012 C00X C00S
C012 C00X C00W
C01C C00Y C010
C01A C00Z C00Q
C00Y C010 C00T
C00X C012 N00F
C018 C012 N00F
C018 C012 C00X
C016 C014 C00T
C01B C015 C018
N00A C016 N009
C014 C016 N009
C014 C016 N00A
568

Angle/˚
120.9(8)
120.7(10)
118.2(9)
119.8(8)
109.5(9)
120.3(10)
106.9(9)
132.5(9)
122.0(10)
122.0(9)
118.7(10)
138.7(11)
106.9(9)
114.3(11)
118.5(10)
118.6(10)
120.0(10)
107.4(10)
127.1(9)
125.5(10)
104.7(8)
119.8(13)
120.8(9)
111.0(8)
128.0(9)

C01H N00E C00Q
C01H N00E C01F
C012 N00F C00G
C01D N00F C00G
C01D N00F C012
N00F C00G N00D
C00S C00G N00D
C00S C00G N00F
C00M C00J N009
C00T C00J N009
C00T C00J C00M
C00V C00K N00A
C00V C00L N00C
C017 C00L N00C
C017 C00L C00V
C01C C00M C00J
C017 C00P N00A

122.8(8)
116.7(9)
105.1(8)
128.5(9)
124.8(9)
120.0(8)
129.0(10)
111.1(10)
131.1(8)
109.0(9)
119.9(9)
122.3(9)
122.8(9)
123.0(10)
114.2(9)
121.1(9)
124.3(10)

C00P
C015
C00Z
C015
C00Y
F003
F008
F008
F00N
F00N
F00N
F004
F006
F006
F00I
F00I
F00I

C017
C018
C01A
C01B
C01C
C01E
C01E
C01E
C01E
C01E
C01E
C01I
C01I
C01I
C01I
C01I
C01I

C00L
C012
N00D
C00W
C00M
S001
S001
F003
S001
F003
F008
S002
S002
F004
S002
F004
F006

121.6(11)
115.0(10)
124.2(8)
126.6(11)
120.2(10)
115.2(9)
113.9(7)
102.7(9)
110.9(8)
111.2(8)
101.9(9)
111.1(8)
109.9(9)
110.2(11)
101.3(10)
110.1(10)
113.9(9)

Table 6 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement
Parameters (Å2×103) for 5.62.
Atom
x
y
z
U(eq)
3573(5)
10987(10)
4174(8)
35(3)
H010
2814(5)
9869(9)
4367(6)
29(3)
H00Y
3003(5)
7757(9)
5077(6)
27(3)
H01d
3927(4)
6892(10)
5548(6)
27(3)
H00M
6120(4)
3335(10)
6841(7)
29(3)
H018
7046(5)
2333(11)
7296(8)
50(4)
H015
7161(5)
294(11)
7845(7)
40(3)
H01i
6451(4)
-913(9)
8059(7)
27(3)
H00W
5650(5)
7131(8)
4572(6)
20(2)
H00K
5970(5)
10706(10)
5576(7)
35(3)
H00P
6837(5)
10687(11)
5450(7)
32(3)
H017
6568(5)
6967(9)
4618(7)
28(3)
H00V
4394(5)
2971(9)
7936(7)
32(3)
H00U
4100(4)
-527(9)
6798(7)
30(3)
H01h
3151(5)
-475(10)
6706(7)
38(3)
H00Z
3464(4)
3081(9)
7929(6)
21(2)
H00R
3080(20)
4730(100)
3670(60)
43(3)
H005
7570(30)
6870(15)
5250(30)
38(4)
H00a
7380(20)
7410(40)
4150(14)
38(4)
H00b
569

H00c
H00S
H01a
H01b
H01c
H014
H01j
H01k
H01l
H01m
H01n
H01o
H01e
H01f
H01g
H01p
H01q
H01r

8021(9)
5215(5)
4970(20)
5080(30)
5565(7)
4830(5)
4770(30)
4540(20)
5158(13)
2370(30)
2679(16)
2025(15)
7700(30)
7770(30)
8207(7)
2010(20)
2469(5)
1980(20)

7700(20)
-696(9)
6850(40)
6181(16)
7110(30)
10796(9)
3070(30)
3470(50)
3970(20)
2490(20)
3296(17)
2790(40)
10420(50)
10300(50)
9544(15)
360(40)
-460(12)
360(40)

4950(50)
7849(6)
6460(30)
5568(10)
6300(40)
4396(7)
5811(8)
6660(50)
6690(40)
8140(30)
7540(50)
6990(30)
4810(30)
5940(50)
5550(70)
6257(12)
7120(50)
7330(40)

38(4)
24(3)
49(4)
49(4)
49(4)
28(3)
54(5)
54(5)
54(5)
44(4)
44(4)
44(4)
74(5)
74(5)
74(5)
52(4)
52(4)
52(4)

Experimental

Single crystals of C17N3O3F3SH15 5.62 were crystallized through slow evaporation of
chloroform at room temperature]. A suitable crystal was selected and [was mounted using
a Mit-e-Gen cryoloop with Paratone-N oil ] on a 'Bruker APEX-II CCD' diffractometer.
The crystal was kept at 99.94 K during data collection. Using Olex2 [1], the structure was
solved with the SIR2004 [2] structure solution program using Direct Methods and refined
with the XL [3] refinement package using Least Squares minimization.

Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H.
(2009), J. Appl. Cryst. 42, 339-341.

1. Bourhis, L.J., Dolomanov, O.V., Gildea, R.J., Howard, J.A.K., Puschmann, H.
(2015). Acta Cryst. A71, 59-75.
2. Bourhis, L.J., Dolomanov, O.V., Gildea, R.J., Howard, J.A.K., Puschmann, H.
(2015). Acta Cryst. A71, 59-75.
570

Crystal structure determination of 5.62
Crystal Data for CHFNOS (M =80.38 g/mol): monoclinic, space group Cc (no.
9), a =

24.582(9) Å, b =

10.504(4) Å, c =

14.624(6) Å, β =

111.729(5)°, V =

3508(2) Å3, Z = 40, T = 99.53 K, μ(Mo Kα) = 0.239 mm-1, Dcalc = 1.5220 g/cm3, 24013
reflections measured (3.56° ≤ 2Θ ≤ 55.9°), 8102 unique (Rint = 0.1095, Rsigma = 0.1318)
which were used in all calculations. The final R1 was 0.1421 (I>=2u(I)) and wR2 was
0.3951 (all data).
Refinement model description
Number of restraints - 2, number of constraints - 62.
Details:
1. Fixed Uiso
At 1.2 times of:
All C(H) groups
At 1.5 times of:
All C(H,H,H) groups, All O(H) groups
2.a Aromatic/amide H refined with riding coordinates:
C010(H010), C00Y(H00Y), C01C(H01d), C00M(H00M), C018(H018), C015(H015),
C01B(H01i), C00W(H00W), C00K(H00K), C00P(H00P), C017(H017), C00V(H00V),
C00U(H00U), C01A(H01h), C00Z(H00Z), C00R(H00R), C00S(H00S), C014(H014)
2.b Idealised Me refined as rotating group:
C00O(H00a,H00b,H00c), C013(H01a,H01b,H01c), C01D(H01j,H01k,H01l),
C01F(H01m,
H01n,H01o), C01G(H01e,H01f,H01g), C01H(H01p,H01q,H01r)
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2.c Idealised tetrahedral OH refined as rotating group:
O005(H005)
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