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SUMMARY

The development of efficient synthetic strategies have been one of the key challenges in synthetic
organic chemistry. Many types of cross-coupling reactions have been known for several decades,
however, advances in recent years have led to the development of many of the catalytic
organometallic processes used today. One of the most relevant cross-coupling process is the
Ullmann-Goldberg coupling, in which stoichiometric or catalytic amounts of a copper complex
were used. Besides, the use of nickel-based catalysts in cross-coupling reactions is emerging as
a powerful tool providing very rich, versatile and innovative chemical transformations. Despite
such methodologies have been extensively developed, the fundamental mechanistic steps that
govern such transformations are not clearly understood. It is noteworthy that an improved
understanding of the reaction mechanisms should facilitate the development of improved
methodologies as well as the catalyst design. This doctoral dissertation is focused on the use of
copper and nickel-based synthetic model systems in order to gain insight into the formation of C-
C bonds and also, on the role of the auxiliary ligands imparting chemoselectivity in Ullmann

chemistry.

In the first part of this thesis, we take advantage of the feasibility of well-defined aryl-Cu'!
complexes as intermediated species in several C(sp?)-Heteroatom bond formation reactions, to
further develop their reactivity in presence of activated methylenes (Hurtley couplings) and
terminal acetylenes (Stephens-Castro couplings) to form C(sp2)-C(sp3) and C(sp2)-C(sp) bonds,
respectively. The results obtained indicate the intermediacy of aryl-Cu" species in such reactions
and provide insight on the fundamental understanding of the elementary steps of these

transformations.

Subsequently, we explored the reactivity of the analogue well-defined aryl-Ni" complexes using
the same macrocyclic model system. The reactivity of the aryl-Ni" complexes in presence of the
widely used trifluoromethylating sources provided us a nicely mechanistic pathway initiated by a
SET step followed by a recombination of the aryl-Ni"" and the CF3- radical to afford an aryl-Ni'V-
CFs intermediate which easily evolved into reductive elimination step. This square planar platform
was able to support the formation of nickel complexes in three oxidation states (ll, lll, IV) and thus
could be of great help on the reactivity studies, trying to understand the role of each oxidation

state in several organometallic transformations.

In the last part of the thesis we have turned our attention on the effect of the auxiliary ligand choice
on the chemoselectivity and on the operative pathway in a standard Ullmann systems. We studied
the chemoselective arylation of a wide-range of nucleophiles oxygen- and nitrogen-based
nucleophiles in competition reactions using different well-known and available chelating ligands
and aryl iodides and bromides, obtaining in the most of the cases excellent selectivity and high
yields. The orthogonal selectivity is mainly governed by the nature of the auxiliary ligand. The

mechanistic details of these processes are also discussed.



RESUM

El desenvolupament d’estrategies sintétiques més eficients i sostenibles esdevé un dels reptes
meés importants en el camp de la sintesi organica. Es coneixen diversos tipus de reaccions
d’acoplament creuat, i a més a més, els recent avengos en aquest camp han permés el
desenvolupament de diversos processos basats en quimica organometal-lica de gran utilitat en
els nostres temps. La reaccié d’Ullimann-Goldberg, basada en I'is de catalitzadors de coure, és
una de la més important en I'ambit dels acoblaments creuats. Per altra banda, I'is de
catalitzadors basats en niquel esta emergint d’'una forma molt potent, ja que posseix una quimica
molt novedosa i altament versatil. Tot i els avengos en aquestes metodologies, els passos
fonamentals que regeixen aquests processos continuen encara generant controvérsia. Caldria
destacar que una millor comprensié dels mecanismes de reaccié facilitaria el desenvolupament
de metodologies innovadores i un disseny més acurat dels catalitzadors. Aquesta tesi doctoral
es centra en el desenvolupament de sistemes sintétics models basats en coure i niquel amb
I'objectiu d’entendre la formacié d’enllagos C-C, a més també s’estudia la selectivitat dirigida pels

ligands auxiliars la en la quimica de tipus Ullmann.

En la primera part de la tesi, estudiem la reactivitat d’'un complex ben definit aril-Cu'' davant de
metilens activats (Reaccié de Hurtley) i d’acetilens terminals (Reaccié de Stephens-Castro) per
formar C(sp?)-C(sp?) i C(sp?)-C(sp), respectivament. Els resultats obtinguts indiquen la directa
implicacio d’espécies aril-Cu'" en el trancurs de les reaccions i aporten coneixament sobre els

parametres fonamentals que dominen aquestes reactions.

Seguidament, s’estudia la reactivitat dels complexes analegs ben definits aril-Ni'", amb I'ojectiu
d’entendre d’una forma més clara la quimica redox del niquel, utilitzant el mateix system model.
La reactivitat d’aquests complexes en presencia de fonts trifluorometilans ens proporciona un
interessant mecanisme de reaccid iniciat per un procés SET, seguit per la recombinacié de I'aril-
Ni"' i el CF3- radical per obtenir I'espécie intermedia aril-Ni"V-CF3, que evoluciona favorablement
per donar lloc a un procés d’eliminacié reductiva. Per tant, aquest sistema amb geometria plano-
quadrada és compatible amb la formacié de complexes de niquel en tres estats d'oxidacio (ll, 11,
IV). Fet molt important, que ajuda a entendre el rol del niquel en cada estat d’'oxidacio en diverses

reaccions organometal-liques.

En I'tltima part de la tesi, ens centrem en com afecta la naturalesa del lligand auxiliar coordinat
al centre de coure i la selectivitat que presenten envers diferents nucledfils. També estudiarem
I'efecte que presenten en el mecanisme de reaccié operatiu en els sistemes estandards de tipus
Ullmann. S’estudia la quimioselectivitat entre nucleofils basats en oxigen i nitrogen en reaccions
de competicid utilitzant diversos lligands auxiliars i halurs d’aril, obtinguent en la majoria de casos
una alta selectivitat i uns rendiments excellents. En la majoria dels casos, la selectivitat obtinguda
és deguda a la natura del lligand. També es discuteixen els aspectes mecanistics que governen

aquests processos.
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RESUMEN

El desarrollo de estrategias sintéticas mas eficientes y sostenibles es uno de los retos mas
importantes en el campo de la sintesis organica. Se conocen diversos tipos de reacciones de
acoplamiento cruzado que, gracias a los recientes avances en este campo, ha permitido el
desarrollo de innumerables procedimientos basados en quimica organometalica de gran utilidad
en nuestros dias. La reaccion de Ullmann-Goldberg, basada en el uso de catalizadores de cobre,
es una de las mas importantes en el ambito de los acoplamientos cruzados. Por su parte, el uso
de catalizadores basados en niquel esta emergiendo de una forma muy potente, ya que posee
una quimica muy novedosa y altamente versatil. A pesar de los avances conseguidos en estas
metodologias, los pasos fundamentales que rigen estos procesos, aun siguen generando
controversia. Vale la pena destacar que una mejor comprension de los mecanismos de reacciéon
facilitaria el desarrollo de metodologias innovadoras y un disefio mas preciso de los
catalizadores. Esta tesis doctoral se centra en el desarrollo de sistemas sintéticos modelo
basados en cobre y niquel con el objetivo de entender la formacion de enlaces C-C, ademas
también se estudia la selectividad dirigida por los ligandos auxiliares en la quimica de tipo

Ullmann.

En la primera parte de la tesis, se estudia la reactividad de un complejo bien definido arilo-Cu'!
en presencia de metilenos activos (Reaccion de Hurtley) y de acetilenos terminales (Reaccion
de Stephens-Castro) para formar enlaces C(sp2)-C(sp?) y C(sp?)-C(sp), respectivamente. Los
resultados obtenidos indican la directa implicacién de especies arilo-Cu"' en el transcurso de las
reacciones y aportan conocimiento sobre los pardmetros fundamentales que rigen estas

reacciones.

A continuacion, se estudia la reactividad de los complejos bien definidos analogos arilo-Ni", con
el objetivo de entender mas claramente la quimica redox del niquel utilizando el mismo sistema
modelo. La reactividad de estos complejos en presencia de agente trifluorometilantes nos
proporciona un interesante mecanismo de reaccion iniciado por un proceso SET, que seguido de
la recombinacion entre la especie arilo-Ni"' y el radical CF3-, para obtener la especie intermedia
aril-Ni'V-CF3, que evoluciona favorablemente a un proceso de eliminacién reductora. Por lo tanto,
este sistema plano-cuadrado es compatible con la formacion de complejos de niquel en tres
estados de oxidacion (ll, 11, IV). Los resultados obtenidos, pueden ser de gran ayuda para

entender el rol del niquel en cada estado de oxidacién en diversas reacciones organometalicas.

En la dltima parte de la tesis, nos centramos en el estudio de las propiedades estéricas de los
ligandos auxiliares y la selectividad ante diversos nucledfilos. También estudiaremos el efecto
que presentan en el mecanismo de reaccion operativo en los sistemas estandar de tipo Ulimann.
Se estudia la quimioselectividad entre nucledfilos basados en oxigeno y nitrégeno en reacciones
de competicidon utilizando diversos ligandos auxiliares y haluros de arilo, obteniendo en la

mayoria de los casos una alta selectividad y unos rendimientos excelentes.
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1.1 First row transition metals in organic synthesis

Natural products, pharmaceuticals, agrochemicals and polymers are built from organic molecules
and many of these compounds are structurally complex, possessing a high percentage of diverse
C-C, C-H and C-Heteroatom bonds as well as multiple stereogenic centres. Organic compounds
have played a central role in the development of the field of organic chemistry by providing
challenging synthetic targets.

Activation of C-H, C-C and C-Heteroatom bonds has received a great attention over the last
decades as the preferred way to increase molecular complexity and find new applications. The
development of efficient methods and novel synthetic strategies, which not only avoid the tedious
synthetic procedures and emission of undesirable waste, remains one of the top challenges in
organic chemistry. Oftentimes, older reactions are rediscovered and improved in order to solve
several disadvantages.'? Transition metal catalysis has revolutionized organic synthesis,
enabling transformations that would be either difficult or impossible by other means, providing
concise and practical approaches for the preparation of various organic compounds. Elementary
transition metal-mediated reactions to form and cleave bonds in organic molecules are of
fundamental importance in homogeneous catalysis. 3-°

In the past decades, a great number of well-defined catalysts based on late noble transition metals
were broadly employed, because they played a key role being powerful catalysts for inert bonds
activations. From an industrial point of view, the high toxicity and high cost of these metals limit
their broad applications. In contrast, the earth-abundant first-row transition metals, such as iron,
cobalt, nickel and copper, are attractive alternatives to the traditional precious metals, due to their
lower toxicity, their high abundance and in consequently, lower cost.48 For example, the natural
abundance of Fe, Ni, Co and Cu on earth is about 32%, 1.8%, 0.88% and 0.31%, respectively. In
recent years, the assumption of toxic heavy metals and benign early metals should not be exactly
considered, nonetheless, there is no single parameter to describe the general toxicity of a metal
because it is strongly depended on the solubility, oxidation state, and the nature of coordinated

ligands, among others.”

O OH

Diflufenican (Alister® or Azur®) O O O/Q

Bleaching herbicide Octabenzone

Ultraviolet filter

Sulcofuron

Insecticide
Figure 1.1. Earth-abundant first-row transition metals — catalysed C-C and C-Heteroatom bond formation,

which are present in a wide range of interesting molecules.
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On the other hand, first row transition-metal based catalysts usually show totally different or
complementary catalytic reactivities owing to their unique electronic configuration structures
(Figure 1.1). Chemists have employed iron89°, cobalt'®'2, nickel'®'> and copper'®-'® in organic
transformations for more than a century, especially in catalysis, leading to the development of
greener approaches towards organic molecules. Among these elements, copper and nickel are
the most extensively used in organometallic chemistry. Moreover, and although copper is the
most well-known first row transition metal capable of catalysing cross-coupling reactions either
through C-H or C-X (X= halide, metal) bond activation, nickel-catalysed cross-coupling reactions
have been emerging as an attractive method for the formation of C-C and C-Heteroatom bonds.
Several key properties of nickel have allowed the development of a broad range of innovative
reactions. The concept of cross-coupling has gained significant attention due to the enormous
potential that this transformations enclose for the formation of C-C and C-Heteroatom bonds.
Indeed, the number of publications on the topic has remarkably increased in the last few years,
with aproximately 7000 publications in 2015 (Figure 1.2). Furthermore, the development of new
cross-coupling reactions based on copper and nickel catalysts have grown exponentialy, with

aproximately 700 publications in 2015 (Figure 2, purple line).

Figure 1.2. The number of publications on the topic of cross-coupling (blue bars) and on the cross-coupling
reactions catalysed by Cu and Ni (purple line) between 2000 and 2015. Data for the bar chart were obtained
by a Web of Knowledge search in September 2016 using keyword cross-coupling. Data for the line chart
were obtained by the sum of refining search using keywords copper-catalysed and nickel-catalysed,

respectively.

1.2 Cross-Coupling Catalysis

Cross-coupling chemistry involves the formal substitution of an aryl, vinyl, or alkyl halide or
pseudohalide (such as trifluoromethylsulfonate, isocyanide ...) by a nucleophile, assisted by a
transition metal catalyst. While many types of cross-coupling reactions have been known for
several decades, advances in recent years have greatly increased their scope and
applications.'®20 Since then, cross-coupling processes have been a breakthrough in the field of
organic synthesis and have provided a new approach for the construction of molecules of interest

such as pharmaceuticals, agrochemicals, polymers, etc. This progress not only has had a
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significant impact on academic research but also in industrial applications.2! A continuous search
for highly efficient catalytic systems led to the development of new methodologies with extremely
low catalyst loadings. The emergence of cross-coupling as a popular method in synthesis arised
from both the diversity of reagents utilized in these reactions and the broad range of functional
groups which can be incorporated into these reagents. Among other metals, palladium-catalysed
cross-coupling reactions to form C-C and C-Heteroatom bonds have emerged as a powerful tool
in synthetic chemistry.2223

However, it was not until the early seventies, when the first reports on palladium-catalysed cross-
coupling reactions appeared.?* Cross-coupling processes were first applied only to C-C bond
formation which includes a wide range of reactions based in C-nucleophiles, such as aryl, vinyl
or alkyl derivatives of magnesium (Kumada-Corriu)?526, boron (Suzuki-Miyaura)?’, tin (Stille-
Migita)?8, zinc (Negishi)?®, or silicon (Hiyama).3® In another very important cross-coupling process,
a terminal alkyne serves as a nucleophile in the presence (Sonogashira)3! or absence (Heck
alkynylation)3? of a copper co-catalyst (Scheme |.1a). Indeed, the significance of palladium-
catalysed C-C bond formation was awarded in 2010 with the Nobel Prize to Akira Suzuki, Ei-ichi
Negishi and Richard F. Heck.3® The generally proposed mechanism begins with the oxidative
addition of the organo halide to the catalyst. Subsequently, the second partner undergoes
transmetallation, which places both coupling partners on the same metal centre while eliminating
the functional groups. The final step is reductive elimination of the two coupling fragments to
regenerate the catalyst and results in the organic product formation (Scheme 1.1b).20 At the
beginning of the nineties, Hartwig and Buchwald groups made substantial contributions to the
area, developing cross-coupling methodologies based on palladium catalysts for the formation of
C-N.3435 Qver the course of its development, several sorts of catalytic systems have been
developed, allowing the expansion of the scope including a wide variety of amine-based, sulphide-
based and oxygen-based nucleophiles and aryl halides as a coupling partners.36:37 Studies
involving more complex systems have remained an active area of research. Despite the
remarkable results obtained using palladium-based catalysts, several drawbacks begun to
appear, such as the high costs associated to the use and removal of palladium catalysts, as well
as their toxicity and the use of sophisticated (and expensive) ligands. Moreover, pursuing greener
and more sustainable procedures remains one of the top challenges in organic chemistry, thus
the exploration of alternative processes provided several methodologies for the replacement of
palladium with first-row transition metals, most frequently copper and nickel, which shown

highlight performance in these transformations (Figure 1.3).38
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a)
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Negishi, M = ZnCl L,Pd (cat) /\R"
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Scheme I.1. (a) Common Pd-mediated cross-coupling C-C and C-Heteroatom bond-forming processes. (b)
General mechanism for Pd-catalysed cross-coupling reactions, which is initiated by oxidative addition of an

organic halide at Pd?, continues through transmetallation and finishes by reductive elimination.
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Figure 1.3. Current challenges for the development of new cross-coupling methodologies based on first-row

transition metals.
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1.3 Copper in Cross-Coupling Catalysis
1.3.1 Coinage metals

Coinage metals consist of the three non-radioactive members of group 11 of the periodic table:
copper, silver and gold. All three metals have been extensively used in homogeneous catalysis
reactions. Among the three elements, copper is the most used in cross-coupling and
organometallic chemistry. However, silver has increasingly gained interest as a catalyst or co-
catalyst in various cross-coupling reactions. The applications of silver salts, mainly, Ag', in organic
synthesis are indeed mostly driven by its Lewis acidity. Another important feature is the insolubility
of the corresponding halide salts (halogenophilicity), which are driving reactions to trigger the
precipitation of AgX salts (X = ClI, Br, 1).3940 The gold chemistry has grown substantially over past
few years. Gold catalysis exhibits excellent performance for the cross-coupling chemistry, their
inherent properties, like air and moisture tolerance as well as the strong Lewis acidity, led to
conduct several transformations involving C-C and C-Heteroatom bond formation, under mild

reaction conditions.4142

While silver-catalysed cross-coupling reactions are hardly developed, gold-catalysis field are
experiencing a period of special interest, showing satisfactory results in several transformations,
especially in C-H functionalisation area. Besides this, copper is the most versatile, cheap and
productive metal of coinage metals. Copper-assisted cross-coupling methods allow to the
development of improved protocols for the formation of wide range of C-C and C-Heteroatom
bonds. In addition, the copper-mediated chemistry is environmentally friendly, one of the essential

goal of modern organic chemistry.

1.3.2 Overview and background

The copper-catalysed arylation of nucleophiles, known as Ullmann-type condensations, has been
known for more than a century as an efficient method for the formation of C-C and C-Heteroatom
bonds. However, after the discovery of palladium-mediated cross-coupling reactions, the
practicality of these processes was very limited due to several drawbacks, such as the
requirement of highly polar solvents, high temperature (>200°C) and long reaction times, as well
as the narrow range of nucleophiles tolerated as coupling partners. Additionally, in most of the

cases stoichiometric amounts of copper were needed. 4344

At the beginning of the twentieth century, Ullmann-Goldberg chemistry experienced a
renaissance, basically due to the development of new and improved auxiliary ligands. The use of
these auxiliary ligands in combination of inorganic bases led to much milder chemistry (milder
reaction temperatures, faster reaction rates and lower catalyst loadings) with a broadened

substrate scope (Scheme 1.2).
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Scheme I.2. General reaction scheme of Ullmann-type coupling reactions and some representative auxiliary

ligands used.

Usually, nitrogen and oxygen-based bidentate ligands have been used and it was thought that
these auxiliary ligands increased the solubility and stability of the copper catalyst, but their exact
role was not well established. Since then, several research groups focused on the development
of new copper/ligand systems for the formation C-C and C-Heteroatom bond formation.®

Many approaches and methods have been reported since then, nonetheless the optimization of
the experimental conditions is crucial to achieve good performance, and more efforts in this area
are also valuable. In this regard, several “ligand free” procedures have been described as an
efficient catalytic systems in Ullmann coupling reactions, basically in C-N bond formation and
more recently in C-O bond formation.*® This chemistry usually involve the use of chelating
substrates (such as amino acids, amino alcohols ...), which can act as a ligand. Moreover, the
non-requirement of auxiliary ligands and the use of solvents with coordinating abilities such as N-
methylpyrrolidone (NMP), N, N-dimethylformamide (DMF) or dimethylsulfoxide (DMSO), provide
to this methodology a chance to find some applications in current organic synthesis.*” Despite the
versatility and the simplicity of these catalytic systems, several drawbacks need to be overcome,
such as the low reproducibility of these transformations as well as the high temperature

conditions.48

Finally, a complementary approach was recently reported, based on photoirradiation. Peters, Fu
and co-workers demonstrated that performing the coupling reactions in presence of light and a
simple copper catalysts, a wide variety of C-Nucleophiles (such as nitrogen, oxygen, sulphur, or

carbon) can be accomplished under unusual mild conditions (see below).4?

The most essential drawback of copper-mediated cross-coupling chemistry as a whole is the lack

of mechanistic understanding to fundament and design further developments.

1.3.3 Mechanistic features of copper-catalysed cross-

coupling reactions

The great diversity of catalytic systems as well as the different nature of nucleophiles, suggests

that Ullmann couplings might proceed via different mechanisms. In this sense, many proposals
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were drawn, including radical and non-radical processes (Scheme 1.3).17:%0 The radical-based
mechanisms include SET (Single Electron Transfer) and AT (Atom Transfer), both involve the
formation of aryl radicals that react with the Cu'-nucleophile species to form the coupling product
and Cu'.50-60 For the non-radical processes, concerted mechanisms via o-bond metathesis®'-62
and SeAr®384 procedures, which involve mr-complexation of Cu' on the aryl halide have been
reported, although only few experimental evidences are described. Among the non-radical based
mechanisms, the most generally proposed is based on oxidative addition/reductive elimination, a

two-electron redox Cu'/Cu'" catalytic cycle.

However, the recent progress in copper-assisted cross-coupling reactions shows that these
transformations are extremely dependent on experimental conditions, such as the nature of the
ligand, the solvent choice, the sterically hindrance as well as the electronic effect of the substrates

and nucleophiles, and the operating mechanism can differ among distinct experimental setups.

X
cat. Nu
*+  Nuc —_— + X

auxiliary L

4[ Radical Intermediates F 4{ Non-radical Intermediates ﬁ];

Oxidative Addition/Reductive Elimination

Nu @
Single Electron Transfer (SET)

p "///X
X
LCu"-Nu

O0-Bond Metathesis

Nu--Cu'L
Atom transfer mechanism (AT) X
[@ L_)'( -Nu] Tt-Complex Formation
L
o
X

Scheme I.3. Radical and non-radical intermediates proposed for Ullmann coupling reactions.

1.3.4 One-electron redox processes Cu'/Cu'!

Several studies postulate a Cu'/Cu' catalytic cycle involving a radical intermediated species
formed via a single electron transfer (SET) mechanism, which is initiated by the oxidation of the
copper(l) complex by inner-sphere one-electron process from the aryl halide, producing an aryl
halide radical anion. This haloarene radical intermediate reacts with the Cu'-nucleophile complex,
forming the coupling product and regenerating the copper(l) (Scheme I.4a). Since the postulation

of the plausibility of radical intermediates, many proposals appeared in the literature suggesting
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that the free radical reacts rapidly with the Cu' species via atom transfer, which involve the transfer
of the halide to the copper atom to form the aryl radical (Scheme 1.4b). Classical radical
scavengers have been used in order to identify the presence or absence of radical intermediates
in Ullmann condensation reactions. It was found that in many catalytic systems the reaction
performance was not inhibit by the presence of the radical scavengers, supporting an alternative
non-radical-based mechanism. However, this results cannot exclude the formation of short-lived
radicals during the reaction outcome. To probe this radical pathway, several research groups
synthesised and conducted the reactions using a radical clock as aryl halides, which undergoes
a fast cyclisation in presence of radicals. The lack of cyclisation products formation was attributed

to against the involvement of radical intermediates in the reaction mechanism.6?

a)
@Nu X
L,—Nu SET
NuCu'L, X
+ X L,Cu'Nu +
X/
Recombination . Homolytic cleavage
L,Cu'Nu +
b)

©/Nu : , X
L,—Nu SET + Homolytic

cleavage

Nu

l—
S
—X

Recombination

Scheme 1.4. Proposed mechanistic pathways for (a) single electron transfer (SET) mechanism and (b) atom

transfer (AT) mechanism both based in a Cu'/Cu" catalytic cycle.

In 2012, J. Peters and G. Fu reported the first experimental evidence of Cu'/Cu'" in Ullmann-
Goldberg chemistry, demonstrating the viability of the SET pathway.5! This study introduces a

photoinduced variant of this powerful transformation, through the investigation of the formation of
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the C-N couplings between a photoluminiscent copper-carbazolide complex and aryl halides.
Upon the irradiation of the mixture, a radical from copper-carbazolide complex was formed
(detected by EPR spectroscopy). This radical intermediate reacts with aryl halides via single
electron transfer to afford the corresponding C-N coupling product. To provide further support for
radical intermediates in these photoinduced Ullmann reactions, they further investigate the
copper-carbazolide complex with a radical clock (2-(allyloxy)iodobenzene). Interestingly, cyclised
products were exclusively observed, providing the first evidence of the involvement of radical
intermediates. Moreover, deuterium-labelled experiments of the same test were carried out,
generating a mixture 1:1 of cyclised diastereocisomer compounds and any noncyclic products are
observed, which is fully consistent with a radical pathway (Scheme 1.5). Otherwise, this
contribution opens the door to the new development of practical and mild photoinduced protocols
for the Ullmann-type reactions. The scope of these methodologies has also been broaden with a
range of nucleophiles and electrophiles, since the photochemical irradiation can lead, under mild

conditions, the formation of several C-N, C-O, C-S and C-C.49:53.56

a)
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Scheme 1.5. (a) Photoinduced Ullmann C-N coupling reactions of copper-carbazolide complex with aryl
halides. (b) Cyclisation, followed by C-N bond formation, through a photoinduced Ullmann reaction using an
allyloxyiodobenzene (radical clock) as a substrate.
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1.3.5 Oxidative addition/reductive elimination Cu'/Cu'!!

Most of the recent studies proposed a catalytic cycle based on Cu'/Cu'! two-electron redox
process for Ullmann-Goldberg condensation. This proposal involves first the formation of the
LnCu'Nu complex via deprotonation of the NuH by a base, followed by an aryl halide oxidative
addition at the copper(l) centre, increasing the oxidation state and the coordination number of the
metal centre, forming an aryl-Cu"' intermediate species. Finally, this aryl-Cu'' complex undergoes
to the formation of the coupling product through reductive elimination step and regenerates the
copper(l) catalyst. However, two formal representations can be proposed for the copper-catalysed
arylation of nucleophiles (Scheme 1.6). In the first one, the nucleophile coordination occurs in the
first step, before the activation of aryl halide (path A). In the second proposal, the oxidative

addition step proceeds before the nucleophile coordination (path B).

PATH A
L,Cu'Nu ArX

BH
Nucleophile coordination Oxidative addition

NuH/B" X

Ar
7

Reductive elimination

Ly / L “Nu

NuAr
PATH B
BH
ArX Ar
Oxidative addition / i
X L, NuH/B

X Nucleophile coordination

Scheme 1.6. Two proposed pathways for the Ulimann reaction depending on the relative order of oxidative

addition/nucleophile coordination events.

However, experimental data supports pathway A as the most plausible mechanism in these
couplings. Basically, the proposal of Cu'/Cu' catalytic cycle is mainly supported by the lack of
rate inhibition with radical scavengers and computational studies. Cohen proposed for the first
time in the 1970s, a copper(lll) complex as a key intermediate species in Ullmann-type chemistry,
studying the mechanism of the copper mediated homocoupling reaction of o-bromonitrobenzene.
Moreover, the presence of radical intermediates were rejected by the lack of rate inhibition in the
presence of radical scavengers.6%87 Since then, several research groups have suggested the
involvement of putative aryl-Cu'' species in copper-mediated C-C and C-Heteroatom bond

formation and their detection became a challenging subject.

Taillefer and co-workers®® studied the copper-mediated arylation of phenols using several N, N -
based bidentate chelating ligands, in order to get better understanding on the catalytic activity

conferred by the structure of the auxiliary ligand. According to their results, oxidative
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addition/reductive elimination catalytic cycle was the most favourable operative pathway. The
most effective ligands contain one imine or one pyridine coordinating groups in a synergistic
manner. By tuning the electronic properties of pyridine moiety of the ligand, they found that more
electro-donating groups in the para position in the pyridine ring improved the catalytic activity
owing to a more favourable oxidative addition, as indicated by the lower oxidation potential. In
contrast, the more electron-withdrawing para-substituents in the imine coordinating groups
favoured the arylation reaction, suggesting that this binding site is related to the ligand exchange
and/or reductive elimination steps, which are more favourable in electron deficient copper(lll)
intermediates (Scheme 1.7). These results suggest that the reaction pathway is extremely
dependent on the ligand electronic properties. However, the putative aryl-Cu''intermediates were
not observed during the reaction outcomes, only the non-inhibition of the coupling reaction upon

the use of radical scavengers.

Therefore, different research groups supported the plausibility of the putative copper(lil)
intermediates using DFT computational studies, in order to get further mechanistic

information.6%.69.70

N.
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Nucleophile coordination

I PhO-
Ligands
— R R
O OO
N / \
\ 7N/
R =H, CN, OCH; R =H, NOy, Cl, CHg,
OCHj3, NEt,

Scheme L.7. Taillefer's mechanistic proposal for the Ulimann-Goldberg reactions using bidentate N, N-based

auxiliary ligands.
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1.3.5.1 The role of high-valent organometallic copper(l11l)

species

Despite the long history of the Ullmann coupling chemistry, mechanistic investigations of a
plausible catalytic cycle remained ambiguous and speculative, mainly due to the short-lived aryl-
Cu" intermediate species usually formed after the C-halogen bond cleavage, which is generally

the rate-determining step.

In 2002 Ribas, Stack and Llobet”'-72 provided a new strategy for the investigation of the feasibility
of aryl-Cu'' complexes. A well-defined organometallic copper(lll) complex based on a macrocyclic
model substrate, was synthesised, isolated and fully characterised. These ligands hold an
aliphatic chain with three amine coordinating groups capable to stabilize high-valent copper
species by the o-donor properties of the secondary amines. It was not until 2010 when Ribas in
collaboration with Stahl”® observed for the first time the fundamental Cu'/Cu"! redox step in
Ullimann-type couplings. A family of square pyramidal complexes aryl-Cu'-X (X = ClI, Br, I) were
prepared by reacting CuXz salts with a triazamacrocyclic ligand containing an arene moiety via
proton coupled electron transfer (PCET) C-H activation process.”?’* These complexes were
spectroscopic and structurally characterized (Scheme [.8a). Similarly, Wang and co-workers”
reported the synthesis and fully characterization of a monoaryl copper(lll) complex based in a
heterocalixarene ligand, which provides and electron-donating environment suitable for the

stabilization of high-valent copper species (Scheme 1.8b) through C-H activation.

: ]2+ @xy : S Xy
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N-H + X —_— ,N— -N- +

N\_\/N\\\; 2 CHACN, rt, O, \—\/N\% H’N\_\/\N\R\\;
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Scheme 1.8. Synthesis of well-defined high-valent copper(lll) complexes, based on a macrocyclic model
substrates. X-ray structures of aryl-Cu"' complexes (ellipsoid representation at 50% probability and

hydrogens and corresponding counter anions are omitted for clarity). (a) Using triazamacrocyclic ligands
described by Ribas group. (b) Using heterocalixarene-type ligands described by Wang.
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The isolation of the complexes 1x (X = Cl, Br and |) provided an unprecedented opportunity to
study the reactivity of these putative aryl-Cu''-X key intermediate species in Ullmann-type
reactions. The reaction with nucleophiles proceeded fairly rapidly without the addition of base,
indicating the high reactivity of the copper(lll) complex.”® This result strongly suggested that the
mechanism proceeds via reductive elimination. Initial studies revealed that the addition of one
equivalent of triflic acid triggered the reductive elimination at 1x to form the intramolecular C-X
bond and releasing Cu'. Moreover, upon the addition of one equivalent of proton sponge® as a
non-coordinating base, the aryl-Cu''-halide was regenerated through an oxidative addition step.
The interconversion between the two redox states, Cu!/L-X-H* and aryl-Cu''-X, was demonstrated
via sequential additions of acid and base, and the cycle could be repeated several times without
significant loss of 1x (Figure 1.4). In order to gain more mechanistic insight into this process a DFT
calculations were performed. Interestingly, the acid-triggered reductive elimination involved the
protonation of one amine of the complex causing its decoordination from the electron deficient
copper(lll) centre and in consequence, the reductive elimination occurred due to the
destabilization of the complex. Additionally, another effective strategy was described by the same
authors, in which the reductive elimination was promoted by the addition of an external ligand
able to trap copper(l) ions. The equilibrium towards coupling product was achieved by adding

excess of 1,10-phenanthroline, that presents a high affinity for copper(l) ions.
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Figure 1.4. Reversible reductive elimination/oxidative addition under pH control and the UV-Vis monitoring.

Shortly after, Wang and co-workers?® reported in 2011 the reactivity of the well-defined aryl-Cu"!
complex based in azacalix[1]arene[3]pyridine, which readily reacts with a wide range of
nucleophiles, including halides, cyanide, isothiocyanate and carboxylates to form C-X, C-C, C-S

and C-O bonds, respectively achieving almost quantitative yields under mild conditions.
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1.3.5.2 Mechanistic insights on Ullmann-type cross-coupling

reactions

Improved understanding of the fundamental reactivity of high-valent organocopper(lll) species
should facilitate the development of new and improved methodologies based on copper catalysis.
Nonetheless, Ribas, Stahl and co-workers studied in detail the formation of a cationic
[ArCu"Br]*Br complex and demonstrated that the mentioned species can be plausible
intermediates in copper-mediated C-N, C-O, C-S and C-halide bond formation.””.78 These
macrocyclic model systems allowed the study of reductive elimination and oxidative addition steps
independently. In an early report, Stahl reported the reactivity between the macrocyclic model
systems (using a perchlorate salt) with several amides to afford the C-N bond formation under
mild conditions. They could observe that the more acidic N-based nucleophiles reacted faster
than the less acidic ones, which also yielded a by-product (the intramolecular C-N formation). The
trend suggests that the nitrogen nucleophile undergoes deprotonation before or during the rate-
limiting step of the reaction. Ribas and Stahl demonstrated that the aryl-Cu'' also underwent
coupling in presence of carboxylic acids, phenols, aliphatic alcohols’, halides™, amides™,
sulphides®, among others (Scheme 1.9). This model system also proved to be catalytic and aryl-
Cu'-halide intermediate species were unequivocally characterized under catalytic conditions with
a wide range of nucleophiles. This observation was the first example of the experimental feasibility
of Cu'/Cu'" catalytic cycle, undergoing an initial aryl halide oxidative addition to form aryl-Cu''-X,
followed by halide exchange and final reductive elimination, thus supporting the path B of the

Scheme 1.6 for the biased model substrate.
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Scheme 1.9. General mechanism for the C-C and C-Heteroatom bond formation in copper-catalysed cross-

coupling reaction within triazamacrocyclic model aryl halide platforms.
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1.3.6 Dependence on ancillary ligands

As discussed before, the Ullmann condensation has been improved notably through the addition
of auxiliary ligands, which enabled faster reactions and allowed milder conditions. This effect has
initially been explained through the improvement of the solubility and stability of the active copper
species. Since the 1990s a great number of chelating ligands, typically bidentate based on N,N-,
N,O- and O,O- bonding moieties have shown excellent performance on promoting this kind of
transformations. Moreover, the ligand choice plays a key role enhancing the chemoselectivity and
also influencing on the operative mechanism. The use of these additives not only speeded up the
reactions but also made them more reproducible and safer in terms of operating conditions and
residual toxicity. It is believed that these ligands coordinate to the copper(l) centre changing the
electronic properties of the active species and some proposed LCu' intermediates are outlined in
Scheme 1.10. The complexes 1 - 4 are formed by the coordination of ionic ligands®!-8% and the
complexes 5 - 8 results of the coordination of non-ionic ligand.®884 Furthermore, the nature of the
auxiliary ligand, as well as the nature of the nucleophiles, can determine a distinct selectivity

towards sterically different aryl halides substrates.

Scheme 1.10. Possible intermediates resulting from coordination of Cu' with bidentate ionic and anionic

ligands.

1.3.6.1 Chemoselectivity

Buchwald and co-workers studied the ligand-directed chemoselective N- or O- arylation of
aminoalcohols by using different auxiliary ligands. Whereas, the p-diketone ligand promoted the
formation of N-arylated product in DMF at room temperature, tetramethylphenanthroline ligand

promoted the selective O-arylation in toluene at 90°C (Scheme |.11a).8% Later on, the same
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authors concluded, through computational studies that the pathways which showed lower energy
barrier were SET and IAT mechanisms, in which short-lived radical pairs are formed.
Computational investigations were performed on distinct reactions of iodobenzene, methanol and
methylamine, as a simplified model systems. The reactions involving Cu' complexes and either
B-diketone or tetramethylphenanthroline ligands were studied. The results suggest that the
electron-rich 3-diketone ligand promotes the SET mechanism, in which the electron is transferred
from the copper(l) complex. Although the N-bound copper(l) complex is less stable and the amino
substituent is better electron donor, which facilitates electron transfer. In contrast, when the
neutral and less electron-rich phenanthroline ligand was used, the IAT and SET mechanisms
have similar barriers and either may occur depending on the nucleophile. The results suggest that

the observed selectivities arise in the aryl halide activation step of the reaction.8

However, Fu and co-workers proposed an alternative computational pathway, based on Cu'/Cu'!
catalytic cycle, using the real 5-amino-1-pentanol, instead of methanol and methylamine as a
theoretical model substrates.®” Surprisingly, it was found that oxidative addition/reductive
elimination pathway was the most plausible one. It was found that the chemoselectivity came from
the steps involving the nucleophile coordination and oxidative addition. Therefore, the calculations
performed with B-diketone ligand indicated that before the oxidative addition step, a number of
Cu' complexes exist in equilibrium through ligand exchange in the reaction mixture. Oxidative
addition produced a tetra-coordinated Cu'' intermediate that coordinates to the nucleophile in a
rate determining step forming a five-coordinated Cu'' complex. It was shown that the formation of
the amine-coordinated intermediate is more favourable than the formation of the alcohol-
coordinated intermediate. Finally, the removal of the proton from the amino alcohol took place,
before the reductive elimination step (Scheme 1.11b). In contrast, calculations performed with
1,10-phenanthroline ligand indicated that the coordination of the nucleophile, being the rate
determining step, happened before of the oxidative addition. The most favourable transition state
consisted in a penta-coordinated copper(lll) complex bound to the deprotonated alcohol of the

substrate that lead to the C-O coupling product by reductive elimination (Scheme 1.11b).
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Scheme 1.11. (a) Selective ligand-dependent copper-mediated N-arylation and O-arylation of 5-amino-1-
pentanol with 3-bromoidobenzene and bidentate ligands. (b) Computed mechanism reported by Fu for the
selective arylation between aryl iodide and 5-amino-1-pentanol, using B-diketone and 1,10-phenanthroline

as an auxiliary ligands, involving Cu'/Cu' oxidative addition/reductive elimination catalytic cycle.

In this sense, computational studies are a very useful tool for the detailed understanding of
reaction mechanisms at a molecular level, nevertheless a slight change in the computational

methods can render different results, even for the same reaction.

1.3.7 General Conclusions and industrial applications

The great challenge for the synthetic organic chemists is the development of a sustainable, robust
and economically feasible synthetic pathways for all target molecules. The palladium-catalysed
cross-coupling reactions have attracted tremendous attention over the past years. However, in
the late 1990s, several research groups turned out the interest in copper-assisted cross-coupling
chemistry providing new more effective and more sustainable procedures, which emerged
powerfully in many areas of special interest. This development, was basically driven by the

introduction of auxiliary ligands in combination of copper salts, which were able to conduct the
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coupling reactions under milder conditions with excellent performance. This modern Ullmann-
Goldberg chemistry really grabbed attention in industrial laboratories and pilot plants. The low
costs of the copper catalysts and their powerful catalytic activity have been a key success in
industrial processes. Several applications were found in material science, providing strategic
approaches to scale-up and optimize several processes, such as the improvement on polymers8é-
90 and electroluminescent compounds synthesis as well as the production of high-tech materials.®"
On pharmaceutical industry, copper-assisted cross-coupling reactions have been a breakthrough
providing economically feasible approaches for the replacement of well-established old ones. The
ligand modification allowed a reduction of metal loadings, an increase of the solubility and an
easy way to remove it (copper scavengers). These improvements provided alternative
methodologies for the design of several drugs, antibiotics and biological active compounds,
among others, as well as an easy way to scale-up these processes.?2% Finally, in the field of crop
science, copper-mediated transformations have proved to be highly valuable for a high amount
of coupling reactions, such as cyanation reactions. There is no doubt that Ullmann chemistry will

assert its position in industrial catalysis over the coming decades.

Although major achievements were reported for the development of copper-catalysed Ullmann
reactions in the past decade, this area is still active and numerous challenges remain. The
experimental and computational data do not reach an agreement concerning the mechanism,
even for the same reaction. Nevertheless, the diversity of nucleophiles and catalytic systems
render the comprehension of the molecular mechanisms as a difficult task. A deeper
understanding on the mechanism of copper-mediated cross-coupling reactions will led to

development of more efficient methodologies as well as the catalyst design.

1.4 Nickel in Cross-Coupling Catalysis
1.4.1 Group 10 metals

Nickel (Ni), Palladium (Pd) and Platinum (Pt) are the three non-radioactive elements that conform
group 10. Like other groups, their members show patterns in electron configuration especially in
the outermost shells. Nickel just lies above palladium and it can readily perform many of the same
elementary reactions as their group counterparts. Both Pd and Pt were extensively used in both
homogeneous and heterogeneous catalysis. From the perspective of economic sustainability,
nickel has emerged as a very promising alternative to the other elements in the d'° group, being
its costs 2000 times lower than palladium and 10000 times lower than platinum. Nickel is a
relatively electropositive late transition metal, thus the oxidative addition tends to occur easily
allowing its use in several couplings, showing better efficiencies than Pd in some cases.'34
Palladium-catalysed cross-coupling reactions have transformed synthetic organic chemistry and
the relevant and exceptional features of this methodology were recognised with the Nobel Prize

in Chemistry in 2010. The success of palladium-catalysed cross-coupling is mainly due to the
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extensive and systematic investigations of reaction mechanisms.3® Such mechanistic studies
have been crucial in the development of new catalyst structures and novel transformations.% The
vast majority of these processes involve low-valent Pd%/Pd" catalytic cycles, nevertheless, the
readily accessibility to high-valent palladium species, such as Pd" and Pd"V have been recently
reported.?5% On the contrary, only few studies on platinum-catalysed C-C bond formation have
been reported. Compared to the corresponding Ni- or Pd- compounds, Pt shows low reactivity
towards organic halides presumably due to the diffused d-orbitals (5d-orbitals). Platinum is
chemically dissimilar from its partners, the most common oxidation states are Pt" and Pt"V, which
are often stabilised by metal bonding in bimetallic (or polymetallic) species. The easy access to
the higher oxidation states makes the platinum chemistry more suitable in other processes than

cross-coupling, such as oxidation reactions.®”

Besides this, the facile oxidation and readily access to multiple oxidation states have allowed the
development of a broad range of innovative protocols based on homogenous nickel catalysis. In
addition, nickel becomes a privileged reagent for cross-coupling chemistry from the standpoints

of economic sustainability and versatility.

1.4.2 Overview and background

Historically, the use of nickel in organometallic reactions pre-dates many other metals, since it
was isolated in 1751. However, it was not until 1899 when Giinter Wilke made a substantial
contribution to this area, providing the structure and reactivity of nickel complexes as well as the
synthesis of Ni(COD)2 and the investigation of olefin oligomerization.®® Indeed, in 1912 Sabatier
was honoured with the Nobel Prize in Chemistry, for his pioneering work on the hydrogenation of

ethylene using nickel.

At the beginning of the seventies, nickel found extensive use both for cross-coupling and reactions
of alkenes and alkynes, such as nucleophilic allylation, oligomerization, cycloisomerization and
reductive couplings. However, in the following years great attention was devoted in the
development of Pd-based catalysis. Over the past decade, academic and industrial focus has
moved toward efficient chemistry using low-cost and green reagents in transformations leading a
resurgence of nickel chemistry, which is experiencing a period of special interest. In addition, the
intrinsic properties of nickel could enable challenging transformations and also it has proved to
be extremely effective catalyst for cross-coupling.’* Alongside palladium, nickel has been shown
excellent performance in a wide range of C-C bond-forming reactions, such as Negishi, Suzuki-
Miyaura, Stille, Kumada and Hiyama couplings. Through the years, the development of new
catalysts, ligands, and substrates have greatly improved the scope of this transformation. Despite
the tremendous advances in C-C bond formation, some C-Heteroatom couplings still remain a

challenge.
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Scheme 1.12. Prototypical examples of elementary organometallic reaction steps, highlighting changes in

oxidation state at nickel. Ligands and additives are omitted for clarity. M = metal; Me = methyl.

The organometallic chemistry of nickel is rich and varied including numerous catalytic
processes,®® such as oxidative addition,'® reductive elimination,’®" migratory insertion,
transmetallation among others (Scheme 1.12)."3 Nickel has a number of readily accessible
oxidation states (from 0 to +4) and thus provides an excellent opportunity to develop a wide range
of new catalytic protocols by exploiting these oxidation states. Ni%Ni" catalytic cycle is the most
widespread one in catalysis, although the easy access to Ni' and Ni"" oxidation states allows
different ways of reactivity, including radical mechanisms. Finally, the accessibility to high-valent
Ni'V oxidation states have been definitely established, mainly providing an unprecedented distinct
reactivity from the more common oxidation states. NiC is stabilized by soft and 1-acceptor ligands
such as CO, phosphine, N-heterocyclic carbene, 2,2’-bipyridene and olefins. Ni(COD)2 and
Ni(PPhs)4 are commonly used as a Ni° sources, both have a tetrahedral geometry and are labile.
Ni' complexes often contain phosphine or carbene ligands, therefore, mononuclear Ni' complexes
are paramagnetic. Ni' complexes are ubiquitous; the square planar Ni'" complexes are
diamagnetic, tetrahedral Ni'' are paramagnetic and finally, 5 and 6- coordinate Ni' complexes are
generally paramagnetic. There are fewer Ni'' and Ni'V complexes, most of them are octahedral,

however formal Ni'"" complexes with pincer ligands are known in square planar geometry. 02

The mechanisms of nickel-catalysed transformations are in general less studied and a high

variability, system dependent pathways, have been shown.
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1.4.3 Mechanistic features of nickel-assisted cross-coupling

reactions

The readily available oxidation states of the nickel species renders the mechanistic understanding
of these transformations as a challenging enterprise. Ni-based catalysts are the most versatile in
terms of substrate scope and group tolerance. It appears that there are multiple reaction pathways
and also the mechanism of the catalysis depends on the specific ligands employed. With redox
active ligands such as pyridine or imines the assignment of the oxidation states of Ni is not
straightforward due to the formally Ni' complexes. According to the simple charge balances
consideration, could be in fact a Ni' complex bound to a radical-anionic ligand.'% Whether redox-
active ligands facilitate Ni-assisted catalytic transformations is an open and interesting issue.

Several mechanisms have been suggested for the nickel-assisted cross-coupling reactions.
Some of them involve the formation of radical intermediates and the others are based on oxidative

addition/reductive elimination catalytic cycle (Scheme 1.13).104
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Scheme 1.13. Radical and non-radical intermediates proposed for Ni-assisted cross-coupling reactions.

However, to overcome several limitations of Ni-mediated cross-coupling reactions, such as
excess of base, high temperatures and the use of stoichiometric amount of less reactive
nucleophiles, a novel methodology based on a combination of visible light photoredox catalysis
has been developed.'® The combination of visible light and several Ni-based catalysts has
become a powerful tool for cross-coupling, allowing new and improved reactivity partners, as well
as the capability of the photocatalyst to activate the nucleophiles by generating a high-energy

radical intermediates. 05106
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Thus, in addition to Ni%Ni' pathways, fascinating transformations involving Ni'/Ni"', Ni%Ni"/Ni"'/Ni,
or all Ni' catalytic cycles are also possible.®” Moreover, more detailed mechanistic studies for the
Ni-mediated reactions should be performed, which not only provide insight into the reaction

process but may also inspire the design of new reactions and new catalysts.
1.4.3.1 Ni'/Ni'"! catalytic cycle

Although insightful understanding of the reaction mechanisms still requires demanding studies, it
is now well accepted that alkyl halides participate in the Ni-catalysed reductive coupling reactions
through a radical process using redox-active ligands, such as pybox, N-heterocyclic carbenes or
terpyridyl ligands.'% Early proposals were described by Kochi in 1978, in which a series of aryl-
Ni'" complexes were synthesised. The study of the kinetics of the reductive elimination step
provided an evidence of the involvement of aryl-Ni' and aryl-Ni"! intermediate species in the
reaction pathway.%8.1° The intermediacy of alkyl-Ni"' species were proposed in those reactions,
but it was not until Tilley'"® and co-workers reported the first Ni'/Ni"" catalytic system in which the

oxidative addition let to an isolable Ni"" compound.
e Formal oxidative addition step consisting of SET + Recombination

Cross-coupling reactions with a variety of C(sp?)-metal reagents can also be accomplished using
nickel-based catalysis; for example Suzuki, Negishi and Kumada couplings among others can be
carried out under mild conditions (room temperature and low catalyst loading), using unactivated
alkyl electrophiles, which remains challenging in palladium cross-coupling chemistry. In addition,
it is believed that the chelating nature of these redox-active ligands made the (-elimination and

other side reactions unfavourable, due to the coordinative saturation.

During the past several years, Fu and co-workers have endeavoured to increase the scope of
cross-coupling reactions of alkyl electrophiles to form C-C bonds, focusing on couplings of
primary, secondary and unactivated tertiary electrophiles (Scheme 1.14a)."'".112 Preliminary
mechanistic studies of these reactions are consistent with an inner-sphere electron-transfer
pathway as initial step. Moreover, Vicic group'® demonstrated experimentally and
computationally, the involvement of radical species in these systems and also the role of the
redox-active ligands. The first step of the proposed mechanism involved a transmetallation of Ni'
complex and the metal reagent, then the activation of electrophile proceeds through a single
electron transfer (SET) process to give an alkyl radical and an alkyl-Ni" complex. The alkyl radical
recombines with the alkyl-Ni" species to give a bis(alkyl)-Ni"" complex. Finally, the reductive
elimination from the bis(alkyl)-Ni"' species leads to the formation of coupling product and a Ni'-

halide complex (Scheme 1.14b).

Hu and co-workers''3 developed nickel-catalysed alkyl-alkyl Kumada coupling reactions as well
as Sonogashira couplings of alkynes with primary aryl halides using preformed nickel pincer

complexes as catalysts. A bimetallic oxidative addition mechanism involving radical intermediates
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has been proposed, evidenced by the use of radical clock substrate, radical scavengers and
computational studies, highlighting the formation of a coordinated Ni'-pincer complex as
intermediated species in the turnover-determining step of the catalysis. In addition, several
publications on asymmetric reactions providing tertiary and quaternary stereocentres with high

enantioselectivity have been reported, solving an ongoing challenge in this field.14-116
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Scheme 1.14. (a) General reaction scheme of cross-coupling reactions involving oxidative addition to C(sp?)
electrophiles and some used ligands. (b) Mechanism proposed for C(sp?)-C(sp?) cross-coupling reactions

catalysed by Ni.
e Oxidative addition step without the presence of radical intermediates

Notwithstanding, the chemistry of N-heterocyclic carbene species has blossomed at the
beginning of this century. The rapid evolution of this chemistry has led to an increasing number
of applications in C-C and C-heteroatom bond formation field.''”'® Recently, several authors
reported the Ni-catalysed coupling reactions of diphenylamine''® and Grignard'20-122 reagents
among others with several aryl and alkyl halides using carbene-based ligands. Under these
conditions, the coupling reactions were achieved at room temperature with moderate to good
yields. The authors proposed a Ni/Ni" catalytic cycle, which starts with a transmetallation step of
the Ni' halide species with the nucleophile to form a nickel(l) nucleophile intermediate followed by

oxidative addition of aryl halide to generate a Ni'' intermediate and subsequent reductive
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elimination to provide the coupling product and the regeneration of the initial Ni' species.
Nevertheless, no experimental data were given to support this assumption and also, in several
transformations, control experiments run with radical scavengers suggested that radical
intermediates are implied in the reaction. Some authors attributed it to the formation of the active
Ni' catalyst (Scheme 1.15).121.122
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Scheme 1.15. Plausible mechanism involving Ni'/Ni"" catalytic pathway using a well-defined Ni'-NHC as a

catalyst.

Significant progress have been made in Ni-catalysed cross-coupling of alkyl and aryl halides.
Several methods are available for all main types of reactions, such as Suzuki, Hiyama, Negishi,
Stille among others. The mechanism of these nickel-catalysed coupling reactions is complex and
not fully understood. It appears that there are multiple reaction pathways, and the mechanism for

a particular system depends on multiple factors.
1.4.3.2 Ni°/Ni'! catalytic cycle

Cross-coupling reactions of aryl or vinyl halides (or pseudohalides) with nucleophiles, including
organoboron'?, organozinc reagents'?*, amines'2%126, hydrosilanes'?’, or Grignard reagents'2®
among others, can be accomplished under nickel catalysis. Despite the advances in this area,
progress in this field was relatively slow until the introduction of auxiliary ligands bearing bulky
substituents, such as carbene derivatives, dppf, PCys or BINAP among others. The use of these
ligands have enabled faster reactions under milder conditions (Scheme I.16a). In 1979, Wenkert
and co-workers reported nickel-catalysed cross-coupling reactions involving Grignard reagents
and aryl ethers rather than aryl halides. Owing to their general low-cost, readily availability and
high thermal stability, aromatic ether derivatives have emerged as versatile and cost-efficient
alternatives to aryl halides. This pioneering work indicated that oxidative addition of C-O bonds

to nickel(0) species can readily occur. Since then, several research groups reported
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transformations of aromatic C-O bonds including aryl carbamates, carbonates, esters, sulfonates

and even aryl triflates, mesylates or tosylates..129-133

From the mechanistic point of view the most accepted pathway for these methodologies follows
the classical oxidative addition/reductive elimination steps (Scheme 1.16b(i)). Two possible
scenarios are postulated, depending on the nature of the nucleophile. The generally accepted
one involve a sequence of oxidative addition / Transmetallation / reductive elimination, Ni%Ni"
catalytic cycle. Moreover, another plausible scenario was proposed based on the generation of
an anionic nickelate species by the reaction of the nickel(0) precursor with Grignard reagents,
which can potentially operate as a competent catalyst, making a more reactive catalyst due the
increase of electron density around the nickel centre (Scheme 1.16b(ii)).13* Although the formation
of anionic nickelate species was experimentally proved when Grignard reagents were used, '3 its
generation by the reaction with less reactive nucleophiles, such as organoboron reagents, is
unlikely. The change in the substrate scope as well as the nature of the nucleophiles might cause
the switch between the neutral and anionic mechanisms, but further mechanistic studies are
required to prove the feasibility of these proposals. Despite recent advances in this field, a
mechanistic understanding of the Ni-catalysed C-OR bonds cleavage still remains ambiguous

and uncertain.
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Scheme 1.16. (a) General reaction scheme of Ni-assisted cross-coupling reactions. (b) Possible mechanistic

scenarios for Ni-Catalysed cross-coupling of aryl ethers consisting on a Ni% Ni' catalytic cycle.
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Notwithstanding, Martin group reported an extensive mechanistic study on the Ni-catalysed C-
OR bond-cleavage using hydrosylanes. Experimental and computational data demonstrate that
the reaction does not operate via putative Ni'-oxidative addition complexes and pointed at a Ni'-
SiRs species as a responsible of the observed reactivity. This work strongly suggest that oxidative
addition is not always a suitable pathway for the activation of inert C-O bonds and other

mechanistic scenarios could be conceivable.'?”
1.4.3.3 Ni''/Ni'V catalytic cycle

Over the past decades, despite the continued development on nickel catalysis, the higher
oxidation states in nickel chemistry were mainly dominated by Ni'' complexes, but relatively few
example of Ni"V compounds were reported. These organonickel(IV) compounds, mainly contain
polydentate nitrogen ligands (amide and deprotonated oximes). Klein'36-138 et al. reported the
isolation of octahedral Ni'V species by oxidative addition of methyl iodide onto Ni"-acylphenolate
tris(phosphine) complexes. Dimitrov and co-workers reported the isolation of a pseudotetrahedral
bromotris(1-norbornyl)nickel (IV) complex and Turro and co-workers reported the first isolated

tetraalkyl Ni'V complex.'3?

So far, the vast majority of C-C and C-Heteroatom coupling reactions catalysed by nickel mainly
involve Ni%Ni'/Ni'/Ni" species in the catalytic pathway, although no reliable evidence for the
generation of Ni'V species as a part of catalytic cycle has been provided thus far. More recently,
Ni'V intermediate species are being proposed in transformations involving the Ni'/Ni"V redox
couple,'#0-142 glthough well-characterised species have been only reported using model
substrates designed for octahedral environments.'43-145 This hypothesis is fully supported by
several studies that revealed the involvement of organometallic Pd" intermediate species, which
can be easily accessed with many common oxidants. Furthermore, the reactivity of these high-
valent PdV complexes in C-C and C-Heteroatom bond formation processes have led to the
development of various Pd"/PdV catalytic cycles.®® Inspired by the emergence of high valent
palladium chemistry, a pursuit for a similar organometallic high-valent nickel chemistry becomes

a challenging target.

In 2009, Nakamura et. al'#6 reported a very efficient methodology for the coupling of aryl and
heteroaryl halides with aryl magnesium bromides using a combination of nickel difluoride catalyst
and several NHC. Experimental results and theoretical calculations suggest that the reaction
proceed via a Ni'/NiV catalytic cycle. Importantly, this work arose several questions about the
possibility of accessing to high-valent Ni'V species and also the way of reactivity, which will

probably be complementary to their low-valent Ni counterparts.

Recently, Chatani and co-workers'#'.47 reported the C-H arylation reactions using aryl iodides
and diaryliodonium electrophiles, and the authors proposed the involvement of Ni'V intermediate

species (Scheme 1.17). Nevertheless, these putative aryl-Ni'V intermediate species were not
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directly detected, but the use of radical scavengers did not affect the reaction outcome, providing

an evidence of the non-involvement of radical species.
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Scheme 1.17. Proposed mechanism for Ni-catalysed direct arylation of unactivated C-H bonds in presence

of bidentate directing group.

Very recently, Fout and co-workers'#® reported the first example of the isolation of high-valent Ni'V
organometallic complexes supported by a monoanionic bis(carbene) pincer ligand platform, which
were obtained through the oxidation of Ni" precursor with several halogen surrogates, such as
iodobenzene dichloride (PhICl2), elemental bromine (Brz) or benzyltrimethylammonium tribromide
(BTMABTr3).These complexes promote halogenation of organic substrates via reductive

elimination pathway, featuring a Ni'/Ni"V redox catalytic cycle.
1.4.4 Photoredox catalysis

Visible light photoredox catalysis has emerged in recent years as a powerful methodology in
organic synthesis. Nickel has become an ideal transition metal for the photochemical procedures
due to its ability to participate in one-electron processes. The combination of photoredox catalysis
with nickel catalysis has enabled C-C, C-O and C-S bond formation through the formation of
reactive radical intermediates and a prototypical mechanistic scenario for these processes has
been proposed (Scheme 1.18a).105.106.148 The feasibility of these reactions arises from the ability
of photocatalysts to act as both strong single-electron oxidants and reductants upon irradiation

with visible light.

The radical precursor is generated from single electron oxidation of a suitable precursor by an
excited-state photocatalyst complex. This radical can enter the cross-coupling cycle in two

different pathways: radical addition to an organonickel(ll) species, which is formed after oxidative
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addition of an aryl halide to a Ni° catalyst, or direct radical addition to the Ni® catalyst to form a
Ni'-R species, followed by oxidative addition of the aryl halide. Both pathways provide a common
Ni"' intermediate that can rapidly dissociate the stabilized radical or more slowly undergo reductive
elimination to afford the desired coupled product and a Ni' species. The latter can be reduced by

the iridium complex to regenerate both the Ni° and the photocatalyst (Scheme 1.18b).149:150
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Scheme 1.18. Proposed mechanism for photoredox/Ni dual catalytic cycle for cross-coupling reactions.

Recently, MacMillan and Doyle'3! explored the combination of visible-light photoredox and nickel
transition metal catalysis to create a dual catalysis platform for the formation of C-C and C-
Heteroatom bonds, using non-traditional leaving groups, such as C(sp®)-COOH or C(sp?)-H
bonds, as a coupling partners. This strategy enable the formation C(sp3)-C(sp?) and C(sp?)-C(sp?)
bonds, which are not currently possible using either photoredox or transition metal catalysis alone.
Otherwise, these contribution opens the door to the development of new and practical
methodologies for C-C and C-Heteroatom bond formation. The photoredox/Ni dual catalysis not
only has enabled transformations that were extremely challenging, but these reactions can also
be carried out under mild conditions with minimal by-products compared to the traditional cross-
coupling reactions. The use of visible light could overcome the high-energy transition state
barriers associated with the transmetallation from less nucleophilic coupling partners.
Complementary studies, based on an enantioselective version of photoredox Ni catalysis of
several cross-coupling reactions were also performed, obtaining in most of the cases excellent
performances. This strategy represents a complementary approach to traditional cross-coupling

processes, which will likely be applicable across a range of different substrates. However, deeper
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understanding of the operative mechanism should provide opportunities to extend the reaction to

less reactive C-H bonds and/or new halide or pseudohalide partners.152

1.4.5 Deeper mechanistic insight on Ni-catalysed cross-

coupling reactions

Over the past decades, multiple generations of ligands have been designed to improve the
catalytic systems, not only in terms of promoting elementary catalytic steps, but also favouring
desired oxidation states of nickel, given the established viability of Ni%Ni", Ni//Ni"" and Ni'/Ni"V
catalytic cycles.'”” The ligand frameworks often employ a few key design elements, such as
sterically encumbered architectures, hemilabile coordinating groups, electronically-tuned
substituents among others, to achieve high catalytic efficiency. The ancillary ligand design
strategy contributes towards the development of high-performance nickel catalysis for use in a

wide range of important cross-coupling reactions in a more sustainable way.

1.4.5.1 Chelation-assisted stabilisation of high-valent nickel

species

Despite the continued development of nickel catalysis, isolated and well-characterised
organometallic high-valent nickel complexes still remains a challenging target. Most of the
proposed mechanistic pathways lacked of direct experimental evidences to confirm the
mechanistic proposals, most of them are only supported by computational and radical trapping

studies.

e Well-defined aryl-Ni" complexes

Nickel-mediated cross-coupling reactions and C-H bond functionalisation are extremely versatile
and also can promote coupling reactions of challenging substrates. It is believed that most of
these methodologies follow a classical Ni%Ni' catalytic cycle consisting of an initial oxidative
addition, transmetallation and final reductive elimination. Nevertheless, to date reactivity studies
of aryl-Ni" complexes remained very poor. In 2010 Ribas and co-workers’? reported the synthesis
of well-defined organometallic nickel(Il) complex based on model macrocyclic arene substrates
through the C-H bond activation by Ni" salts (see in section 1.5.2). However, the chemistry of this
well-defined macrocyclic aryl-Ni' species was not studied to date (see Chapter V). More recently,
Wang and co-workers'53 reported the synthesis and fully characterization of a well-defined aryl-
Ni" complexes formed through the direct electrophilic metalation of macrocyclic
azacalixim]arene[n]pyridine ligands (Scheme 1.19a). Both of them exhibit a typical square planar
coordination and the isolation of these complexes provides an unprecedented chance to study
the stoichiometric reactivity of aryl-Ni" species in cross-coupling reactions. Furthermore, Wang
and co-workers studied the reactivity of the monoaryl-Ni'" compounds against several
nucleophiles such as organolithium reagents, azide, halide, phenol and hydroxide, obtaining from

good to excellent results, observing in some cases 3-hydride elimination as a side-reaction. These
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results suggested that the reaction proceeds via reductive elimination under optimized conditions
depending on the nucleophile. However, further mechanistic studies for these transformations
need to be done. The authors did not provide the catalytic version of these couplings (Scheme
1.19b).
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Scheme 1.19. Synthesis of well-defined nickel(Il) complex, based on a macrocyclic model substrates and

X-ray structure of aryl-Ni"" complex using heterocalixarene-type ligands described by Wang.
e Well-defined aryl-Ni"" complexes

Since the seminal work of Kochi and co-workers, many experimental and computational reports
have proposed the involvement of organometallic Ni" intermediates in cross-coupling reactions,

although a few high-valent Ni'"' species have been isolated and characterised.

On the other hand, high-valent organometallics have also been proposed as catalytically active
intermediates in metalloenzymes such as methyl-coenzyme M reductase (MCR)'%4, which have
been characterised by EPR and carbon monoxide dehydrogenase/ acetyl-CoA synthetase
(CODH/ACS)."%% Interestingly, organometallic Ni" intermediates have also been recently
proposed to play a key role in the C-H activation step during the anaerobic oxidation of

methane.156.157

Mirica and co-workers'58-160 reported the first isolation and characterization of a mononuclear aryl-
Ni'"" complexes stabilised by a tetradentate ligand, presenting a distorted octahedral geometry of
the Ni'" centre (Scheme 1.20). These complexes can easily undergo C-C and C-Heteroatom bond
formation at room temperature and generating an unstable Ni' species that undergoes rapid

disproportionation to Ni°® and Ni' species, providing an evidence that such Ni'' species are active
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intermediates. Overall, these studies provide a strong evidence for the direct involvement of

organometallic Ni'"' complexes in Ni-mediated cross-coupling reactions.
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Scheme 1.20. (a) Synthesis of well-defined Ni'" distorted octahedral complexes through the oxidative addition
of tetradentate (®“N3CBr) ligand to Ni(COD)2 in THF at RT. (b) Formation of C-O bonds from the reductive
elimination of aryl-Ni"' intermediate species.

Moreover, further mechanistic and spectroscopic studies will be crucial for the development of

more efficient and selective catalysts for several C-C and C-Heteroatom organic transformations.

e Well-defined aryl-Ni"V complexes

In the recent years, the interest in the feasibility of a Ni'/Ni'V redox catalytic cycle for bond-forming
reactions and also the plausible reactivity of those Ni'V complexes compared to other oxidation
states have grown. Cross-coupling reactions are possible candidates for the involvement of Ni'V
intermediates by oxidative addition, which could be initiated by radical processes from the starting
Ni" compound. Very recently, Sanford and co-workers,'43.161 finding inspiration on their previous
studies on PdV chemistry, reported the isolation and fully characterization of octahedral Ni'V
complexes featuring the tris(2-pyridyl)methane and tris(pyrazolyl)borate ligand platforms, capable
of reductively eliminating C-X (X = O, S, N, CF3). These high-valent Ni'V complexes can be
prepared by the oxidation of Ni" precursors with several inner sphere oxidants that are known to
promote the 2e- oxidation of other group 10 metal complexes, such as N-fluoro-2,4,6-
trimethylpyridinium triflate (NFTPT), iodobenzene diacetate (PhI(OAc)2) and iodobenzene
dichloride (PhIClz2). However, these intermediates could not be spectroscopically detected at room
or even at low temperature with any of these oxidants, suggesting that this putative intermediate
is highly reactive. Interestingly, the use of S-(trifluoromethyl)dibenzothiophenium triflate (TDTT)
as an oxidant resulted in a transfer of a CF3 to Ni to obtain a long-lived Ni'V intermediate, which
can be isolated and fully characterised (Scheme 1.21). The reactivity of this Ni"V complex was
further investigated and upon heating at 95°C, it underwent to C(sp?)-C(sp®) bond formation

through reductive elimination step in a quantitative yield. In contrast, upon the addition of
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exogenous reagents, such as tetrabutyl ammonium salts, resulted in selective C(sp?)-heteroatom
bond formation to afford Ni' product. These results provided the first evidence of the formation of
Ni'V intermediate species under mild conditions using bidentate nitrogen donor ligands, through
the oxidative addition of the respective Ni' precursor. Additional studies, mechanistic and
spectroscopic, of high-valent nickel systems will provide even more insight into the oxidants that
enable selective access to NiV (rather than Ni'') as well as the reactivity of Ni'V species. A
fundamental understanding of these transformations will lead to the development of new and

improved methodologies.
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Scheme 1.21. (a) Synthesis of well-defined diamagnetic Ni'V octahedral complex through the oxidation of
[(Py3CH)Ni"(CH2CMe2-0-CsHa4)] with TDTT, using a facial tridentate ligand tris(2-pyridyl)methane (PysCH).
(b) Reactivity of aryl-Ni"V complex forming a C(sp?)-C(sp?) or C(sp?)-O coupling products.

Very recently, Mirica and co-workers'# reported the potential involvement of high-valent Ni'' and
Ni'V intermediate species in Ni-mediated cross-coupling reactions, especially for transformations
involving alkyl substrates. They reported the synthesis of the N, N’-dimethyl-2,11-
diaza[3.3](2,6)pyridinophane ligand, which is able to stabilise a Ni"-dialkyl complex. The isolation
of this Ni"-dialkyl complex allowed a detailed mechanistic investigation. Interestingly, this high-
valent Ni'" species undergoes the reductive elimination quite slowly; in contrast, upon the addition
of one equivalent of oxidant, the reductive elimination evolved faster, suggesting the involvement
of a NiV intermediate. Moreover, the NiV intermediate species was spectroscopically
characterised, confirming the strong potential of Ni'V species in the oxidatively induced C-C and

C-Heteroatom bond formation.

Most recently, the same authors reported the first organometallic Ni complexes supported by a
triazacyclononane-derived ligand.'®2 Besides the presence the alkyl/aryl C-donor cycloneophyl
ligand allowed the isolation of uncommon organometallic Ni", Ni"', and Ni"V complexes (Scheme
1.22). The five-coordinated Ni' complex was stable both in solution and solid state, albeit it
exhibited limited C-C bond formation reactivity. In contrast, the six-coordinated Ni'V complex has
a MeCN molecule bound to Ni and it undergoes rapid C-C bond formation upon exposure to light,

which is in according to the dual Ni/photoredox catalysis discussed above. Furthermore, the
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(Mestacn)Ni"(cycloneophyl) complex undergoes oxidative addition with alkyl halides, as well as
rapid oxidation by Oz, to generate detectable Ni'' and Ni'V intermediates and followed by reductive

elimination to form new C-C bonds.

AN
o ot e T =
C’q// Ni"_ | NN
N

FcBF, \‘N . ACFcBF, - L
g I - — Q2N

THF N~ MeCN N
/ /

//II, -
Nl"

/

==z—

—0

Scheme 1.22. Synthesis of (Mestacn)Ni(CH2CMe2-0-CsHa4) complexes.

Overall, these facial ligands platforms were able to support the formation of nickel complexes in
three oxidation states (Il, I, IV) and thus could be of great help on the reactivity studies, trying to
understand the role of each oxidation state in several organometallic transformations, especially

those relevant to cross-coupling reactions.

1.4.6 General Conclusions and applications

In the last decades, the paradigm of C-C and C-Heteroatom bond formation has allowed to
assemble complex molecular frameworks with an impact in natural product synthesis, medicinal
chemistry and industrial process development. Nickel catalysis has been at the forefront of this
expansion and progressively it is evolving into a suitable and effective alternative to precious
metal catalysts for several key transformations. Nevertheless, the extensive mechanistic
investigations done resulted in a complex chemistry, due to the rich coordination chemistry of
nickel that allows it to adopt a variety of geometries and oxidation states.'8® Nickel is between
hard and soft transition metals and could interact with a variety of ligands that not only stabilize
all the oxidation states, which commonly range from +1 to +4, but also allow the fine tuning of the
redox potential at the metal centre. Therefore, most of the key challenges of nickel catalysis relies
on a clear understanding of how such systems work and gathering more detailed knowledge of
the plausible mechanisms involved in such transformations. These further information of nickel
chemistry should not only provide insight into the reaction processes, but also inspire the design

of new catalysts and new transformations with broaden substrate scope.

1.5 C-H bond functionalisation

Nowadays, the C-H functionalisation is one of the mainstream topic of synthetic chemistry and
one of the most investigated approaches for the development of new synthetic methodologies.
The C-H bonds are ubiquitous in organic species, from natural simple feedstocks to the more
elaborated natural products and material sciences. Therefore, the use of substrates containing
only C-H bonds have emerged as a very powerful tool and sustainable strategy, since the

synthesis of prefunctionalised substrates is no longer necessary. The C-H bonds are relatively
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inert, requiring a high amount of energy to dissociate it, however, the use of transition metals
provide a new approach for enabling these transformations in an easier way. Moreover, the
knowledge gained insight the plausible mechanisms for the C-H bonds cleavage assisted by
transition metals has caused a dramatic impact in synthetic organic chemistry.64-166 An extensive
C-C and C-heteroatom functionalisation of a wide range of arenes was developed using
palladium, ruthenium, iridium and rhodium catalysts, among others, with varying degree of
success.'®71% However, from the viewpoint of the practicality of theses transformations
tremendous challenges lie ahead in the development of new approaches based on inexpensive
and earth-abundant first row transition metals that endowed with high catalytic performance,
versatility and excellent chemo- and regioselectivity. In light with the remarkable progress
achieved using these type of metals, research into new processes and new applications using
iron, copper, nickel and cobalt based catalysts as an alternative methodologies has been in a

continuous progress.

Therefore, the control of the selectivity of C-H bond functionalisation has been a challenging
issue, due to the fact that most of the molecules contains many C-H bonds enable to be activated
at the same time, obtaining different isomers, or even multifunctionalisation. Several strategies to
overcome the problem of selectivity were reported; for instance, the introduction of directing
groups (DG), which direct the metal to a specific position reducing the amount of available
positions and providing a high degree of selectivity.!”172 Chelation-assisted transformations have
become a common and powerful methodology for the regioselective functionalisation of ortho C-
H bonds.'73174 In this sense, there is an extended number of directing groups with specific
electronic and steric properties as well as with chiral groups (Scheme 1.23). Bidentate directing
groups have been exhaustively studied, offering the chance to developed new strategies for C-H
functionalisation. In 2005, Daugulis and co-workers'”® reported the arylation of unactivated
C(sp®)-H bonds using 8-aminoquinolines scaffolds and picolinamide as N, N-bidentate directing
group using Pd(OAc): as a catalyst. Since the Daugulis pioneering work, several groups focused
their research on the study of new possibilities that this detachable and rigid system could offered,

using different transition metals to explore new catalytic reactions based on C-H activation.
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Scheme 1.23. Metal-mediated C-H bond activation aided by bidentate directing groups.

1.5.1 Copper catalysed C-H activation

Several reports highlight the feasibility of copper to achieved oxidative functionalisation of C-H

bonds, including chelated-directed and non-directed examples.

There are a number of Cu-catalysed C-H activation processes reported in the literature, for which
the mechanism of C-H activation is not well established. In some examples it is suggested that
the use of sacrificial oxidants led to obtain highly electrophilic Cu'" intermediates, which may be
the responsible for the C-H activation. In this sense, in 2006 Yu and coworkers'7® reported a
seminal work on the use of directing groups in which, inexpensive Cu'" salts can catalyse the
ortho-selective C-H functionalisation of 2-arylpyridynes, using Oz as a terminal oxidant at 130°C.
Interestingly, the stoichiometric reaction gave the selective formation of mono-functionalised
compounds and remarkably this reaction could be extended to cyanation, amination,
halogenation, estherification and thioestherification of C-H bonds using various nucleophilic
anions (Scheme [.24a). Nevertheless, the reduction of catalyst loading to 10 mol% in presence
of Oz resulted in a mixture of mono- and diacetoxylation products (Scheme 1.24b). A radical-cation
pathway was proposed to explain the data obtained from the mechanistic studies. A single
electron transfer (SET) form the aryl ring to the coordinated Cu' leading to the cation-radical
intermediate is the rate-limiting step. The observed ortho-selectivity is explained by an

intramolecular anion transfer from a nitrogen-bound Cu' complex (Scheme 1.24c).
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Scheme 1.24. (a) Cu"-mediated several C-H functionalisation reactions using various nucleophilic anion
sources. (b) Cu'-catalysed acetoxylation of aryl C-H bonds. (c¢) Mechanism proposal for the selective

formation of mono functionalised compounds.

The use of inexpensive and environmental aware reagents jointly with the high tolerance to
several functionalities made this protocol a very promising tool in transition-metal-mediated C-H

functionalisation chemistry.

In 2009 Phipps and Gaunt'’” reported the meta-selective electrophilic arylation reaction, when
substituted anilides were used as a directing group (Scheme 1.25). This result became very
interesting, due to the fact that anilido groups orientate to ortho position. The reaction proceeds
under mild conditions using Cu' salts as a catalyst and I(lll) salts as an oxidant. Interestingly, this
methodology is tolerant with the presence of several functional groups, therefore many tri- and
tetra- substituted anilides, which are difficult to obtain by classical pathways, could be
synthesised. The mechanism for the meta C-H activation reaction is poorly understood and the
obtained data are controversial, however the involvement of aryl-Cu'' intermediate species are
proposed. Later on, it was found that the carbonyl group was suggested as the truly responsible

for the selectivity in meta position.'78
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most favorable intermediated based on four-membered transition state found by DFT. 178

In 2014, Liu group reported the first Cu'-mediated oxidative coupling of benzamide with
ethylcyanoacetate using 8-aminoquinoline as a directing group (Scheme 1.26a).'7° This tandem
reaction provides a straightforward approach for the construction of isoquinoline scaffolds. In this
system, the best yield could be achieved when 3 equiv. of Cu'' was used under argon atmosphere.
In the same year, You and co-workers reported another example of intramolecular annulation
reaction, in which a copper-promoted the oxidative cross-coupling of arenes with terminal
alkynes. '8 In this oxidative coupling process, Cu(OAc)2 acts as both the promoter and terminal
oxidant; an excess of alkyne were used in order to minimize the yield of the homocoupling side
reaction. Shortly after, Huang and Yu reported the same reaction and the optimization studies
indicated that the choice of the ligand had a significant impact on the reaction outcome (Scheme
1.26b). Finally, the use of catalytic amount of copper salts and molecular oxygen as a green
oxidant, represent an important improvement in the preparation of indole derivatives via C-H

functionalisation reactions.8"
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Scheme 1.26. (a) Copper-mediated C(sp?)-H/C(sp®)-H coupling of benzoic acid derivatives with activated
methylenes. (b) Copper-catalysed C-H activation based arene/alkyne annulations.

In order to increase the scope of copper-mediated C-H activation, further studies using
unactivated C(sp?®)-H were done. In 2014, Ge group reported a copper-assisted site-selective
acyloxylation of unactivated C(sp®)-H directed by 8-aminoquinoline bidentate ligand (Scheme
1.27a).182 |nterestingly, the reaction proceeded exclusively at the B-methyl C-H bonds in a highly

regioselective manner and when a,a-dimethyl-substituted amides were used, both mono- and bis-
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acyloxylated products were observed. Noteworthy, several linear and cyclic aliphatic acids and
benzoic acids were applicable to the acyloxylation reaction. Shortly after, Kuninobu and Kanai
also developed a copper-mediated direct C(sp®)-H acetoxylation using 8-aminoquinoline as the

chelation directing group and AgOAc as oxidant (Scheme 1.27b).183
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Scheme 1.27. (a) Copper-mediated direct C(sp®)-H acyloxylation. (b) Copper-mediated direct C(sp?)-H
acetoxylation. (c) Copper-catalysed aryloxylation of 3-C(sp?)-H.

More recently, Zhang and co-workers investigated a copper-promoted aryloxylation and
vinyloxylation of B-C(sp®)-H bond with organosilanes and directed by 8-aminoquinoline bidentate
ligand (Scheme |.27c). Preliminary mechanistic studies revealed that the Cu(OAc)2 acts as both
the promoter and the source of oxygen in the final products. The proposed reaction mechanism
starts with the coordination of the aminoquinoline substrate to the Cu(OAc)2, followed by C-H
activation and disproportionation generates an organocopper(lll) intermediate species, which

undergoes reductive elimination to deliver the acetoxylated product. 84185

1.5.1.1 Intramolecular C-H activation using macrocyclic

model substrates

A growth on the understanding of the copper-mediated C-H bond activation will lead the design
of new copper catalysts and new strategies for conducting the C-H activation reactions under

milder conditions.

Ribas and co-workers™ reported the stoichiometric C-H bond activation of macrocyclic model
substrates, using CuX: salts. Mechanistic studies of these transformations suggested a Cu'"
disproportionation pathway that yields aryl-Cu'" and Cu' products (see Scheme [.8a), providing

the first evidence for organometallic pathway in C-H activation reactions under oxidative
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conditions. The involvement of the aryl-Cu'! species was also supported, by conducting the C-H
activation reaction in presence of TEMPO, quantitative and fast formation of aryl-Cu'" and
TEMPO-H were observed. Mechanistic and spectroscopic studies suggested a three-centre,
three electron C-H---Cu'! interaction and further kinetic studies showed the C-H bond cleavage as
rate-determining step of the proton-coupled electron transfer (PCET) mechanism. Moreover,
complementary results were reported by Wang and co-workers'8, who performed the reaction
using calixerene-type ligands and Cu(ClOa)2 salt (see Scheme 1.8b). The same authors proposed,
based on extensive experimental data and theoretical calculations, that the arene C-H bond
activation would proceed through an electrophilic aromatic metalation pathway to form an
unprecedented phenylcopper(ll) organometallic compound, which was isolated and fully
characterized. Such arylcopper(ll) compounds led to the formation of arylcopper(lll) compounds

in excellent yields through its oxidation by a free Cu' source or an oxidant like oxone. 8"

Recently, Stahl and co-workers,'88 finding inspiration on the macrocyclic model systems
mentioned above, investigated the plausible involvement of organometallic Cu' intermediates
with the N-(8-quinolinyl)-benzamide substrate, first used by Daugulis. Interestingly, this substrate
exhibits different reactivity, functionalising the ortho-directed C-H bond versus the
functionalisation of the directing group (quinoline), depending on the reaction conditions (Scheme
1.28). Experimental and computational studies are consistent with the operation of organometallic
and SET mechanistic pathways upon changing from basic to acidic reaction conditions. When a
Bronsted basic ligand was used the C-H activation proceeds through an organometallic pathway,
whereas the use of acidic conditions favoured the SET pathway. The results demonstrate the
involvement of high-valent Cu'" species as a key intermediates of the oxidative C-H activation as

it was shown using macrocyclic model systems.

o Cl
SET Mechanism
20 mol% CuCl N (acidic conditions)
1 atm O,, 2 eq LiCl Ho N |
AcOH, 100°C, 17h
(0]
Organometallic Mechanism
2 eq Cu(OAc), @f‘\” | (basic conditions)
1 atm O,, 1 eq Cs,CO3 N«

. OMe
40 eq pyridine

MeOH, 50°C, 24h

Scheme 1.28. Divergent reactivity in Cu"-mediated C-H oxidation reaction using the N-(8-quinolinyl)-

benzamide substrate.

In conclusion, the different strategies showed above for copper-catalysed C-H functionalisation
protocols, showed divergent operative mechanistic pathways, which emphasized the high
complexity of copper-mediated C-H activation processes and the extreme dependence on the

reaction conditions as well as on the nature of chelating-directing group.
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1.5.2 Nickel catalysed C-H activation

In the recent years, considerable progress has been accomplished in Ni-catalysed C-H
functionalisation chemistry, thereby important contributions have been done by many research
groups providing several methodologies, including chelated-directed and non-directed, for the
activation of inert C-H bonds. From a synthetic point of view, nickel-catalysed direct C-H bond
functionalisation provides novel an efficient tools for constructing molecules of special interest.
Early reports on nickel-assisted C-H activation of aromatic compounds date back to 1963189,
however it was not until 2009, when Itami'® and Miura'®! independently reported the first example
of nickel-catalysed C-H arylation of 1,3-azoles with aryl halides. Importantly, this procedure
enabled catalytic direct arylation with aryl iodides, bromides as well as chlorides as electrophiles
(Scheme 1.29a). Since these seminal studies, a variety of C-H bond transformations based on

nickel catalysts have been developed.

Chatani and co-workers highly contributed to the field of Ni-catalysed C-H activation reactions.
While most of the examples involve the coupling of activated C(sp?)-H bonds, they become
interested on the challenging coupling of unactivated alkyl groups (Scheme 1.29b). In 2011, they
reported the first nickel-mediated oxidative cycloaddition of alkynes to aromatic amides catalytic
system, which take advantage of a 2-pyridylmethylamine moiety as chelating bidentate directing
group, for the activation of ortho aromatic C-H bonds. Subsequently, in 2013 they reported the
ortho C-H activation using N-(8-quinolinyl)-benzamide as a substrate for the direct alkylation of
C-H aromatic bonds with unactivated alkyl halides, a challenging transformation due to fact of the
unfavourable oxidative addition of alkyl halides in favour of the 3-hydride elimination side reaction.
In a parallel study, the same authors reported the 3-arylation of aliphatic amides, containing the

same directing group with aryl iodides via the cleavage of unactivated C(sp?®)-H bonds.

In order to increase the scope of Ni-assisted C-H activation, further studies using unactivated
secondary alkyl halides were also performed by Chatani and Ackermann'92 groups, using the
same 8-quinolinyl-amine as a bidentate directing group. This chelation-assisted group with the 8-
aminoquinoline moiety, enabled the use of not only primary alkyl and allyl halides but also
secondary alkyl halides. Mechanistic studies were done for this transformations, it is hypothesized
that the reaction starts with the coordination of nickel centre to the 1,2 diamine moiety of the
directing group, followed by a metalation step to form a putative aryl-Ni" intermediate complex,
probably via a concerted metalation-deprotonation (CMD) mechanism. The oxidative addition of
aryl- or alkyl-halide takes place forming a putative Ni'V intermediate specie, which rapidly evolved
to the formation of desired product and regeneration of Ni" catalyst through reductive elimination
step. However, any of the intermediate species proposed were directly detected, further
mechanistic studies need to be done in order to get more insight into the operative pathways of
the Ni-assisted C-H activation chemistry.40.141.147.193-195 However, although tremendous progress
has been made, the development of new types of directing groups continues to be important in
terms of exploring novel types of transformations of C-H bonds that cannot be achieved when

conventional directing groups were used.
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a)
- Ni(OAc), (10 mol%) N
SN o, S
r u: S—H x—@ L (10 mol%) ‘ ﬂ: \>_©
Sep->z Base, solvent, T Loy
Z=8S,0,NR X =1, Br, Cl
b)
o Ni(COD), (10 mol%) o
PPh3 (40 mol%)
X
” | N PhMe, 160°C, 6h /N NI
H N~ R1-=—R2 R? 7
R']
Ni(OTf); (10 mol%) o i 0 TR
PPh; (20 mol%) ; N D
N T g5l '
Na,CO3 (2 equiv.) N | e NI\N/ \
PhMe 140°C 24h R? N g U /0
(2 equiv) L '
Proposed intermediate
Ni(OTf), (10 mol%) o
MesCO,H (20 mol%) R4
56\ Na,COj3 (2 equiv.) RS H |
DMF, 160°C, 24h A N
Arl (1.5 equiv) r

Scheme 1.29. Examples of nickel-catalysed C-H arylation reactions. (a) C-H arylation of 1,3-azoles with aryl

halides. (b) Nickel-catalysed chelation-assisted selective ortho C-H activation reaction.

1.5.2.1 Intramolecular C-H activation using macrocyclic

model substrates

Over the past decades, there has been an important growth in the development of methods for
C—H functionalisation. Gathering mechanistic insights could provide better understanding on the

nature of these reactions, leading the development of new transformations.

As mentioned before, Ribas and co-workers reported the stoichiometric C-H of macrocyclic model
substrates, using NiXz salts. Interestingly, nickel does not change its oxidation state, affording a
well-defined aryl-Ni" complex’, probably through concerted-metalation-deprotonation (CMD)

pathway; however, no direct mechanistic insights were reported (Scheme 1.30).

Bk T+ (NOgy
= H
Ni'(NOs),-6(H,0) (1 N
H-N H NcH (NOs)26(H,0) (1 o) H-N—Ni'"—NZH ——— | 'N—Ni'—NZH
N CHLCN, rt i e N
H Overnight CHsCN H H

1eq

Scheme 1.30. Synthesis of well-defined nickel(Il) complex based on a macrocyclic model substrate, via direct

C-H activation, and X-ray structure of aryl-Ni" (right).
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Mechanistic studies of these transformations were discussed in the previous sections.
Complementary results were reported by Wang and co-workers, who performed the reaction

using heterocalixerene-type ligands and Ni(ClO4): salt (see Scheme 1.19a).1%3

Very recently, Mirica and co-workers'® reported the first example of the C-H activation mediated
by high-valent Ni'' species, using macrocyclic model systems. Mechanistic studies for the C-H
activation processes revealed the coordination of the NiX2 salts to the N"PN3CH ligand and upon
the addition of two equivalents of oxidant the C(sp?)-H activation was observed, generating a
distorted octahedral high-valent Ni'" complex (Scheme 1.31). Further studies, indicate that the C-
H activation step likely operates through an oxidative-induced mechanism at Ni'' centre, in which
less steric hindered substituents, on secondary amines, enable an agostic interaction between

the Ni centre and the C-H to be activated.

N
N Np T
2L ‘A
NiBr,(DME) 2 eq AgBF, 1eqAgSbFg s N-ur‘NCMe
Np-N H N-Np THE 110°C MeCN "“Neme
‘ N\ MeCN
N
= \Np
NPN3CH (NPN3C)Ni'"Br, [(NPN3C)Ni"Br(MeCN)]* [(NPN3C)Ni"(MeCN),]*

Scheme 1.31. C(sp?)-H activation mediated by high-valent Ni"' species, using macrocyclic model systems.

There are still some major challenges that need to be overcome in the field of Ni-catalysed C-H
bond functionalisation. Most of the mechanistic proposals reported so far are preliminar and lack
insightful experimental and theoretical studies to validate them. Therefore, a deeper
understanding of the fundamental reactivity of these transformations will provide the basis for the

development of new and fruitful methodologies based on C-H activation.
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Chapter Il Main Objectives

Earth-abundant first-row transition metal-catalysed cross-coupling chemistry has blossomed over
the last decades, allowing the design of renewed and practical protocols for the formation of C-C
and C-Heteroatom bonds. The rapid evolution of this chemistry as well as the great success of
several transformations, undoubtedly redirected the face of synthetic organic chemistry towards
environmental tolerant and lower-cost alternative strategies. Among effectiveness of several
transition metals, copper and nickel have been extensively used in cross-coupling chemistry since
the introduction of chelating auxiliary ligands, which led to the development of improved and more
sustainable methodologies. However, the most essential drawback of copper- and nickel-
mediated cross-coupling reactions is the lack of mechanistic understanding of these processes.

Indeed, the operative pathways are extremely dependent on the reaction conditions.

The recent advances in copper-catalysed cross-coupling chemistry also had a strong impact on
the development of new, milder and improved copper-based methodologies towards the
formation of C-C bonds, which are found in a large number of natural products and they are really
important precursors in pharmaceutical industry. However, no consensus on the mechanistic
details of these reactions has been reached and many questions remains unanswered. Therefore,
more clear understanding on the mechanistic pathways for these transformations is of
fundamental importance to facilitate the design of more efficient methodologies. Chapters Ill and
IV of this thesis are focused on this topic, and we study in depth the plausible mechanism involved
in Hurtley condensations (activated methylene compounds) and Stephens-Castro reactions
(palladium-free Sonogashira couplings using terminal acetylenes), within well-defined
macrocyclic model aryl-Cu'' complexes. For this purpose, we took advantage of the previously
results reported by our group, in which the intermediacy of aryl-Cu'! species was demonstrated
in a wide range of C-Heteroatom bond formation, using a family of well-defined copper(lll)
complexes (Scheme II.1).

Hy 2+

!/ ) —|+
C ‘ |
P ! 1
R, N-H —H ‘
1
]
1

°N -N N " H-N X NgH H-N Ni' NZH
H \“RLN\\VX Hurtley H \—\/N\\% | ‘W/N\\rx N\
3 X = Halide, H
|
CHAPTER lll and  Stephens- | j———=—FPh CHAPTER V
Castro

CHAPTER IV

it
/

Scheme II.1. Study of the C-C bond formation using macrocyclic model systems based on high valent Cu"

and Ni" intermediate species.
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Chapter Il

In Chapter V, we turn our attention towards organometallic nickel chemistry. Since nickel can
accommodate multiple geometries and oxidation states, we are interested in gaining mechanistic
insight in the Ni redox chemistry involved in cross coupling reactions using macrocyclic model
systems in atypical non-octahedral environments. Finding inspiration in the previous work
performed in our group using macrocyclic model systems, we explore the synthesis of well-
defined macrocyclic aryl-Ni' complex and its trifluoromethylation with TDTT and Togni reagent.
Furthermore, we will evaluate the capability of these complexes to participate in one and two
electron redox processes as well as the plausibility of accessing to high-valent nickel species
(Scheme I1.1).

In the last part of this thesis (Chapter VI), we focus on the development of Ullmann coupling
reactions using standard systems based on simple aryl halides and auxiliary ligands. Considering
the recent progress in modern Ullmann chemistry and bearing in mind the role of auxiliary ligands,
we become interested on achieving enhanced selectivity towards several functional groups. In
Chapter VI we studied the chemoselective arylation of a wide-range of nucleophiles oxygen- and
nitrogen-based in competitive reactions using different well-known and available auxiliary ligands

and iodobenzene or bromobenzene (Scheme 11.2).

H-N—"Cu/'-N-H H—N X HN H

X
N
A ,/ M L
3 NH N Auxiliary Ligand
via cu'"
intermediate ED

species Model Substrate \ CHAPTER VI

X .

| _ Chemoselectivity
N

X /NH HN\ Nuc, Nuc,
+ Nucy-H + Nucp-H +
X, base, solvent
major minor

Scheme Il.2. Investigation of the role of auxiliary ligands on the chemoselective formation of C-heteroatom

bonds and the plausible involvement of high valent copper(lll) species as reaction intermediates.
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CHAPTER I111.

Model Csp2-Csp? Hurtley Coupling Catalysis that Operates

through a Well-Defined Cu'/Cu'' Mechanism
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Mireia Rovira, Marc Font, and Xavi Ribas*®

Hurtley-type coupling reactions, which were first discovered
more than 80 years ago, involve the copper-catalyzed a-aryla-
tion of activated methylene compounds by using aryl—halide
substrates."™ These reactions afford C,—C,, coupling prod-
ucts, usually as their a-aryl-ketone derivatives. These com-
pounds are important because they are found in a large
number of natural products and they have also found wide ap-
plication in pharmaceutical chemistry.” Importantly, there is
not a clear understanding of the mechanistic details of copper-
based Hurtley catalysis; therefore, unraveling the mechanistic
pathways is of fundamental importance to facilitate the design
of more-sustainable methodologies.

From a broader perspective, copper catalysis is receiving sig-
nificant attention, owing to its lower cost and complementary
reactivity compared to palladium-based catalytic processes.”
Among the numerous cross-coupling reactions that are cata-
lyzed by copper, C—heteroatom Ullmann condensation reac-
tions have been well-studied.**® Although the exact mecha-
nism of these processes is not completely understood, a Cu'/
Cu" redox catalytic cycle has been implied for a long time and,
recently, it has been experimentally verified in selected sys-
tems.”® The nucleophilic role of the activated methylene sub-
strate suggests that Hurtley copper-catalyzed couplings might
share common mechanistic features with Ullmann couplings.

Several methods for Hurtley coupling reactions have been
reported (Scheme 1),'%™ the most successful of which requires
the use of bidentate ancillary ligands, such as L-proline,"* pi-
colinic acid,™ and 1,10-phenanthroline.”® Monodentate Ii-
gands, such as 2-phenylphenol,"” or tetradentate ligands, such
as Schiff bases,"® have also been used. Temperatures between
25-70°C and soft bases, such as Cs,CO,;, have been used,
thereby affording the coupling products in good yields. How-
ever, until now, no consensus on the mechanistic details of
these reactions has been reached and two main questions still
remain: 1) What is the mechanism of the aryl—halide-activation
step? 2) What is the coordination mode of the activated meth-
ylene compound? On one hand, Setsune et al. proposed an
electron-transfer mechanism to explain the activation of the
aryl halide,"” whereas, on the other hand, Hennessy and Buch-
wald proposed that the bidentate coordination of a deproton-

[a] M. Rovira, M. Font, Dr. X. Ribas

QBIS Research Group, Deptartamento de Quimica
Universitat de Girona
Campus Montilivi, Girona E-17071, Catalonia (Spain)
Fax: (+34) 972418150
E-mail: xavi.ribas@udg.edu

Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/cctc.201200885.
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Hurtley Coupling Catalysis that Operates
Defined Cu'/Cu" Mechanism

Cul (5-10 mol %)
Ligand (10-20%)
base (2-4 equiv)

Ho
*oC,
R'" 'R? solvent, 25-50 °C

X R'R?

X=1,Br

R', R2=CN, COOMe, COOEt, COMe, COPh
base = Cs,CO3, K,CO3

Ligand = monodentate, bidentate, and tetradentate

Scheme 1. General procedure and conditions for the Hurtley C,,.—C,:
coupling reaction.

ated dimethyl malonate substrate through two oxygen atoms
to the Cu' center was required.""”

Very recently, Huang and Hartwig attempted to answer both
questions by studying the Hurtley coupling reactions between
aryl iodides and isolated Cu'—enolate complexes."® These latter
complexes were synthesized by a direct reaction between
Cu'OtBu and P-dicarbonyl compounds. The use of radical
clocks ruled out the presence of radical intermediates, thus in-
dicating that the electron-transfer mechanism for the activa-
tion of the aryl halide was not favored. Instead, with the aid of
DFT calculations, the same authors proposed the aryl halide ox-
idative addition at a carbon-bound form of the Cu' complex,
that is, LCU'(CHR,).

Therefore, more efforts are clearly needed to unravel the de-
tailed mechanistic pathways behind Hurtley-type reactions.
Our approach is based on evaluating the reactivity of well-de-
fined aryl-Cu" species as pertinent intermediate species in
Hurtley catalysis. To this end, herein we report the stoichiomet-
ric reactions between complex 1, and malononitrile, dimeth-
yl malonate, and acetylacetone (Scheme 2), as well as the cor-
responding catalytic reactions with model aryl halide L,—Br
(see below).

Interestingly, the reactions between compound 1¢o, and the
activated methylene substrates afforded 1,2-dihydroisoquino-
line (compounds P1 and P2) and 1,2-dihydroisoquinolin-3(4 H)-
one products (compound P3). These scaffolds are necessarily
formed through a very favorable intramolecular reorganization
of the expected aryl-methylene C—C coupling species. The
chemical structures of compounds P1-P3 were unequivocally
established by 1D and 2D NMR spectroscopy and by MS (ESI).
The full 'THNMR assignment of compound P1 is shown in
Figure 1 (for the assignment of compounds P2 and P3, see the
Supporting Information). The yields of the heterocyclic prod-
ucts range from quantitative (P1) to good or modest (P2: 80%
yield, P3: 56% yield) and they correlate with the pK, value of
the corresponding activated methylene substrate (Table 1). The
most acidic substrate reacts in less than 3 h at room tempera-
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Scheme 2. Stoichiometric reactions between aryl-Cu" complex 1¢, and ac-

tivated methylene substrates, which undergo C,,—C,,: coupling and subse-
quent intramolecular reorganization.

ture to afford compound P1 in quantitative yield, whereas,
upon increasing the pK, value, higher temperatures (50°C) and
longer reaction times (24 h) are required. Despite these more
favorable conditions, lower yields are obtained (80% and 37 %
for compounds P2 and P3, respectively). In addition, at tem-
peratures above 40°C, intramolecular aryl-NCH; coupling oc-
curred as an important side-reaction, which was responsible
for the lower yield of compound P3.%” For this latter reaction,
the addition of 2.2 equivalents of Cs,CO; as a base was benefi-
cial for the reaction at room temperature and afforded an in-
crease in the yield of the product from 37 9% to 56 %.

The structural characterization of compounds P1-P3 was
challenging and required extensive 2D NMR experiments. As
an example, the rigidity of the 1,2-dihydroisoquinoline scaffold
of compound P1 and its macrocyclic structure caused most of
the protons in the molecule to become diastereotopic. Based
on these studies, the assignment of each proton signal is
shown in Figure 1 (for a complete explanation of the structural

Table 1. Experimental yields for the stoichiometric and catalytic synthe-
ses of compounds P1-P3."!

Activated methylene Malononitrile  Acetylacetone Dimethyl

nucleophile malonate
(pK, in DMSO) (11.1) (13.3) (16.4)
product P1 P2 P3

yield (stoichiometric reaction)® 99 80 569
yield (catalytic reaction)® 95 37 679

[a] The yields of the C—C coupling products were calculated by integra-
tion of the 'H NMR spectra with 1,3,5-trimethoxybenzene as an internal
standard; [b] general conditions for the stoichiometric reactions: [1¢o,] =
12 mm, [nucleophile] =24 mm, 25°C, CD,CN; [c] 50°C; [d] 25°C, Cs,CO;
(2.2 equiv; the highest yield, which was obtained without base at 50°C,
was 37%); [e] general conditions for the catalytic reactions: [L,—Br]=
5mm, [[Cu'(CH;CN),JCF;S0;1=0.5 mm, [nucleophile]=10 mm, 25°C,
MeCN; [fl molecular sieves and K,CO; (2.2 equiv); [g] K,CO; (8.8 equiv).

determination of compounds P1-P3, see the Supporting Infor-
mation). Interestingly, a former NH proton and the methylenic
proton of deprotonated malononitrile are formally transferred
to form the NH, group at the 3-position of the 1,2-dihydroiso-
quinoline heterocycle (see below).

In the case of acetylacetone as the activated methylenic sub-
strate, product P2 is obtained. Compound P2 also contains
a 1,2-dihydroisoquinoline scaffold, although a methyl group is
found at the 3-position on the heterocycle and a water mole-
cule must be eliminated to allow for its formation. In the case
of dimethyl malonate, compound P3 is obtained, which con-
tains a 1,2-dihydroisoquinolin-3(4 H)-one scaffold, owing to the
attack of a secondary amine on one ester moiety of the C-in-
serted substrate, to finally release one MeOH molecule. In com-
pound P3, a new chiral carbon center is formed, as shown in
Scheme 2. The proposed mechanisms for the formation of
compounds P2 and P3 are shown in the Supporting Informa-
tion, Figures S29 and S30.

The proposed mechanism for the synthesis of compound P1
is shown in Scheme 3. The pK, dependence of the reactivity of

Figure 1. 'H NMR spectrum (CD,CN, 25 °C, 400 MHz) of compound P1 with proton assignment. @ 1,3,5-trimethoxybenzene (internal standard); A excess

malononitrile.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 3. Proposed mechanism for the C-arylation of malononitrile through
an aryl-Cu" species and subsequent intramolecular reorganization to afford
heterocycle P1.

compound 1¢, with different C nucleophiles, as well as the
fact that no intermediate species is observed during 'H NMR
analysis of the reaction at low temperatures (only the disap-
pearance of the signals of aryl-Cu" complex and the appear-
ance of signals of compound P1 are observed), suggest an ini-
tial rate-limiting deprotonation of malononitrile, similar to
what was recently reported for other nucleophiles, such as
alkyl and aryl thiols or phenols.®® Based on previous work
with other heteroatom nucleophiles, we propose that these re-
actions are initiated by an apical coordination of the deproton-
ated C nucleophile, which then rapidly undergoes reductive
elimination to afford the C,,~—C,;: coupling product. At this
point, the benzylic secondary amine rapidly attacks one of the
nitrile moieties to trigger an intramolecular domino cyclization,
which is also a downhill process. For compounds P2 and P3,
a similar mechanism is proposed, although the intramolecular
cyclization differs in the nature of the molecule that is released
(either H,O or MeOH; see the

Supporting Information, Figur-

es S29 and S30). Similar intramo-

lecular heterocyclization reac-

tions that involve malononitrile

or [-ketoesters have been re- HNGOBrONH 2 R
ported.”'¥ Interestingly, if the LZM

bulkier activated methylene sub- L1_BBr

strate  1,3-diphenylpropane-1,3-
dione (pK, in DMSO=13.4) was
added to compound 1, no re-
action was observed; thus, steric
properties also play a clear role
in (at least) the rate-limiting de-
protonation step.

The stoichiometric reactivity
shown above points towards the

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

possible implication of aryl-Cu" species in Hurtley-type reactiv-

ity.”” To explore the catalytic version of this transformation
within our model system, we investigated the copper-cata-
lyzed reaction (10 mol% Cu' source) of a model aryl halide, L,—
Br, with malononitrile under ambient conditions. Pleasingly, we
found that compound P1 was formed in quantitative yield (>
95 %) within 24 h (Scheme 4). Indeed, UV/Vis monitoring of this
catalytic reaction revealed the formation of the well-defined
aryl—Cu"—Br species 15, (band at 550 nm)"” as the resting state
of the catalyst under the reaction conditions (Figure 2). Fur-
thermore, the 'H NMR kinetics of the catalytic reaction showed
equal rates of the consumption of substrate L,—Br and the for-
mation of product P1 (see the Supporting Information, Fig-
ure S1). These observations indicate that, under these catalytic
conditions, the rate-limiting step corresponds to the removal
of the apical halide ligand by the C nucleophile, with its con-
comitant deprotonation by a secondary amine.

The analogous copper-catalyzed formation of compounds
P2 and P3 from the reactions of L,—Br with acetylacetone and
dimethyl malonate, respectively, were more challenging and
moderate-to-good yields were only obtained upon the addi-
tion of a base to overcome the lower acidity of these two sub-
strates (K,CO, afforded the best results; Table 1 and Scheme 4).
Furthermore, the catalytic synthesis of compound P2 required
the presence of molecular sieves to achieve yields of up to
37%. One possible explanation for this result is that the trap-
ping of the released water helps to prevent the oxidation of
the Cu' catalysts.

Overall, these data clearly indicate the presence of aryl-Cu
species in Hurtley-type reactions on our model platform. The
stepwise sequence starts with the direct oxidative addition of
the aryl halide at a Cu' center, followed by the rate-limiting in-
teraction of the aryl-Cu"—halide complex with the activated
methylene substrate. The exact nature of the coordination
mode of the deprotonated C nucleophile to the aryl-Cu" spe-
cies is still unclear, because, after the rate-determining depro-
tonation and coordination of the nucleophile, all of the subse-
quent steps occur very rapidly. The formation of compounds
P1-P3 also shows that such Hurtley-type reactivity could be
a useful synthetic strategy for the synthesis of valuable hetero-

[CUCH3CN),](CF3S0;)
{10 mol%)

CH3CN, Ny 25°C
K,CO3 (2-8 equiv for P2 and P3)

H-N g~g N-H
NN
|

R =CN, COOMe, COMe

Br A
- |||\\ -
H-N—CuNgy e P1, P2, P3
CH;
aryl-Cu'"-Br (1g,)

Scheme 4. Copper-catalyzed Hurtley reactions with model aryl bromide (L,—Br) to form compounds P1-P3; the
detection of an intermediate aryl-Cu
tate the catalytic conversion with less-acidic substrates (R=COOMe, COMe).

"_Br species is highlighted. An inorganic base (K,COs) was required to facili-
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Figure 2. Progressive UV/Vis spectra of the cross-coupling reaction between
compound L,—Br and malononitrile to form compound P1, catalyzed by
[CU'(CH,CN),ICF,S0;, which show the disappearance of the characteristic
band of the aryl-Cu"—Br species (15, at 550 nm. Conditions: [L,—

Brl=10 mwm, [[Cu'(CH,CN),]ICF;SO;]1= 1.4 mwm, [malononitrile] = 100 mm,
MeCN, 40°C, N, atmosphere.

cycles.*#2% To the best of our knowledge, the reactions re-
ported herein constitute the first experimental examples of
copper-catalyzed C,,—C,,: cross-coupling with the direct in-
volvement of a Cu'/Cu" catalytic cycle.

Experimental Section
Stoichiometric synthesis of compounds P1-P3

Under an inert atmosphere inside a glove box, a sample of aryl—
Cu" complex 1qo, (142 mg, 28 pmol) was dissolved in CD,CN
(1.6 mL) and 0.4 mL of a solution of 1,3,5-trimethoxybenzene (TMB)
in CD5CN (3.34 pmol) was added as an internal standard. An aliquot
of this solution (0.6 mL) was placed inside an NMR tube and two
equivalents of the corresponding activated methylene nucleophile
(0.1 mL, 168 mm) were added. Final concentrations: [1¢,]=12 mm,
[active methylene nucleophile]=24 mm, [TMB]=1.43 mM. The
tube was sealed with a screw-cap and the reaction was allowed to
proceed at RT (for malononitrile) or at 50°C (for acetylacetone and
dimethyl malonate) with monitoring by 'H NMR spectroscopy until
the reaction had completed. Final yields: compound P1 (99%),
compound P2 (80%), and compound P3 (37%). In the reaction of
dimethyl malonate, the presence of Cs,CO; (8.8 equiv) enhanced
the yield of compound P3 from 37% to 56%. 'H, COSY, NOESY,
TOCSY, 'H-"3C HSQC, "H-"*C HMBC, and "*C NMR spectra and mass
spectrometry were obtained directly from crude reactions. Reaction
yields were obtained from integration of the 'H NMR signals rela-
tive to the internal standard.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

General procedure for the catalytic reactions

Under an inert atmosphere inside a glove box, a vial was loaded
with ligand L,—Br (0.5mL, 30mm in MeCN) and [Cu-
(CH;CN),ICF;SO;5 (10 mol%, 0.2 mL of a 7.5 mm stock solution in
MeCN) was added. The colorless solution became slightly red, thus
indicating that oxidative addition had taken place to afford the
corresponding aryl-Cu"—Br complex. Then, a solution of the active
methylene nucleophile (2.3 mL, 13 mm in MeCN) was added by
a syringe pump over 3 h. For the coupling reactions of dimethyl
malonate and acetylacetone, the presence of K,CO; (8.8 equiva-
lents and 2.2 equivalents, respectively) was required and, for the
coupling of acetylacetone, the presence of molecular sieves in-
creased the yield of the reaction. Final concentrations: [L,—Brl=
5mm, [[Cu'(CH,CN),JCF;50,]=0.5 mwm, [active methylene nucleo-
philel=10 mm. After stirring the crude mixture at room tempera-
ture for 24 h, a solution of 1,3,5-trimethoxybenzene (150 pL,
1.67 mm in MeCN) was added as an internal standard and the sol-
vent was removed. The sample was re-dissolved in CD;CN (0.5 mL)
and the yield was determined from the relative integration of the
benzylic protons with respect to those of 1,3,5-trimethoxybenzene
in the "H NMR spectrum. The yields of compounds P1, P2, and P3
were 95%, 37 %, and 67 %, respectively.
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CHAPTER 1V.
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Aryl-Copper(lll)-Acetylides as Key Intermediates in C,,.—C, Model

Couplings under Mild Conditions

Mireia Rovira,” Marc Font,"” Ferran Acufa-Parés,” Teodor Parella,” Josep M. Luis,?

Julio Lloret-Fillol,"™ and Xavi Ribas*!

/Abstract: The mechanism of copper-mediated Sonogashira
couplings (so-called Stephens-Castro and Miura couplings)
is not well understood and lacks clear comprehension. In
this work, the reactivity of a well-defined aryl-Cu" species
(1ci0,) With p-R-phenylacetylenes (R=NO,, CF;, H) is reported
and it is found that facile reductive elimination from a puta-
tive aryl-Cu"-acetylide species occurs at room temperature
to afford the C,,—C,, coupling species (lIg), which in turn un-
dergo an intramolecular reorganisation to afford final heter-

ocyclic products containing 2H-isoindole (Pyo, Pcr, Pya) of

N

1,2-dihydroisoquinoline (Py,) substructures. Density Func-
tional Theory (DFT) studies support the postulated reductive
elimination pathway that leads to the formation of C,.—C,,
bonds and provide the clue to understand the divergent in-
tramolecular reorganisation when p-H-phenylacetylene is
used. Mechanistic insights and the very mild experimental
conditions to effect C,,—C,, coupling in these model sys-
tems provide important insights for developing milder
copper-catalysed C,,—C,, coupling reactions with standard
substrates in the future.
/

Introduction

The transition-metal catalysed couplings of aryl halides and ter-
minal acetylenes is a fundamental reaction for providing
access to highly versatile aryl alkyne scaffolds, which are very
important precursors in the pharmaceutical industry, as well as
in total synthesis and production of organic materials."" The
palladium-copper co-catalysed methodology (Sonogashira-Ha-
gihara reaction) is the most widely used, and is thought to
proceed through a Pd°/Pd" catalytic cycle for effecting the aryl-
acetylide coupling. The role of copper as transmetallating
agent from Cu'-acetylides is generally proposed.” However,
this coupling reaction can also proceed under copper catalysis
(palladium-free) as reported by Miura’s seminal report in
1993.%! In fact, Castro and Stephens first demonstrated that
Cu"-acetylides could directly react with aryl iodides to provide
the desired phenyl acetylenes, back in 1963."

More recently, renewed interest in palladium-free methodol-
ogies is motivated by economic and toxicity reasons, thus
copper-based Sonogashira couplings appear as an attractive al-
ternative.”) However, copper is known to catalyse the homo-
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coupling of terminal alkynes (Glaser-Hay reaction)® a clear
drawback that steps down its synthetic utility. Recently, Bolm
and co-workers reported that sub-mol% copper loading and
a large excess of DMEDA constituted a good methodology to
afford the coupling products in quantitative yields,” thus
avoiding the undesired acetlylene homocoupling.

The mechanism of copper-mediated Sonogashira couplings
is far from being well-understood. The Stephens and Miura
groups supported a mechanism involving the formation of
a mononuclear Cu-acetylide species that reacted with aryl
iodide in a concerted manner through a 4-centre transition
state, although no experimental proof was provided (Sche-
me 1A).2**! Bolm and co-workers performed kinetic investiga-
tions with their methodology using DMEDA in excess and sup-
ported also that a monomeric Cu'-acetylide complex was the
active species that reacts with aryl iodide, but no further de-
tails were provided to explain the key coupling step.” More re-
cently, Wang and co-workers shed more light on the mecha-
nism of this reaction by showing that an aryl iodide moiety
embedded in azacalix-[1]arene[3]pyridine can effectively
couple with phenylacetylene, in a process catalysed by Cu'
(30 mol%) at 130°C, where aryl-Cu" species were clearly
shown as intermediates (Scheme 1B).®

In view of the minor mechanistic information available for
Cu-based Sonogashira couplings, and in our experience dem-
onstrating that aryl-Cu" species are valid intermediates in
model copper-catalysed C,-heteroatom (C—N, C-0, C-S, C—
Se, C—P and C—halide)® and C,,—C,,: coupling reactions,"” we
decided to investigate in depth the reactivity of well-defined
aryl-Cu" species with terminal acetylenes. Here we report on
the ability of aryl-Cu" species to react with phenylacetylene
derivatives at room temperature to afford the C,,.—C,, coupling

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Mechanistic proposals for the Cu-catalysed Sonogashira coupling
reaction. a) Stephens—Castro and Miura’s 4-centre transition state proposal,
and b) Wang’s model system involving an aryl-Cu" species.

products, which in turn evolve to 2H-isoindole final products
through an intramolecular cyclisation due to nucleophilic
attack of secondary amines over the inserted alkyne. Experi-
mental and theoretical evidence showing that monomeric aryl-
Cu"-acetylides undergo reductive elimination as the key step
of this reaction are presented, and therefore, we provide
a mechanistic basis to suggest that these species are plausible
intermediates in Pd-free copper-mediated Sonogashira
couplings.

Results and Discussion

Reactivity of aryl-Cu™ (10, with p-R-phenylacetylene (Sg)

This study is inspired by our previous experience with C-heter-
oatom and C,,,—C,,: cross-coupling catalysis involving the well-
defined aryl-Cu" species."” Here we report on the reactivity of
aryl-Cu" complex 1¢o, with p-R-phenylacetylene (R=NO,, CF;,
H) derivatives (Sg, Scheme 2). Since we have reported that the
oxidative addition step within these model aryl halide sub-
strates is extremely favoured,®@ we concentrated our efforts
on finding the experimental conditions to achieve a putative
Cay—C,p reductive elimination step. We were pleased to ob-
serve that the reaction of 1¢, with the three p-R-phenylacety-
lene derivatives tested afforded the desired arylated phenyla-

Chem. Eur. J. 2014, 20, 10005 - 10010 www.chemeurj.org
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(98%)

Pno2
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(36%)

Scheme 2. Reaction between the well-defined aryl-Cu" complex (1¢o,) and

phenylacetylene derivatives (Sg) that undergo C,,.—C,, coupling and further
intramolecular cyclisation to form products containing 2H-isoindole (Pyo,,
Pce,, Py,) or 1,2-dihydroisoquinoline (Py,) scaffolds (general conditions:
[1ao,]=12 mm, [nucleophile] =24 mm, 25°C, CD;CN; product yields were
calculated by 'H NMR spectroscopy integration related to the internal stan-
dard).

cetylene compounds at room temperature in less than 2 h, al-
though these were unstable and underwent intramolecular
cyclisation through the attack of one of the secondary amines
of the substrate scaffold over the alkyne moiety (Scheme 2) in
an overall 8 h reaction time.

Final cyclised products contained 2H-isoindole (Pyo, Pc,
Py.) or 1,2-dihydroisoquinoline (Py,) substructures. Yields were
excellent for p-NO, and p-CF; derivatives whereas a global aryl-
Cu" conversion of 78% was found for the reaction with S,, (Py,
42%, Py, 36 %, in almost a 1:1 ratio). No C,,—C,, Glaser-Hay ho-
mocoupling side products were detected in any of these reac-
tions. The chemical structure of Py, and P¢, has been un-
equivocally established by means of NMR spectroscopy and
ESI-MS studies. In the case of Py, and Py, their separation has
not been possible but a complete structure characterisation
and unambiguous chemical-shift assignment of both mole-
cules has been successfully performed from the careful analysis
of multidimensional NMR spectra of the mixture. As an exam-
ple, the 'H NMR spectrum of P, is depicted in Figure 1. Intra-
molecular cyclisation imposes rigidity in the molecule and con-
verts all methylene protons into diastereotopic pair signals,
which are assigned from COSY and 'H-"*C HSQC spectra. The
main features that identify the 2H-isoindole moiety in P,
were deduced from the analysis of NOESY and 'H-">C HMBC
spectra. The NOESY experiment allowed us to assign H® and H®
due to its through-space connectivity with H¢, H" and the aro-
matic H® protons. NOE data were also observed between the
benzylic H* and H' protons with the aromatic H" protons from
the p-CF;-phenyl moiety, which evidenced the loss of the triple
bond. A key point to elucidate the compound structure was
the singlet resonance (H' proton) resonating at 7.47 ppm and
directly attached to the carbon resonating at 115.6 ppm (via
HSQCQ), a characteristic value for a C.. This H' proton showed
NOE with the aromatic H* and the methylene H™ and H" pro-
tons. On the other hand, the connectivities observed in the

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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HMBC spectrum allowed the assignment of all quaternary car-
bons and indicated the formation of 5-membered cyclised ring
corresponding to a 2H-isoindole type. Thus, the benzylic H'
proton presented HMBC cross-peaks with C,5, Cio, Ci and Cys
carbons, whereas H' were correlated with Cs;, C,, C,, C;s and
Cie

Analogous structural characterisation of Py, and Py, bear-
ing the same 2H-isoindole substructure, is fully detailed in the
Supporting Information. On the other hand, Py, has been char-
acterised by NMR spectroscopy and found to contain a 6-
membered 1,2-dihydroisoquinoline moiety; full characterisa-
tion details are also given in the Supporting Information.

It is worth mentioning that copper-catalysed alkynylation-
cyclisation cascade reactions had been described for the syn-
thesis of 1H-indole substructures,™” but the synthesis of 2H-
isoindole using this strategy is, to our knowledge, unprece-
dented. On the other hand, Cu-catalysed cascade reactions in-
volving aryl-acetylide coupling followed by intramolecular re-
organisation for the synthesis of isoquinoline derivatives has
been recently reported using phenyl-pyrazoles as substrates.'”

Characterisation of C,,—C, coupling intermediate species

(1)

The structural characterisation of final products immediately
suggests the initial formation of a C,,—C,, coupling intermedi-
ate species (lg) as depicted in Figure 2, which suffers
an intramolecular reorganisation to form Pg (vide
infra). In order to prove this hypothesis, we attempt-
ed the isolation or accumulation of ¢, by monitoring
the reaction of 1¢, with Sc, by NMR spectroscopy at
low temperature. Upon optimisation of the condi-
tions we found that the reaction of 1¢, with Sc, at
0°C allowed the accumulation of I¢, during 30 min
without any sign of evolution to the intramolecularly
cyclised final product P, (Figure 2). This species was
fully characterised by 1D and 2D NMR spectroscopy
studies and by high resolution mass spectrometry
(HRMS) using a cryospray device to inject the sample
at —40°C, thus warranting the integrity of I¢, during
the measurement (see the Supporting Information).
Subsequently, compound I, underwent reorganisa-
tion to finally form P¢, quantitatively in 18 h at 0°C
(see the Supporting Information).

To further substantiate the plausible implication of
aryl-Cu"-acetylide species as key intermediates for
the formation of C,,—C, coupling species (Ig) we un-
dertook a theoretical DFT study on the reaction of
Taio, With Sy as depicted in Figure 3 (see the Support-
ing Information for computational details). A first in-
termediate species B was identified, consisting of the axial -
coordination of the alkyne to the Cu" centre. As a first attempt
to explain the reactivity, an intramolecular deprotonation of
phenylacetylene by one of the secondary amines of the com-
plex was found to be too high in energy (AG=47.1 kcalmol™"),
suggesting that the Cu" oxidation state cannot be stabilised
upon decoordination of one of the amine sites (Figure S40 in

Chem. Eur. J. 2014, 20, 10005 - 10010 www.chemeurj.org
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Figure 1. '"H NMR spectrum (CD,CN, 25 °C, 400 MHz) of compound P, with
proton assignment. A: 1,3,5-trimethoxybenzene (internal standard); m:
excess of p-CF;-phenylacetylene.

Figure 2. "H NMR monitoring study showing full formation of C,,,—C, coupling inter-
mediate species lce, upon treatment of 1¢,, with 2 equiv of Sc;, (general conditions:
[1¢0,]=78.6 mwm, [nucleophile]=157.2 mm, CD;CN, 0°C, 400 MHz; @: 1¢(0,, *: Is,).

the Supporting Information). On the contrary, by using an ex-
ternal model base (i.e., Et,NH was selected as modelled base
owing to the possibility that minor amounts of free ligand are
available in the reaction mixture), a much smaller barrier was
found leading to aryl-Cu"-acetylide (intermediate C; AG* =
13.0 kcalmol™). This species rapidly undergoes reductive elimi-
nation to form I,-Cu', which corresponds to I, with the Cu'

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. DFT Gibbs energy profile of the reaction of 1¢, with S, in the presence of Et,NH as external model
base (AG in kcalmol™). Et,NH and Et,NH, " molecules are necessary to ensure the correct energetic balance in all
the steps of the reaction, and are included in the calculation. The interaction between the copper complex and
the external base was only explicitly modelled in the TS1 structure. Irrelevant hydrogen atoms in the figures are

omitted for clarity.

cation still coordinated in the macrocyclic pocket. DFT calcula-
tions nicely agree with the experimental isolation of analogous
Icr, starting from the well-defined aryl-Cu" species (1¢p,)-

Altogether this constitutes a solid argument to the proposal
that the aryl-Cu"-acetylide species is involved in Cu-based So-
nogashira couplings. However, in our model system Iz under-
goes further reorganisation to P,. We propose that an initial
nucleophilic attack of a NH group occurs over the triple bond
of the inserted acetylide, as depicted in Scheme 3. This attack
can in principle take place at both carbons of the triple bond
of I, although we have clearly observed that for R=NO, or
CF;, the attack exclusively occurs at the proximal carbon to
afford 5-membered ring 2H-isoindole products (Pyo, Pcr, Pua)
whereas for R=H the attack occurs equally at both C, atoms,
thus affording almost 1:1 ratios of P, and six-membered ring
1,2-dihydroisoquinoline Py, In either case, proton shifts and/or
rearomatisation arrangements are envisioned to finally afford
the structure of the end products (Scheme 3).

At this stage, we were intrigued by three important mecha-
nistic aspects concerning the evolution of Iz to Pg. On one
hand, we wondered if the initial nucleophilic attack of NH over
the triple bond requires its electrophilic activation by the coor-
dination of the Cu' cation formed in solution. To check this hy-
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pothesis, we fully formed I, ex-
clusively at 0°C and we com-
pared the time consumed to
form P, with and without the
addition of 1,10-phenanthroline
(phen) in  excess (2.5 equiv),
owing to the high affinity of
phen to complexate Cu' as the
highly stable [Cu'(phen),] ™. We
observed that upon sequester-
ing Cu' by the addition of phen,
the formation of Pc, from I,
was slowed down by twofold
(see the Supporting Informa-
tion). This result clearly points to
a substantial activation of the
triple bond by Cu' coordination,
which is reminiscent of the
chemistry  of silver(l) and
gold(l)," although it also argues
in favour of a slower intramolec-
ular rearrangement in the ab-
sence of an electrophilic activa-
tion of the alkyne moiety.

Another consideration to take
into account is the occurrence of
a secondary amine moiety to ini-
tiate the nucleophilic attack over
the triple bond. To verify that an
NH group is essential for the in-
tramolecular reorganisation to
proceed, we performed the reac-
tion of a triazamacrocyclic model
aryl halide bearing three perme-
thylated tertiary amines (Ls-Cl) with 1 equiv of the [Cu'-(CC-Ph-
p-CF3)] complex prepared independently (Scheme 4)." The re-
action afforded 76 % yield of the I'¢;, product, which remained
stable in solution for days with no signs of intramolecular rear-
rangement. Therefore, we can conclude that the nucleophilic
attack of the amine over the alkyne is effective only if proton
shifts are allowed.

Finally, the third important question was related to the com-
prehension of the regioselective attack to one C,, atom for R=
NO,, CF;, whereas for R=H both C, atoms suffer the nucleo-
philic attack indistinctly. We calculated theoretical charge den-
sities (natural population analysis (NPA) and Mulliken charges)
on the alkyne moiety for the Ig-Cu' species, but no significant
differences were found (Figure S41 in the Supporting Informa-
tion). However, the representation of the frontier molecular or-
bitals for I,-Cu' and INOZ-CuI species nicely showed that when
an electron-withdrawing group, such as —NO,, is present in the
molecule, the LUMO orbital that receives the nucleophilic
attack of the amine completely excludes any orbital participa-
tion of the C, atom closer to the electron-withdrawing centre,
thus exclusively allowing for a 5-membered ring formation
(Figure 4). On the contrary, if R=H, both C;, atoms of the
alkyne do participate in the corresponding LUMO equally,

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 3. Global mechanistic proposal for the formation of Py products
through aryl-Cu"-acetylide species, and subsequent intramolecular cyclisa-
tions following divergent pathways depending on R.
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Scheme 4. Reaction of Ls-Cl with p-CF;-phenylacetilide copper(l) complex to
afford the stable I'c¢, product.

which is translated to the almost equimolar formation of 5-
membered ring Py, and 6-membered ring P, products.

All information extracted from the above-reported experi-
ments using 1¢o, as our starting reactant provided the funda-
mental basis to attempt a catalytic version for producing
a C,,—C,, coupling product within our model system. Exhaus-
tive experimental optimisation of the catalysis of L;-Br with
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Figure 4. LUMO frontier orbitals for I,-Cu' and Iyo,-Cu' species and simplified
scheme of the possible nucleophilic attacks in each molecule (Cu' cation
omitted for clarity).

2 equiv of Syo, employing 10 mol% [Cu'(CH,CN),JOTf did not
afford any trace of Py, (Table S1 in the Supporting Informa-
tion), although L,-Br was completely consumed. We reasoned
that the heterocyclic nature of the Py, product is unstable
under catalytic conditions and decomposes completely. There-
fore, we screened the copper-catalysed reaction using Ls-Br or
Ls-Cl with 2 equiv of S¢, and 4 equiv of base (to assist the
acetylene deprotonation) to form the nonheterocyclic coupling
product I'c;, (TableS2 in the Supporting Information). We
found yields of product close to the copper(l) loading used,
thus indicating that only stoichiometric amounts of product
were obtained. Similar results were found when Cu'-acetylide
was used as copper catalyst. These observations suggest the
inhibition or entrapment of Cu' released upon reductive elimi-
nation. At present we have not been able to overcome the in-
activation of the Cu' released in solution to achieve catalytic
turnover, despite the fact that different strategies have been
explored (see the Supporting Information).

Conclusion

In summary, here we report the feasibility of aryl-Cu" species

as key intermediates in copper-mediated C,,.—C,, coupling re-
actions by studying the reactivity of well-defined aryl-Cu"
(1¢i0,) With phenylacetylene derivatives to afford Pyo, Pcr, Py,
and P, coupling products at room temperature. The latter
heterocyclic products are formed by intramolecular reorganisa-
tion of biaryl acetylene species I, in which the nucleophilic
attack of the secondary amine is facilitated via Lewis activation
of the alkyne moiety by Cu'. This reorganisation is blocked if
tertiary amines are present in the model aryl halide substrates
(Ls-X). Catalytic turnover was not possible in these model sys-
tems due to inhibition or entrapment of Cu' released upon re-
ductive elimination. Most importantly, the copper-mediated
C,,~—C,, reductive elimination step was proven to easily occur
at room temperature, thus adding mechanistic understanding
to copper-mediated Stephens—Castro (stoichiometric)®” and
Miura’s (catalytic)® reactions. Along with Wang’s reported
precedent,’® this work is relevant in the mechanistic compre-
hension of Pd-free Cu-mediated Sonogashira couplings and
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covers strategies and limitations to be translated in copper-cat-
alysed C,,—C,, couplings. Ongoing studies are focused on ap-
plying the insights learned from these studies to Miura’s cataly-
sis with standard substrates. Furthermore, this study may be
used as a fundamental basis to extend the Cu-catalysed alky-
nylation-cyclisation cascade reactions to produce 2H-isoindole
products using (2-halophenyl)methanamine-type of substrates.

Experimental Section

Synthesis of products Pyo, Pc, Py, and Py,

In an inert-atmosphere glove box, a sample of the aryl-Cu" com-

plex 1¢jq, (14.2 mg, 28 umol) was dissolved in CD;CN (1.6 mL) and
a solution of 1,3,5-trimethoxybenzene (0.4 mL) was added as an in-
ternal standard. A portion of this solution (0.6 mL) was loaded into
an NMR tube, and 2 equivalents of the corresponding acetylene
nucleophile were added to the tube (0.1 mL, 168 mm). Final con-
centrations: [1go,]=12 mmM, [p-R-phenylacetylene]=24 mm. The
tube was sealed with a screw-cap and the reaction was allowed to
proceed at room temperature and was monitored by 'H NMR spec-
troscopy until reaction completion. Final yields were: Pyo, (98%),
Pcr, (98%), Py, (42%) and Py, (36%). 'H, COSY, NOESY, TOCSY, 'H-
13C HSQC, "H-"*C HMBC and "*C NMR spectra and mass spectromet-
ric analysis were obtained directly from crude reactions. Reaction
yields were obtained by relative integration of the 'H NMR signals
to the internal standard. Full characterisation details can be found
in the Supporting Information.
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CHAPTER V.

Mechanistic insight in the trifluoromethylation of a well-
defined aryl-Ni'' complex involving a SET step and a Ni'V-

CFs intermediate species

P o Ny S
°N N=H - | S NH| ———— > -
H \T> H N\r$ Reductive H N\__\/N N%H
N L . \ Elimination \
SET . S Radical - Metal
el -7 Recombination
Y N<H
‘—‘\/N\ %

This chapter corresponds to the following publication:
Mireia Rovira, Steven Roldan-Gémez, Christopher J. Whiteoak, Vlad Martin-Diaconescu, Anna
Company, Josep M. Luis, and Xavi Ribas*.

Manuscript under revision

For this publication M. R. synthesised and characterized aryl-Ni'" complexes and also
performed all the reactivity studies. Additionally, M. R. was involved in argumentations and

discussions, as well as in writting the manuscript.

75






Mechanistic insight into the trifluoromethylation of a well-defined aryl-
Ni'' complex involving Ni'''/CFs- and Ni'V-CFs intermediate species

Mireia Rovira, Steven Roldan-Gomez, Vlad Martin-Diaconescu, Christopher J. Whiteoak, Anna Com-
pany, Josep M. Luis*, Xavi Ribas*

Institut de Quimica Computacional i Catalisi (IQCC) and Departament de Quimica, Universitat de Girona, Campus de
Montilivi, E-17071 Girona, Catalonia, Spain

ABSTRACT: Nickel mediated trifluoromethylation of an aryl-Br bond in a model macrocyclic ligand (La-Br, n =1 or 5) has been
thoroughly studied, starting with an oxidative addition at Ni’ to obtain well-defined aryl-Ni"-Br complexes ([Ln-Ni'"]Br). Removal
of the halide with AgX (X = OTf or ClOy) thereafter provides [La-Ni"|(OTf) (lotr, 5otr). The nitrate analogue has been obtained
through a direct C-H activation of an aryl-H bond using Ni" salts, and this route has been studied by XAS. Crystallographic (XRD)
and XAS characterization has shown aryl-Ni" bond distances among the shortest reported in the literature, which hampers their
direct reaction with nucleophiles. On the contrary, enhanced reactivity is observed with oxidants, and the reaction of complexes
lots, Sotf with a CFs* sources afforded the trifluoromethylation products, L1-CFs and Ls-CFs, in quantitative yield. A combined
experimental and theoretical mechanistic study was performed, providing new insights into the operative mechanism for this trans-
formation. Computational analysis indicate the occurrence of an initial SET to 5-(trifluoromethyl)dibenzothiophenium triflate
(TDTT) furnishing a transient L;-Ni""/CF;- adduct, which rapidly evolves towards a [L1-Ni'V-CFs](X): intermediate species. A
final facile reductive elimination affords the trifluoromethylation product Li-CFs. This mechanistic study exemplifies that the well-
defined square-planar model system studied encompasses all of the rich redox chemistry of nickel for this transformation, from Ni°
to Ni'V,
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ABSTRACT: The copper-catalyzed arylation of nucleophiles
has been established as an efficient methodology for the
formation of C—C and C—heteroatom bonds. Considering the
advances during the last two decades, the ligand choice plays a
key role in such transformations and can strongly influence the
catalytic efficiency. The applicability of these Ullmann-type
coupling reactions regarding the orthogonal selectivity of
different functional groups constitutes a challenging subject for
current synthetic strategies. Herein, we report a useful toolkit

of Cu-based catalysts for the chemoselective arylation of a wide-range of nucleophiles in competitive reactions using aryl iodides
and bromides. We show in this work that the arylation of all kinds of amides can be orthogonal to that of amines (aliphatic or
aromatic) and phenol derivatives. This high chemoselectivity can be governed by the use of different ligands, yielding the desired
coupling products under mild conditions. The selectivity trends are maintained for electronically biased iodobenzene and
bromobenzene electrophiles. Radical clock experiments discard the occurrence of radical-based mechanisms.

B INTRODUCTION

Modern copper-catalyzed cross-coupling reactions have re-
cently evolved into reliable and efficient methods for the
formation of C—C and C—heteroatom bonds, which are
present in a large number of natural and pharmaceutical
products. Recent progress in modern catalytic Ullmann
coupling reactions has led to the emergence of numerous
methods to combine aryl halides (mainly iodides and
bromides) with aliphatic amines, amino alcohols, amides,
anilines, phenols, and other derivatives (Scheme 1.7

Scheme 1. Copper-Catalyzed Ullmann-Type C—Heteroatom
Couplings

X Nu
= X
R{j/ . NuH Cu (cat.) RAT
& T: 25-150°C =
Auxiliary ligand
X:1, Br, Cl NuH: Amides
Amines
Alcohols
Thiols

The first reports on Ullmann—Goldberg reactions originally
required relatively harsh conditions such as high temperatures
and sometimes the use of stoichiometric amounts of copper
salts.* "% Interestingly, several “ligand-free” procedures have
also been reported as effective catalytic systems for Ullmann-
type reactions, taking advantage of the coordinating abilities of
solvents such as DMF, DMP, and TEOS, albeit under high

-4 ACS Publications  © 2016 American Chemical Society 7315

temperature conditions.'' ™" On the other hand, since the late

1990s, much effort has been devoted to the use of chelating
ligands such as diamines, amino acids, phenanthroline
derivatives, and p-diketones to perform coupling reactions
under milder conditions while achieving enhanced yields.””*"
Moreover, the employment of auxiliary ligands not only
accelerates the reactions but also affords more reproducible
and safer reactions in terms of operating conditions and
residual toxicity.

In thermal-based Ullmann couplings the detection of
intermediate species after the activation of the aryl halide,
which is usually rate-limiting, is very limited, and most
mechanistic proposals are derived from kinetic and computa-
tional studies.”””>° The most invoked mechanism for Ullmann
couplings is based on two-electron redox processes via a Cu'/
Cu™ catalytic cycle,® although some computational reports
point toward one-electron redox processes through radical
intermediates (Scheme 2)** and some MS studies suggest
competing mechanisms.”’~>° On the other hand, Peters, Fu,
and co-workers recently reported a photoinduced, nonthermal
process involving a copper—carbazolide complex for promoting
the radical-based C—N bond forming reaction.”' ™

The ligand choice could play a determinant role in the
selectivity of the arylation reaction as well as in the operative
mechanism for such a transformation. Indeed, Buchwald and
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Scheme 2. Two Main Mechanistic Proposals for Ullmann-
Type Couplings
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co-workers reported the first example of chemoselective
arylation of amino alcohols by using different auxiliary
ligands.””*® While the p-diketone ligand promoted the
formation of N-arylated product in DMF at room temperature,
tetramethylphenanthroline ligand promoted selective O-
arylation in toluene at 90 °C (Scheme 3).

Scheme 3. First Selective Ligand-Dependent Cu-Catalyzed
Arylation of a Bifunctional Nucleophile Reported by
Buchwald
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o O
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Bearing in mind the importance of achieving selective
reactivity among functional groups in current synthetic
strategies, in this work we employed different well-known
and available ligands coordinating to Cu' with the aim of
diverting the selective arylation of different nucleophiles at will.
As a result, herein we disclose a useful toolkit of Cu-based
catalytic systems for the highly chemoselective arylation of a
wide range of nucleophiles in competitive reactions using aryl
iodides and bromides.

B RESULTS AND DISCUSSION

We recently described a practical ligand-free protocol for the N-
and O-arylation of a wide range of amides, alcohols, and amines
under common optimized reaction conditions.”” Based on that
experimental protocol and employing the base/solvent
combination of K;PO,/DMSO with 10 mol % of Cul, in this
work we explored the arylation of N- and O-nucleophiles using
N,N-, N,0-, or O,0-bidentate or N,N,N-tridentate ligands
(L,—L,) with aryl halides under mild conditions (Figure 1).>7
The K PO, base is substituted in selected cases by CsF or
K,CO; to further improve the yield of the desired products. We
used this common experimental protocol for all kinds of
nucleophiles to visualize the impact of the ligand nature.
First, iodobenzene (1) was subjected to N-arylation with
different primary and secondary amides (2) (see Scheme 4 and
Table S1). Aromatic primary amides (2a and 2f; Table S,
entries 1 and 6) rendered good-to-excellent yields using di- or
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Figure 1. Bidentate and tridentate auxiliary ligands used in this work.

Scheme 4. Screening of Amides for N-Arylation with
Iodobenzene

| o}
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R,R' = H-, aryl-, alkyl-
Preferred Auxiliary Ligands: L4, Ly, L3 (for primary aromatic amides)

L7 (for primary aliphatic amides)

L 4/130°C (for secondary amides)

triamine ligands (L;—L;). The use of L-proline (L,) was found
to be the most suitable ligand for the arylation of the primary
aliphatic amide 2g in excellent yield at 80 °C (Table S1, entry
7). Due to the low reactivity of secondary amides, the use of
1,10-phenanthroline (L,) as a ligand at 130 °C was necessary to
reach good performance in the arylation of aliphatic secondary
amides (3h and 3j; Table S1, entries 8 and 10). However, an
exception was found for pyrrolidin-2-one (2b), a cyclic
secondary amide, which afforded the N-arylated product 3b
in 80—91% using di- or triamine ligands (L;—L;) or 1,10-
phenantholine (L,) under mild conditions (Table S1, entry 2).

Next, we explored the arylation of alcohols under the same
reaction conditions (Scheme S and Table S2). As expected

Scheme 5. Mild O-Arylation of Alcohols with Iodobenzene

Cul (10 mol%)
L (10 mol%)
@/] _OH K3PO4 (2 equiv.) @/O\ R
+ 2 R
50°C, Ny, 24h
1 4 DMSO 5

R = aromatic, aliphatic
Preferred auxiliary ligand: Lg

from previous studies, the O-arylation of phenols using
dimethylglycine (Lg) as a Cu-chelating ligand gave excellent
coupling yields (82—97% Sa, Sb, Sc, 5d; Table S2, entries 1—
4).>”* Phenols with electron-withdrawing groups and aliphatic
alcohols gave poor yields irrespective of the auxiliary ligand
used.

After screening the O-arylation of different alcohols, we were
also interested in exploring the reactivity of amines as
nucleophiles (Scheme 6 and Table S3). In line with the
literature, the N,O-bidentate ligands such as proline (L,) or
pyrrole-2-carboxylic acid (Lg) were found to be the most
suitable chelat1n§9 moieties when the arylation of amines is

targeted.”**~**7*~*! In addition, the employment of CsF as a
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Scheme 6. Mild N-Arylation of Amines with Iodobenzene
Cul (10 mol%)

L (10 mol%) R
©/I CsF (2 equiv.) N R
+2RRNH —————>
50°C, Ny, 24h
1 6 DMSO 7

R, R' = H-, aromatic, aliphatic
Preferred auxiliary ligands: Ly, Lg

base instead of K;PO, rendered better results for these coupling
reactions. In particular, the use of Lg for the N-arylation of
aromatic amines afforded moderate to good yields (62—76%,
7a and 7c; Table S3, entries 1 and 3), while the N-arylated p-
nitro-substituted aniline (7b) was obtained only in 22% yield
(Table S3, entry 2). On the contrary, the N-arylation of
primary aliphatic amines (6d and 6e) was very effective using
ligand L, and excellent yields and conversions were observed
(89—95%; Table S3, entries 4 and S5). Regarding secondary
aliphatic amines, cyclic piperidine (6g) afforded the desired
product 7g in excellent yield (86% yield, Table S3, entry 7),
while under the same reaction conditions, a very poor yield of
the arylated product 7f was observed (Table S3, entry 6). In
contrast, conjugated N-heterocyclic secondary amine 6h
rendered the N-arylated product 7h in excellent yield using
L, (96%; Table S3, entry 8). In particular, this latter product
was also formed in excellent yields and conversions employing
other ligands such as L,, L, Ly, or L4 or even working at rt with
L,

Eventually, we also examined the arylation of different N-
and O-nucleophiles employing the aryl bromide as a substrate
(Table S4). Excellent yields (88—100%) were obtained for
aromatic alcohols (5a and 5¢; Table S4, entries 6 and 7), and
moderate-to-good yields (50—80%) were found for aromatic
and aliphatic amines (7a, 7c and 7d; Table S4, entries 8—10).
Nevertheless, very poor reactivity was observed for the arylation
of amides and only the use of pyrrole derivative Lg afforded the
arylation of the cyclic amide pyrrolidin-2-one (2b) in 26% yield
(Table S4, entries 1-S5).

Ligand-Dependent Selectivities in Competition Re-
actions Using lodobenzene. Considering the trends
observed from the different ligands previously tested, we
focused our attention on the study of the selective arylation of a
wide-range of nucleophiles in competition reactions under mild
conditions (50 °C). Thus, we performed competitive experi-
ments combining amides, amines, and phenols under standard
conditions (1 equiv of iodobenzene, 2 equiv of each
nucleophile), aiming to find out the most suitable ligand for
the arylation of each nucleophile in high selectivity and yield
(Scheme 7).

In general trends, we have found that the arylation of
aromatic amides is favored over that of phenols and amines
when tridentated N-based auxiliary ligands and mild temper-
atures are used, with L, and L; being the best ones (Scheme 7,
A—D). Owing to its well-known poor reactivity, the arylation of
noncyclic aliphatic amides requires higher temperatures and is
favored in front of the arylation of amines when L, is used
(Scheme 7, E—H). Moreover, noncyclic primary aliphatic
amides can be slightly favored in front of the arylation of
phenols with L, (Scheme 7, L), but noncyclic secondary
aliphatic amides cannot compete with phenols (Scheme 8, C).
On the other hand, the arylation of cyclic aliphatic amides is
sharply chemoselective in front of aliphatic amines, phenols and
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aromatic amides when L, or L, are used (Scheme 7, I, M, and
Scheme 8, A). Moreover, the arylation of phenols is especially
favored in competition with amines and amides when Lg is used
(Scheme 7, A, J-M and Scheme S1). Finally, anilines are
arylated selectively before phenols and amides (Scheme 7, B, F,
G, J) when Lg is used. The product ratios are in general higher
than 7 and in many cases above 20, showing an orthogonal
selectivity in most of the competitions explored. The
nonarylated nucleophile remained unconverted and could be
recovered at the end of the reaction. Due to the low reactivity
of aliphatic alcohols, no competition studies have been
undertaken since those nucleophiles are clearly more
challenging than the studied above (entries 6 and 7, Table S2).

Some nucleophiles present a strong preference toward
arylation irrespective of the competing nucleophile or the
auxiliary ligand used. Specifically, only minor changes in the
selectivity could be achieved when the same family of
nucleophiles is used, for example, the competitive reaction
between two types of amides, benzamide (2a) and the cyclic
amide pyrrolidin-2-one (2b) (Scheme 8, A). In this reaction, we
were only able to set out conditions to render the N-arylation
of 2b in excellent yield and conversion using L, at 50 °C (76%
3b; 3b/3a ratio = 8). Despite performing the reaction with
other type of ligands such as Lg, a very low yield of 3a was
obtained. Similarly, a competitive reaction of two types of
amines (6¢ and 6d) afforded the N-arylated cyclohexylamine
7d as the major product in all cases tested (Scheme 8, B). Best
results were observed by submitting proline ligand L, as a
ligand (78% 7d; 7d/7c ratio = 44). Along the same line, when
the competition is performed between N-methylacetamide
(2h) and p-methoxyphenol (4c) (Scheme 8, C, and Scheme
S1), the O-arylated Sc was successfully formed employing the
glycine derivative L4 and K,COj in high yield and conversion at
50 °C (98% Sc; 5c/3h ratio >100). Additionally, the O,0-
bidentate ligand Ly also led to the selective formation of Sc
under the same conditions. However, we were unable to find
the appropriate conditions to tilt the balance in favor of the
arylation of the secondary amide 2h. Despite using the most
suitable ligand for the formation of 3h (L,), we found a very
high selectivity for the O-arylated coupling product in all cases
tested. The use of L; with K;PO, or CsF or Lg with K,CO; at
50 °C significantly reduced the yield of the O-arylated product
(37% and 57% vyield, respectively); however, the reaction
likewise proceeded in low yields for the formation N-
arylacetamide 3h. We rationalize that the facile arylation of
phenol and the high temperatures that are required for
achieving reactivity toward secondary amides prevent us from
establishing suitable conditions for such competition reactions.

Ligand-Dependent Selectivities in Competition Re-
actions Using Para-Substituted lodobenzenes. Addition-
ally, in order to broaden the aryl iodide scope, we checked the
effect of electron-donating and electron-withdrawing substitu-
ents at the para position. Thus, p-iodotoluene and p-
nitroiodobenzene were selected as aryl halides in competition
reactions analogous to Scheme 7, C (Scheme S2 and S3 in the
SI). Regarding p-iodotoluene (Scheme S2), the arylation of
benzamide 2a was significantly suppressed using pincer ligand
L; On the contrary, the arylation of the same nucleophile using
pyrrole derivative Lg was successfully improved up to 92% yield
of 3n as a single arylated product in complete conversion (3n/
70 ratio = 92). On the other hand, the formation of the
coupling product 70 was also a bit suppressed when proline L,
was used; however, it was effectively formed as a unique
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Scheme 7. Competition Reactions among Nucleophiles Using Iodobenzene with a Sharp Switch of Chemoselectivity”
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Scheme 8. Competition Reactions among Nucleophiles with
Strong Arylation Preference for One Nucleophile
Irrespective of the Auxiliary Ligand Used”
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experimental

product (55% 70, 70/3n ratio >100). When p-nitroiodoben-
zene was used as a substrate (Scheme S3), we observed a
reactivity similar to that of the iodobenzene. It is noteworthy
that pincer-type ligand L; improved the formation of 31, which
was obtained almost as a single product in good yield (64% 3],
31/7m ratio = 32). Additionally, the employment of proline L,
also gave rise to the coupling product 7m as single product
(66% 7m, 7m/3l ratio = 66). Therefore, both electron-rich and
electron-deficient aryl iodides underwent arylation with
excellent selectivities.

Ligand-Dependent Selectivities in Competition Re-
actions Using Bifunctional Nucleophiles and lodoben-
zene. To further probe the orthogonality of our Cu-based
catalytic systems, we next evaluated the selective arylation of
different bifunctional nucleophiles (8a, 8b, and 8c) (Scheme
9). First, the aminophenol 8a could be selectively O-arylated
with dimethylglycine Ly (Scheme 9, A) to give the coupling
product 9a in excellent yield and with high chemoselectivity
(88% 9a; 9a/10a ratio = 7). On the other hand, the N-arylation
of 8a was highly favored when L, was used as a ligand and CsF
as a base (10a, 51%). Very notably, running the same reaction
with N,O-bidentate ligand L, (20 mol %) in combination with
K,CO; improved the formation of 10a as a unique product up
to 68% yield (10a/9a ratio >100). We also succeeded in the
competition reaction between the bifunctional nucleophile 8b
(bearing aromatic amide and phenol functional groups) and
iodobenzene (Scheme 9, B). Not surprisingly, the presence of
the dimethylglycine Lg at 70 °C led to the O-arylation of 8b,
yielding 10b as a sole coupling product (75% 10b; 10b/9b
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Scheme 9. Competition Reactions Using Bifunctional
Nucleophiles 8a—8c”
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Lq{K3POu) 15% (100%)

“Conversions are given in parentheses; standard experimental
conditions used.

ratio >100). On the contrary, this trend successfully switched to
the formation of the N-arylated product 9b in the presence of
L,, even though the yield was modest (29% 9b; 9b/10b ratio =
6). In the arylation reaction of 4-amino-N-phenylbenzamide
(8c) with iodobenzene (Scheme 9, C), only the N-arylation of
the amino group was observed as the major product,
irrespective of the auxiliary ligand used. Compound 10c¢ was
obtained as a single product in moderate yield and high
selectivity when the pyrrole derivative ligand Lg using CsF as a
base (40% 10c; 10c/9c ratio >100) was used. Presumably, the
arylation of the secondary amide was hampered by steric
effects, and even when high temperatures (130 °C) together
with L; or L, as ligands were used, the formation of 10c was
unavoidable in both cases tested.

Ligand-Dependent Selectivities in Competition Re-
actions Using Bromobenzene. With these good results in
hand, we decided to conduct most of the competition reactions
described above using bromobenzene. Because of the low
reactivity of bromobenzene, reactions were undertaken at 110
or 130 °C. Among them and as shown in Scheme 10,
competitions B’, H', and I’ were those in which excellent
selectivities and yields were observed. First, when the
competitive reaction was run between benzamide (2a) and
anisidine (6¢c) (Scheme 10, competition B’, equivalent to
Scheme 7, B), we were very pleased to observe the single
formation of N-arylamide 3a in good yield using phenanthro-
line ligand L, at 130 °C (52% 3a; 3a/7c ratio >100).
Remarkably, the selectivity was effectively turned to the unique
arylation of 6c in excellent yield when the pyrrole derivative Lg
(73% 7c; 7c/3a ratio >100) was employed. On the other hand,
when the competitive reaction was run between N-methyl-
acetamide (2h) and cyclohexylamine (6d) (Scheme 10,
competition H’, equivalent to Scheme 7, H), the presence of
DMEDA (L,) at 110 °C yielded 3h almost exclusively in
remarkable yield and selectivity (68%, 3h/7d ratio = 23).
Surprisingly, all of the attempts using phenanthroline-type
ligands (L, and L) aiming to promote the same coupling
product failed. However, using proline as chelating ligand (L)
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Scheme 10. Competition Reactions among Nucleophiles Using Bromobenzene with a Sharp Switch of Chemoselectivity”

Competition B*

o ! H H

Cul (10 mol%) u 3 8 :

NH, L (10 mol%) N ; ©/ O\ :

2 —_— . H
Base (2 equiv.) ©/ H o

Br
v

Ny, 24h, 110°C, DMSO

~
9
S

Base (2 equiv.)

NH
’ 3a7¢> 10011 = La(KsPO.): 52% (93%) 0% (93%) (130°C)
0 L3 (K5PO: 20% (38%) 0% (38%)
! ¢ Ly (K5PO.: 0% (8%) 0% (8%)
= Lg(CsF): 0% (99%) 73% (99%)
N Cul (10 mol%) \ S o
N 4 : i
- «
2 E/ L (10 mol%) ©/ \g/ *5©/ O

Ny, 24h, 130°C, DMSO

2h
NH;
2 O/ 3h:7d =231 = Ly (CsF): 68% (72%)

(
La (K3POL): 28% (46%)
Ls (CsF): 13% (11%)
L4 (CSF): 9% (17%)

1% (11%)

(
0% (46%)
(
0% (17%)

3% (72%) (110°C)

Ly (CSF) 1% (86%)
Ly (CSF): 7% (64%)

70% (86%)
34% (64%)

a : . .
Conversions are given 1n parentheses.

Competition ['
[o]
Cul (10 mol%) o) ¢TI
2 NH |
Br L (10 mol%) ' H
- = .
< , sl sne
Base (2 equiv.) :
NH, Np, 24h,110°C, DMSO b P 7

3ti7d =51 > Lg(KoCOs) 76% (89%)
Lg (CSF): 32% (80%)
Lg (K5PO,): 1% (19%) 0.1% (19%)
Lo (K5PO,): 5% (5%) 0% (5%)

7d:3b =171 = Ly (K,CO3) 4% (78%) 67% (78%) !
: L7 (CSF): 7% (94%) 60% (94%)

17% (89%)

6d 29% (80%)

at 110 °C successfully led to the almost exclusive formation of
7d in 70% yield (7d/3h ratio = 70). In line with these results,
we observed similar reactivity when facing the cyclic amide
pyrrolidin-2-one (2b) and cyclohexylamine (6d) (Scheme 10,
competition I, equivalent to Scheme 7, I). While L, provided
the arylation of the aliphatic amine to yield 7d in good yields
(67% 7d; 7d/3b ratio = 17), the pyrrole derivative Lg using
K,CO; as a base favored the arylation of the cyclic amide in
good yield and moderate selectivity (76% 3b, 3b/7d ratio = S).
We noticed an important base effect in the latter case, since the
use of CsF as a base instead of K,CO; prevented the
chemoselectivity between both nucleophiles. Furthermore,
competitive reactions A’, C’, D', G/, and J' and bifunctional
8a employing bromobenzene also led to the selective arylation
one of the nucleophiles, although most of them were in lower
yields and moderate to good selectivities (Scheme S4, SI).
Some unexpected effects were found, such as the fact that all
reactions combining bromobenzene and aromatic amides 2a
and 2f with L; ligand completely failed in any competition
tested (Scheme 10, competition B’, and Scheme $4,
competitions A/, C’, and D’). Moreover, 1,10-phenathroline
(L,) showed a chemoselective behavior with bromobenzene
different from that with iodobenzene when facing primary
amides and aliphatic or aromatic amines with other
nucleophiles (competitions B/B’ and H/H’, Schemes 7 and
10).

Ligand-Dependent Selectivities in Competition Re-
actions Using Chlorobenzene. Several reactions were also
attempted using chlorobenzene as arylating agent and several
nucleophiles and auxiliary ligands; however, the reactivity was
almost suppressed for all nucleophiles tested at 130 °C
(Scheme S5, SI).

Practical Orthogonal Nucleophile Discrimination
Summary. Table 1 summarizes the most important results
of all tested competition reactions, and the best conditions
found to achieve the arylation of a given nucleophile in the
presence of another are highlighted. In general, highly selective
arylation of any nucleophile can be performed under mild
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conditions in the presence of another nucleophile, provided
careful selection of the auxiliary ligand and experimental
conditions is made. Therefore, Table 1 is a practical recipe for
mild and chemoselective C—O and C—N Ullmann-type
couplings. Note that this high selectivity has also been
successfully translated into bifunctional substrates (Scheme
10). However, the limitations of the methodology in terms of
selectivity are shown in Table 2. The nonpreferred nucleophile
in these competitions is arylated as a mixture with the arylation
of the preferred nucleophile, so the corresponding reaction
conditions are not included in Table 2.

Finally, to gain insight into the mechanism of the cross-
coupling reactions with different auxiliary ligands, we have
selected the most successful combinations of nucleophiles and
ligands and used the radical clock 1-allyloxy-2-iodobenzene (rc)
as substrate in the coupling reactions (Scheme 11). In all
reactions, a significant amount of rc-H was observed, suggesting
a protodecupration side reaction as previously observed by
Cohen,” Hartwig,25 and in the reactivity of well-defined model
aryl-Cu™ complexes.”* No traces were found of the cyclized
coupling product, thus pointing toward a prototypical Cu'/Cu™
mechanism for thermal-based Ullmann couplings and discard-
ing a radical pathway. Given the fact that protodecupration
product rc-H was found in important amounts when rc was
used as a substrate, we wondered if this mechanism has also
some contribution when iodobenzene is used. If so, benzene
should be found as the product of a putative protodecupration.
As suspected, low but significant amounts of benzene (from 4
to 8%) were found in several coupling reactions of anilines 6a,
6b, 6c, and methylacetamide 2h, indicating that the
protodecupration pathway is generally spread as a side reaction
in Ullmann couplings (see Scheme $6).

B CONCLUSION

In light of the tremendous interest in finding a practical Cu-
catalyzed methodology that allows orthogonal discrimination
among N- or O-based functional groups, we have demonstrated
that this is now possible with multiple combinations of
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Table 1. Optimized Conditions for Ligand-Dependent Arylation of Nucleophiles (A or B) with Iodobenzene in Competition

Reactions with Orthogonal Selectivity”

“Standard reaction conditions: iodobenzene (0.88 mmol, 0.9 M), A and B (1.79 mmol), 24 h, DMSO under an inert atmosphere (yields given in

parentheses).

nucleophiles using a common experimental methodology and a
preferred auxiliary ligand for each nucleophile. The exact role of
each auxiliary ligand in switching the selectivity requires already
ongoing in-depth computational studies. So far, the precise,
simple methodologies to be used for the arylation of any of the
nucleophiles tested should be a precious practical guide in
organic synthesis laboratories. Indeed, by means of using a
radical clock substrate (rc), no signs of radical-mediated
mechanism were found in any of the coupling reactions tested
in this work, reinforcing the occurrence of a nonradical
mechanism in the thermal-based copper-catalyzed cross-
coupling reactions.
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B EXPERIMENTAL SECTION

General Methods. The reagents and solvents used were
commercially available unless indicated otherwise. Solvents were
purchased and were purified and dried by passing them through an
activated alumina purification system. The preparation and handling of
air-sensitive materials were performed in a N, drybox with O, and
H,O concentrations of <1 ppm. 4'-Hydroxy(1,1’-biphenyl)-3-carbox-
amide (8b) was synthesized following the published procedures.*’

General Procedure for Catalytic Experiments. A vial was
loaded with the base (1.8 mmol), the solid nucleophile (1.8 mmol),
and the corresponding auxiliary ligand (10 mol %). Then, in an inert-
atmosphere glovebox, copper(I) (10 mol %) in DMSO and the aryl
iodide (0.9 mmol) were added. Liquid nucleophiles were added after
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Table 2. Optimized Conditions for Ligand-Dependent
Arylation of Nucleophiles with Iodobenzene in Competitive
Reactions with High Selectivity for One of the Competing
Nucleophiles (Column A)“

“Standard reaction conditions: iodobenzene (0.88 mmol, 0.9 M), A
and B (1.79 mmol), 24 h, DMSO under an inert atmosphere (yields
are given in parentheses).

Scheme 11. Selected Coupling Reactions Using Radical
Clock rc as Substrate

the aryl iodide. The vial was sealed, and the reaction mixture was kept
under an inert atmosphere and placed in a preheated oil bath at the
required temperature. After the reaction mixture was stirred for 24 h,
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1,3,5-trimethoxybenzene (200 uL, 1.5 M in DMSO) as internal
standard was added. Subsequently, the reaction was quenched by the
addition of AcOEt (5 mL). The workup consisted of the filtration of
400 uL of the crude product through silica gel using AcOEt as eluent.
All samples were analyzed by gas chromatography. The GC yields
were obtained through calibration curves obtained with authentic
sample of all products with 1,3,5-trimethoxybenzene as an internal
standard.

Benzanilide (3a).>*” '"H NMR (300 MHz, DMSO-d,, 25 °C) &
(ppm): 7.17—7.23 (m, 1H), 7.43—7.48 (m, 2H), 7.60—7.72 (m, 3H),
7.86—7.89 (m, 2H), 8.03—8.07 (m, 2H), 10.34 (s, 1H, NH). *C{'H}
NMR (75 MHz, DMSO-dg, 25 °C) & (ppm): 120.3, 123.7, 127.6,
128.4, 128.6, 131.6, 134.9, 139.2, 165.5. HRMS (ESI-TOF (m/z)):
caled for C;3H;;NONa 220.0733, found 220.0725, caled for
(Cy3H;;NO),Na 417.1573, found 417.1571.

1-Phenyl-2-pyrrolidone (3b).***” 'TH NMR (300 MHz, CDCL,, 25
°C) & (ppm): 2.14—2.22 (m, 2H), 2.59-2.65 (m, 2H), 3.87 (t, 2H,
au = 6.9 Hz), 7.59—7.63 (m, 2H), 7.34—7.40 (m, 2H), 7.12—7.17
(m, 1H). BC{'H} NMR (75 MHz, CDCl;, 25 °C) § (ppm): 18.0,
32.7,48.8,119.9, 124.5, 128.8, 139.4, 174.2. HRMS (ESI-TOF (m/z)):
caled for C,(H;;NONa 184.0733, found 184.0720, calcd
(C1oH;;NO),Na 345.1573, found 345.1559.

N-phenoxindole (3¢).”* '"H NMR (300 MHz, DMSO-d,, 25 °C) &
(ppm): 3.86 (s, 2H), 6.79—6.81 (m, 1H), 7.16 (td, 1H, *Jiypy = 7.43
Hz, *Jyq = 1 Hz), 7.31 (td, 1H, *Jyp; = 7.8 Hz, ¥y = 1.5 Hz), 7.44—
7.46 (m, 1H), 7.50—7.58 (m, 3H), 7.64—7.70 (m, 2H). *C{'H} NMR
(75 MHz, DMSO-dg, 25 °C) & (ppm): 35.9, 108.6, 122.4, 124.7, 124.8,
126.8, 127.5, 127.9, 129.6, 134.5, 144.8, 173.9. HRMS (ESI-TOF (m/
z)): caled for C,H;;NONa 232.0733, found 232.0726, calcd for
(C14H;;NO),Na 441.1573, found 441.1577.

Salicylanilide (3d).” 'H NMR (400 MHz, DMSO-d,, 25 °C) &
(ppm): 7.04—7.09 (m, 2H), 7.22—7.26 (m, 1H), 7.45—7.50 (m, 2H)
7.52—7.56 (m, 1H), 7.79—7.82 (m, 2H), 8.06 (dd, 1H, *Jyz;; = 7.8 Hz,
Yuu = 1.4 Hz), 10.50 (s, 1H, NH), 11.90 (br s, 1H, OH). C{'H}
NMR (100 MHz, DMSO-d,, 25 °C) § (ppm): 117.2, 117.5, 119.0,
1209, 124.2, 128.7, 129.0, 133.6, 138.1, 158.5, 166.6. HRMS (ESI-
TOF (m/z)): caled for C3H;;NO,Na 236.0682, found 236.0679,
caled for (C3H;;NO,),Na 419.1472, found 419.1471.

N-phenyl-4-hydroxybenzamide (3e).”” 'H NMR (300 MHz,
DMSO-dg, 25 °C) & (ppm): 6.93—6.98 (m, 2H), 7.13—7.19 (m,
1H), 7.40—7.46 (m, 2H), 7.82.7.86 (m, 2H), 7.92—7.97 (m, 2H),
10.07 (s, 1H, NH). BC{'H} NMR (75 MHz, DMSO-d;, 25 °C) &
(ppm): 115.3, 120.6, 123.6, 125.7, 128.9, 130.1, 139.9, 160.9, 165.5.
HRMS (ESI-TOF (m/z)): caled for Cy3H;;NO,Na 236.0682, found
236.0679, calcd for (CI;HHNOZ)ZNa 449.1472, found 449.1479.

Nicotinanilide (3f).” '"H NMR (300 MHz, DMSO-d,, 25 °C) &
(ppm): 7.20—7.26 (m, 1H), 7.44—7.50 (m, 2H), 7.67 (ddd, 1H, *yy; =
7.8 Hz, iy = 4.8 Hz, iy = 0.9 Hz), 7.85—7.89 (m, 2H), 8.39 (ddd,
1H, Yy = 8.03 Hz, ¥y = 2.33 Hz, ¥y = 1.73 Hz), 8.86 (dd, 1H,
e = 4.8 Hz, “fyy = 1.8 Hz), 9.20 (dd, 1H, 3y = 2.25 Hz, “fuy =
0.75 Hz), 10.54 (s, 1H, NH). *C{'H} NMR (75 MHz, DMSO-d,, 25
°C) & (ppm): 120.4, 123.5, 124.0, 128.7, 130.6, 135.5, 138.8, 148.7,
152.1, 164.1. HRMS (ESI-TOF (m/z)): caled for C;,H;,N,ONa
221.0685, found 221.0674, caled for (C,,H;,N,0),Na 419.1478,
found 419.1464.

Acetanilide (3g)."**” 'TH NMR (300 MHz, DMSO-d,, 25 °C) &
(ppm): 2.13 (s, 3H), 7.08—7.14 (m, 1H), 7.34—7.41 (m, 2H), 7.65—
7.68 (m, 2H), 10.01 (s, 1H, NH). *C{'H} NMR (75 MHz, DMSO-
dg, 25 °C) & (ppm): 29.0, 118.9, 123.0, 128.7, 139.3, 168.3. HRMS
(ESI-TOF (m/z)): caled for CgHyNONa 158.0576, found 158.0566.

N-Methylacetanilide (3h).”* "H NMR (300 MHz, CDCl,, 25 °C) &
(ppm): 1.87 (s, 3H), 3.27 (s, 3H), 7.18—7-21 (m, 2H), 7.31-7.36
(m, 1H), 7.39—7.45 (m, 2H). ®C{'H} NMR (75 MHz, CDCl,, 25
°C) 6 (ppm): 22.4, 37.2, 127.1, 127.7, 129.7, 144.6, 170.6. HRMS
(ESI-TOF (m/z)): caled for CgH;;NONa 172.0733, found 172.0722,
caled for (CoH;;NO),Na 321.1573, found 321.1572.

N,N-Diphenylbenzamide (3i).°° 'H NMR (300 MHz, CDCl,, 25
°C) & (ppm): 7.14—7.32 (m, 13H), 7.44—7.47 (m, 2H). BC{'H}
NMR (75 MHz, CDCl,, 25 °C) § (ppm): 126.6, 127.7, 128.1, 129.4,
129.4, 1304, 136.3, 144.3. HRMS (ESI-TOF (m/z)): caled for

DOI: 10.1021/acs.joc.6b01035
J. Org. Chem. 2016, 81, 7315-7325


http://dx.doi.org/10.1021/acs.joc.6b01035

The Journal of Organic Chemistry

Featured Article

CoH(NO 274.1226, found 274.1234, caled for C;oH;{NONa
296.1046, found 296.1064, caled for (C,oH;sNO),Na $569.2199;
found 569.2221.

N,N-Ethylphenylacetamide (3j).’ '"H NMR (300 MHz, CDCl,, 25
°C) & (ppm): 1.10 (t, 3H, Yy = 7.2 MHz), 1,82 (s, 3H), 3.75 (q, 3H,
Jau = 7.2 MHz), 7.13-7.17 (m, 2H), 7.31-7.45 (m, 3H). *C{'H}
NMR (75 MHz, CDCl,, 25 °C) & (ppm): 13.3, 23.1, 44.1, 128.1,
128.5, 129.9, 143.2, 170.2. HRMS (ESI-TOF (m/z)): calcd for
Co\H4,NO 164.1070, found 164.1067, caled for C,;,H;3NONa
186.0889, found 186.0889, caled for (C,oH;;NO),Na 349.1886,
found 349.1869.

Diphenyl Ether (5a).”> 'H NMR (300 MHz, CDCl,, 25 °C) &
(ppm): 7.03—7.07 (m, 4H), 7.10=7.16 (m, 2H), 7.33—7.40 (m, 4H).
BC{'H} NMR (75 MHz, CDCl,, 25 °C) & (ppm): 119.2, 123.5, 130.1,
157.6. GCMS: t; 9.220. MS (C;,H;,0): 170.0.

1-Methyl-4-phenoxybenzene (5b).>° 'H NMR (400 MHz, CDCl,,
25 °C) & (ppm): 2.40 (s, 3H), 6.97—6.99 (m, 2H), 7.04—7.08 (m,
2H), 7.10~7.15 (m, 1H), 7.18—7.21 (m, 2H), 7.35—7-39 (m, 2H).
BC{'H} NMR (100 MHz, CDCl,, 25 °C) § (ppm): 20.9, 118.5, 119.3,
122.9, 129.8, 130.5, 133.1, 154.9, 158.0. GCMS: t; 10.584. MS
(C;,H,0): 184.0.

1-Methoxy-4-phenoxybenzene (5¢):>> 'H NMR (400 MHz,
CDCl,, 25 °C) 6 (ppm): 3.81 (s, 3H), 6.87—6.91 (m, 2H), 6.93—
7.01 (m, 4H), 7.05 (t, 1H, J = 7.4 Hz), 7.28—7.33 (m, 2H). *C{'H}
NMR (100 MHz, CDCl,, 25 °C) § (ppm): $5.9, 115.1, 117.8, 121.0,
122.6, 129.8, 150.3, 156.1, 158.7. GCMS: t; 12.359. MS (C,;H,,0,):
200.1.

1,3-Dimethyl-5-phenoxybenzene (5d).>* 'H NMR (300 MHz,
CDCl,, 25 °C) & (ppm): 2.29 (s, 6H), 6.64—6.65 (m, 2H), 6.76 (sept,
1H, ¥ = 0.7 MHz), 6.99—7.03 (m, 2H), 7.07—7.12 (m, 1H), 7.30—
7.37 (m, 2H). BC{'H} NMR (75 MHz, CDCl;, 25 °C) & (ppm):
21.6, 116.8, 119.1, 123.2, 124.2, 129.9, 139.8, 157.4, 157.7. GCMS: t
11.596. MS (C,H;,0): 198.1.

1-(4-Nitrophenoxy)benzene (5e).>’> '"H NMR (300 MHz, CDCl,,
25 °C) & (ppm): 7.00—7.06 (m, 2H), 7.09—7.14 (m, 2H), 7.22—7.32
(m, 1H), 7.43—7.51 (m, 2H), 8.20—8.25 (m, 2H). “C{’'H} NMR (75
MHz, CDCl;, 25 °C) § (ppm): 117.3, 120.8, 125.7, 126.2, 130.6,
154.9, 163.6. GCMS: t; 14.180. MS (C,,H;,0): 215.0.

Ethoxybenzene (5f.°> 'H NMR (400 MHz, CDCl,, 25 °C) &
(ppm): 1.4 (t, 3H), 4.02 (q, 2H), 6.87—6.93 (m, 3H), 7.30—7.34 (m,
2H). GCMS: t 3.76. MS (CngoO): 122.0.

N,N-Diphenylamine (7a).*'*° 'TH NMR (400 MHz, CDCl,, 25 °C)
5 (ppm): 5.71 (s, 1H, NH), 6.96 (tt, 2H), 7.08—7.12 (m, 4H), 7.27—
7.32 (m, 4H). BC{'H} NMR (100 MHz, CDCl,, 25 °C) § (ppm):
117.9, 121.0, 129.4, 143.2. HRMS (ESI-TOF (m/z)): calcd for
C,H,N 170.0964, found 170.0948.

p-Nitro-N-phenylaniline (7b).” '"H NMR (300 MHz, CDCl,, 25
°C) 6 (ppm): 6.33 (s, 1H, NH), 6.92—6.97 (m, 2H), 7.14—7.26 (m,
3H), 7.35-7.42 (m, 2H), 8.09—8.11 (m, 2H). BC{'H} NMR (75
MHz, DMSO-d,, 25 °C) § (ppm): 113.9, 122.2, 124.9, 126.5, 130.0,
139.7, 140.0, 150.4. HRMS (ESI-TOF (m/z)): caled for C;,H;;N,O,
215.0815, found 215.0813.

p-Methoxy-N-phenylaniline (7c).>”** "H NMR (400 MHz, CDCL,
25 °C) & (ppm): 3.80 (s, 3H), 5.46 (s, 1H, NH) 6.81—6.92 (m, SH),
7.05=7.09 (m, 2H), 7.18—7.23 (m, 2H). *C{'H} NMR (100 MHz,
CDCl,, 25 °C) 6 (ppm): 55.8, 114.9, 115.9, 119.8, 122.5, 129.5, 139.7,
140.0, 150.4. HRMS (ESI-TOF (m/z)): caled for C;3H;,NO
200.1070, found 200.1059.

N-Cyclohexylaniline (7d).”” *H NMR (400 MHz, CDCl,, 25 °C) &
(ppm): 1.16—1.50 (m, SHPMt) 1.68—1.75 (m, 1H¥Ph<) 1,80—1.85
(m, 2H¥PMtY 9 10—2.14 (m, 2H¥PMt) 328335 (m, 1H), 3.55 (m,
1H, NH), 6.63—6.66 (m, 2H), 6.72 (t, 1H, Yy = 7.2 Hz *Jyyp; = 0.93
Hz), 7.19—7.24 (m, 2H). ®*C{'H} NMR (100 MHz, CDCl,, 25 °C) §
(ppm): 25.2, 26.1, 33.7, 51.8, 113.3, 117.0, 129.4, 147.6. HRMS (ESI-
TOF (m/z)): caled for C,H (N 176.1434, found 176.1406, calcd for
Cy,H,;NNa 198.1253, found 198.1226.

N-Propylaniline (7e).° '"H NMR (400 MHz, CDCL, 25 °C) &
(ppm): 1.03 (t, 3H, Yy = 7.39 Hz), 1.67 (q, 2H, Yy = 7.28 Hz),
3.11 (t, 2H, *Jyy = 7.01 Hz), 3.64 (s, 1H, NH), 6.61—6.65 (m, 2H),
6.72 (tt, 1H, *Jyyy = 14.71 Hz, ¥y = 7.24 Hz, ¥y = 1.07 Hz,), 7.17—
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724 (m, 2H). BC{'H} NMR (100 MHz, CDCl,, 25 °C) § (ppm):
11.7,22.8, 45.9, 112.7, 117.1, 129.2, 148.6. HRMS (ESI-TOF (m/z)):
caled for CoH 4N 136.1121, found 136.1126.

N,N-Diethylaniline (7).°° This compound was obtained in a low
yield. It was detected by GCMS: t 6.834. MS (C;oHsN): 149.1.

1-Phenylpiperidine (7g).°® "H NMR (300 MHz, CDCL, 25 °C) §
(ppm): 1.55—1.62 (m, 2H), 1.68—1.75 (m, 4H), 3.14—3.17 (m, 4 H),
6.79—6.85 (m, 1H), 6.92—6.97 (m, 2H), 7.21-7.28 (m, 2H). *C{'H}
NMR (75 MHz, CDCly, 25 °C) & (ppm): 24.3, 25.9, 50.7, 116.5,
119.2, 129.0, 152.3. HRMS (ESI-TOF (m/z)): caled for C,;H;N
162.1277, found 162.1265.

1-Phenyl-1H-imidazole (7h).°’ 'H NMR (400 MHz, CDCL, 25
°C) 6 (ppm): 7.21 (s, 1H), 7.29 (s, 1H), 7.35—7.41 (m, 3H), 7.47—
7.52 (m, 2H), 7.86 (s, 1H). *C{'"H} NMR (100 MHz, CDCl,, 25 °C)
5 (ppm): 118.1, 1212, 127.3, 129.6, 130.1, 135.3, 137.1. HRMS (ESI-
TOF (m/z)): caled for CoHgN, 145.0760, found 145.0771, calcd for
CoHgN,Na 167.0580, found 167.0580, caled for (CyHgN,),Na
311.1267, found 311.1262.

7-Phenoxy-1,2,3,4-tetrahydronaphthalen-2-amine (9a). 'H
NMR (400 MHz, CDCl;, 25 °C) § (ppm): 1.56 (s, 2H, NH),
1.60—1.66 (m, 1H, H' or H'), 1.97—2.04 (m, 1H, H' or 1)), 2.53 (dd,
Yun = 1622 Hz, 3= 9.41 Hz, 1H, Hf or H#), 2.80—2.85 (m, 2H, HX
and HY), 2.94 (dd, %y = 1641 Hz, *Juy = 5.14 Hz, 1H, Hf or HE),
3.15-3.24 (m, 1H, Hh), 6.73 (d, “Jyy = 2.54 Hz, 1H, HY), 6.78 (dd,
e = 829 Hz, Yy = 2.63 Hz, 1H, H°), 6.99 (dt, ‘i = 7.64, 1.12
Hz, 2H, H?), 7.05 (dt, }Juy = 7.69 Hz, *Jyy = 1.12 Hz, 2H, H® and
HY), 7.31 (dd, ¥y = 7.52 Hz, ¥y = 128 Hz, 2H, HY). ®C{H}
NMR (100 MHz, CDCl,, 25 °C) 6 (ppm): 274 (Cg), 29.7 (Cy;), 31.0
(Cy), 529 (Cy), 117.1 (Cyy), 1184 (C)), 119.4 (Cq), 122.9 (C,),
129.6 (C,), 19.8 (C,4), 131.0 (C},), 136.0 (C,), 155.1 (C) and 157.8
(C,). HRMS (ESI-TOF (m/z)): calcd for C;4H;gNO 240.1383, found
240.1395, caled for (C;4H;,NO),H 479.2693, found 479.2708.

7-(Phenylamino)-5,6,7,8-tetrahydronaphthalen-2-ol (10a). 'H
NMR (400 MHz, CDCl,, 25 °C) & (ppm): 1.77 (m, 1H, H® or Hf),
2.16 (m, 1H, H® or Hf), 2.64 (ddd, *Juy = 16.58 Hz, *J,yy; = 8.34 Hz,
1H, H" or H'), 2.83 (m, 2H, HY), 3.15 (ddd, ¥ = 16.54 Hz, ¥y =
4.86 Hz, 1H, H' or H"), 3.75 (m, 1H, H#), 4.58 (m, 1H, NH), 6.55 (d,
“Tun = 2.62 Hz, 1H, H*), 6.64 (dd, 3]y = 8.66 Hz, *Jyy = 1.06 Hz, 3H,
HP and H), 6.70 (tt, 3y = 7.93 Hz, “Juy = 1.07 Hz, 1H, H'), 6.98 (d,
Jiu = 841 Hz, 1H, HF), 7.18 (dd, 3y = 7.39 Hz, *Jy = 1.2 Hz, 2H,
HY). ®C{'"H} NMR (100 MHz, CDCl,, 25 °C) & (ppm): 26.6 (Cg),
29.3 (C;), 36.6 (Cy), 48.5 (Cy), 113.5 (Cy and C,), 115.6 (C,), 117.8
(Ciy), 1284 (Cy or Cyp), 129.3 (Cy3), 129.9 (C,), 136.0 (Cs or Cyp),
147.1 (C;,) and 153.6 (C,). HRMS (ESI-TOF (m/z)): caled for
CH;sNO 240.1383, found 240.1378, caled for (C,4H;,NO),Na
501.2515, found 501.2507.

4’-Hydroxy-N-phenyl(1,1'-biphenyl)-3-carboxamide (9b). 'H
NMR (400 MHz, DMSO-dg, 25 °C) & (ppm): 6.90 (d, ¥y = 8.61
Hz, 2H, Hi), 7.12 (t, 3Jyy = 7.40 Hz, *Jyy = 1.12 Hz, 1H, H*), 7.37 (t,
3un = 740 Hz, 2H, H), 7.57 (t, ¥y = 7.68 Hz, 1H, HY), 7.61 (dd,
3un = 8.70 Hz, 2H, HY), 7.79 (d, 3y = 8.61 Hz, ¥,y = 1.17 Hz, 3H,
HC and H8), 7.85 (dt, *Jyy = 7.68 Hz, *Jyy = 1.49 Hz, 1H, H°), 8.14 (t,
J = 3.32, ¥qu = 1.67 Hz, 1H, H?), 9.66 (s, 1H, OH) and 10.31 (s, 1H,
NH). BC{'H} NMR (100 MHz, DMSO-d,, 25 °C) § (ppm): 116.3
(Cuy), 1209 (Cy), 1242 (C)), 125.5 (C;), 1262 (Cy), 128.5 (Cy3),
129.1 (C,), 1294 (Cy and C,y), 130.7 (C},), 136 (Cg), 139.6 (C,),
140.8 (Cyy), 157.9 (Cys) and 166.1 (Cs). HRMS (ESI-TOF (m/z)):
Positive mode (+): caled for C;oH;{NO,Na 312.099S, found
312.0994; Negative mode (—): caled for C,,H;,NO, 288.1025,
found 288.1002, calcd for (C;oH;,NO,)(C,oH;sNO,) 577.2127, found
577.2110.

4’-Phenoxy(1,1’-biphenyl)-3-carboxamide (10b). '"H NMR (400
MHz, CDCl,, 25 °C) & (ppm): 5.73 (s, 1H, NH), 6.17 (s, 1H, NH),
7.07—7.13 (m, 4H, Hf and H®), 7.16 (tt, 3y = 7.42, “Jp = 1.15 Hg,
1H, H'), 7.37-7.42 (m, 2H, HY), 7.54 (t, *Jyy = 8.00 Hz, *Jy = 0.61
Hz 1H, H%), 7.60 (dt, 3y = 8.85 Hz, ¥y = 2.18 Hz, 2H, H®), 7.76
(dt, ¥y = 7.77 Hz, ¥y = 1.80 Hz, 2H, H* and HY) and 8.06 (t, >y
= 3.75 Hz, Y]y = 192 Hz, 1H, H). BC{'H} NMR (100 MHz,
CDCl,, 25 °C) & (ppm): 119.1 (C,y), 119.2 (C}3), 123.6 (Cy5), 125.7
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(Cg), 126.1 (C,), 128.5 (Cy), 129.1 (Cs), 129.9 (Cy,), 1304 (C)),
1339 (C,), 135.1 (Cg), 1412 (C;), 1569 (C,y), 1574 (C;;) and
169.2 (C;). HRMS (ESI-TOF (m/z)): caled for C oH;sNO,Na
312.1000, found 312.0993, caled for (C,,H;sNO,),Na 601.2103,
found 601.2078, caled for (C.oH;sNO,);Na 890.3206, found
890.3186.

4-Amino-N,N-diphenylbenzamide (9c). 'H NMR (400 MHz,
CDCl, 25 °C) & (ppm): 3.78—3.92 (m, 2H, NH), 6.44 (d, *Juy =
8.71 Hz, 2H, H), 7.11-7.19 (m, 6H, HS or H* and H*), 7.23-7.33
(dd, ¥y = 7.87 Hz, ‘g = 2.05 Hz, 6H, H* and H¢ or HY). BC{'H}
NMR (100 MHz, CDCl,;, 25 °C) § (ppm): 113.6 (C,), 1252 (C,),
125.9 (Cy), 127.4 (C, or Cg), 129.1 (C, or Cy), 131.8 (C,), 144.7
(Cg), 148.6 (Cy), 170.7 (C,). (ESI-TOF (m/z)): calcd for C;oH;,N,O
289.1335, found 289.1335, caled for C;oH (N,ONa 311.1155, found
311.1163, calcd for (C;oH;¢N,0),Na 599.2417, found 599.2420.

N-Phenyl-4-(phenylamino)benzamide (10c). '"H NMR (400 MHz,
CDCl, 25 °C) & (ppm): 6.07 (s, 1H, NHamine), 7.04 (d, *J;; = 8.65
Hz, 2H, H®), 7.07 (d, ¥}, = 7.20 Hz, 1H, H®), 7.13 (t, ¥4y = 7.46 Hz,
Hun = 1.04 Hz, 1H, H), 7.16 (d, *Jyy = 7.72 Hz, ¥y = 1.18 Hz, 2H,
HS), 7.35 (dt, *Juy = 7.74 Hz, 4H, H and H#), 7.63 (d, ¥y = 8.60
Hz, 2H, HY), 7.77 (d, *Juy = 8.54 Hz, 2H, H?), 7.80 (s, 1H, NH,,4.)-
BC{'H} NMR (100 MHz, CDCl,, 25 °C) § (ppm): 115.2 (C,), 120.1
(C;and Cyy), 122.9 (Cy), 1242 (Cy3), 125.7 (C,), 128.8 (Cg or Cy,),
129.0 (Cy), 129.5 (Cg or Cyy), 138.2 (Cyy), 141.1 (Cg), 1472 (Cy),
165.5 (C;). HRMS (ESI-TOF (m/z)): caled for C;oH;sN,ONa
311.1185, found 311.1149, caled for (C,sH¢N,0),Na 599.2417,
found 599.2407.

1-(Allyloxy)-2-iodobenzene (rc). rc was synthesized following
published procedures.® The characterization of rc-H was performed
by comparison to a commercially available sample.

1-(Allyloxy)-2-(4-methoxyphenoxy)benzene (rc-5¢c). 'H NMR
(300 MHz, CDCly, 25 °C) § (ppm): 3.81 (s, 3H), 4.62 (dt, *Jyy =
5.23 Hz, “fypy = 1.55 Hz, 2H), 5.24 (ddd, ¥y = 10.50 Hz, iy = 3.21
Hz, “yy = 1.64 Hz, 1H), 5.34 (ddd, ¥,y = 17.25 Hz, ¥y = 3.65 Hz,
Y = 1.72 Hz, 1H), 5.94- 6.08 (m, 1H), 6.84- 6.97 (m, 6H), 7.01-
7.09 (m, 2H). BC{'H} NMR (75 MHz, CDCl;, 25 °C) & (ppm):
55.6,69.9, 114.6, 114.9, 117.5, 119.1, 119.9, 121.4, 123.8, 133.2, 146.9,
149.8, 151.3, 155.2. HRMS (ESI-TOF (m/z)): calcd for C;sH;c0;Na
279.0992, found 279.0999, calcd for (C,¢H;40;),Na 535.2091, found
535.2084.

N-(2-(Allyloxy)phenyl)benzamide (rc-3a). '"H NMR (300 MHz,
CDCl,, 25 °C) § (ppm): 4.68 (dt, ¥y = 5.28 Hz, “ipy = 1.44 Hz,
2H), 5.37 (ddd, *Jyy = 10.50 Hz, *Jyyyy = 3.17 Hz, ¥y = 1.32 Hz, 1H),
5.46 (ddd, *Juy = 17.29 Hz, ¥y = 3.47 Hz, *Jqy = 1.61 Hz, 1H),6.05-
6.12 (m, 1H), 6.95 (dd, 3y = 7.25 Hz, “Juq = 2.37 Hz, 1H), 7.05-
7.09 (m, 2H), 7.50- 7.58 (m, 3H), 7.92 (dd, *Jyy = 8.28 Hz, *Jyy =
1.76 Hz, 1H). BC{'H} NMR (75 MHz, CDCl,, 25 °C) § (ppm): 69.6,
111.5, 1182, 119.9, 121.5, 123.8, 127.0, 128.1, 128.8, 131.7, 132.8,
135.7, 147.1, 165.2. HRMS (ESI-TOF (m/z)): caled for
C,¢H,sNO,Na 276.0995, found 276.0991, caled for
(C16HsNO,),Na 529.2098, found 529.2083.

2-(Allyloxy)-N-cyclohexylaniline (rc-7d). '"H NMR (400 MHz,
CDCl,, 25 °C) § (ppm): 1.15—-1.31 (m, 3H), 1.31- 1.48 (m, 3H),
1.61-1.73 (m, 1H), 1.73- 1.86 (m, 2H), 2.09 (d, *Juy = 12.18 Hz,
2H), 3.22- 3.34 (m, 1H), 4.19 (s, 1H, NH), 4.57 (dt, ¥y = 5.23 Hg,
au = 1.51 Hz, 2H), 5.30 (ddd, ¥y = 10.50 Hz, ¥Jyy = 3.21 Hz, ¥y
= 1.64 Hz, 1H), 542 (ddd, *Jyy = 17.23 Hz, *Jyyy = 3.55 Hz, Yy =
1.58 Hz, 1H), 6.04- 6.18 (m, 1H), 6.63 (dd, *Jyy = 10.50 Hz, 3,y =
8.17 Hz, *yp; = 1.44 Hz, 2H), 6.79 (dd, *Jip; = 8.04 Hz, iy = 1.41
Hz, 1H), (ddt, ¥y = 15.35 Hz, ¥y = 7.69 Hz, *iyy = 1.31 Hz, 1H).
BC{'H} NMR (100 MHz, CDCl,, 25 °C) § (ppm): 25.1, 26.0, 33.5,
514, 69.3, 110.5, 111.3, 115.7, 117.3, 121.5, 133.7, 137.7, 145.7.
HRMS (ESI-TOF (m/z)): caled for C,sH,,NO 232.1696, found
232.1708, caled for C;sH, NONa 254.1515, found 254.1514.

2-(Allyloxy)-N-(4-methoxyphenyl)aniline (rc-7c). '"H NMR (400
MHz, CDCly, 25 °C) & (ppm): 3.83 (s, 3H), 4.64 (dt, ¥y = 5.45 Hz,
Ym = 1.34 Hz, 2H), 5.33 (ddd, Yy = 10.46 Hz, *Jy = 3.33 Hz, Y
= 1.40 Hz, 1H), 545 (ddd, *Juy = 17.26 Hz, *Jiyy = 3.59 Hz, Yy =
1.59 Hz, 1H), 6.03 (s, 1H, NH), 6.07—6.20 (m, 1H), 6.77 (td, ¥y =
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7.69 Hz, *Jyy = 1.73 Hz, 2H), 6.82—6.92 (m, 3H), 7.07 (dd, 3Jyy =
7.79 Hz, “yy = 1.74 Hz, 2H) 7.17 (d, *Juy = 8.91 Hz, 2H). B*C{'H}
NMR (100 MHz, CDCl,, 25 °C) & (ppm): $5.6, 69.5, 111.8, 112.8,
114.6, 117.8, 1184, 121.3, 123.0, 133.4, 1354, 1463, 155.4. HRMS
(ESI-TOF (m/z)): caled for C;¢H;;NO,Na 278.1151, found
278.1161.

N-(2-(Allyloxy)phenyl)-N-methylacetamide (rc-3h). 'H NMR
(300 MHz, CDCl,, 25 °C) & (ppm): 1.84 (s, 3H), 321 (s, 3H),
4.60 (dt, *Jryy = 4.98 Hz, *Jipy = 1.65 Hz, 2H), 5.30 (ddd, ¥y = 10.57
Hz, 3y = 4.36 Hz, *Jyy = 1.50 Hz, 1H), 5.41 (ddd, Yy = 17.27 Hg,
n = 4.90 Hz, ¥y = 1.68 Hz, 1H), 5.96- 6.08 (m, 1H), 6.96- 7.02
(m, 2H), 7.19 (dd, *Jyyy = 7.68 Hz, *J;3y = 1.68 Hz, 1H) 7.85 (td, *Juy
= 8.91 Hz, *Jyy = 1.79 Hz, 2H). BC{'H} NMR (75 MHz, CDCl,, 25
°C) 6 (ppm): 21.6, 35.8, 68.6, 113.2, 117.6, 121.2, 129.0, 129.2, 132.5,
154.0, 171.4. (ESI-TOF (m/z)): caled for C;,H;sNO,Na 228.0995,
found 228.0993, caled for (C;,H;sNO,),Na 433.2098, found
433.2095.

Synthesis of Auxiliary Ligand L;. N,N’-Dimethyl-2,6-bis-
(aminomethyl)pyridine as HCIl Salt (L;-(HCl),). 2,6-Bis-
(chloromethyl)pyridine (1 g 5.6 mmol) was added to aqueous
methylamine (40%) (30 mL, 350 mmol) in a round-bottom flask, and
the mixture was stirred at room temperature for 2—3 days. The
reaction was monitored by '"H NMR. Next, NaOH (0.470 g) was
added, and the mixture was concentrated under reduced pressure. The
crude was extracted with CH,Cl,, and the combined organic layers
were dried with anhydrous MgSO,,. Finally, the solvent was evaporated
under reduced pressure, obtaining Ly as a yellow oil (0.920 g, 90%
yield). Since the product is highly hygroscopic, the hydrochloric salt
Ly (HCl), was prepared by dissolving the oil in CHCly (1 mL) and
hydrochloric acid 36.5% (0.85 mL). The aqueous phase was dried
under vacuum to dryness, and the crystallization was performed with a
mixture of MeOH and Et,0 (0.660 g, 55% yield). L,-(HCI), salt: 'H
NMR (400 MHz, D,0, 25 °C) & (ppm): 2.83 (s, 6 H), 443 (s, 4 H),
746 (d, 2 H), 7.93 (t, 1 H). HRMS (ESI-TOF (m/z)): calcd for
CoH 6N, 166.1339, found 166.1345. Anal. Caled for (CoH,,N;Cly-1.15
H,0): C, 41.76; H, 7.51; N, 16.23. Found: C, 41.78; H, 7.37; N, 16.10.
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Chapter VI Results and discussion

Since the discovery of the Buchwald-Hartwig coupling reaction, the development of renewed
cross-coupling processes in a greener fashion has been a topic of interest over the last decades.
The development of methodologies capable to compete with precious transition metals chemistry,
which were slightly related with the judicious choice of ancillary ligand, is one of the most
challenging aims in organic synthesis. The key of success of these transformations generally is a
detailed mechanistic understanding of elementary steps, which depending on the reaction
conditions could proceed via distinct reaction pathways. An array of synthetic model systems has
been developed in the recent years in order to gain mechanistic insight. These model systems
have successfully achieved the stabilization of high-valent metal intermediate species, which are
key players in the reactions. Therefore, this thesis is focused on the investigation of the
mechanistic features that govern copper- and nickel-catalysed C-C bond formation using well-
defined model aryl halide substrates. Another goal of this thesis is to apply the mechanistic
knowledge in model Cu-catalysed cross-couplings for standard Ulimann-type C-heteroatom bond

forming reactions, paying especial attention to the chemoselective role of auxiliary ligands.

Chapter VII.1 depicts our progress in the investigation of a detailed mechanistic pathway behind
copper-assisted Hurtley-type couplings for the formation of C(sp?)-C(sp?) bonds and Stephens-
Castro (stroichiometric) or Miura (catalytic) couplings for the formation of C(sp?)-C(sp) bonds,
using well-defined copper(lll) complexes. We evaluate the reactivity of these copper complexes
towards activated methylenes (malononitrile, dimethyl malonate and acetylacetone) and terminal
p-R-phenylacetylene derivatives (R = NO2, CF3, H). Interestingly, in the both cases we observe
the formation of the desired product through the reductive elimination step and subsequently,
these species undergo an intramolecular reorganization to afford the final heterocyclic products
2H-isoindole, 1,2-dihydroisoquinoline and 1,2-dihydroisoquinolin-3(4H)-one. In situ spectroscopic
studies provide definitive evidence for the involvement of an aryl-Cu''-halide intermediate as the
resting state of the reaction. Our results in model aryl halide substrates provide evidences for the
direct engagement of a redox Cu'/Cu" catalytic cycle involving oxidative addition and reductive

elimination steps in copper-mediated Stephen-Castro and Hurtley-type coupling reactions.

In Chapter VII.2 we describe the recent advances on the development of well-defined nickel(ll)
complexes by oxidative addition at C-halide bonds or direct C-H activation, using macrocyclic
model systems. The reactivity of these complexes towards widely used trifluoromethylating
reagents (TDTT and Togni Reagent) is presented, obtaining near quantitative yields under mild
conditions. Mechanistic investigations combining both experimental and DFT studies suggest an
intriguing mechanistic pathway that combines Single Electron Transfer (SET) and reductive

elimination processes, involving the formation of Ni', Ni'' and Ni'Vintermediate species.
Finally, in Chapter VII.3 we turned our attention on the investigation of the role of auxiliary ligands

in Cu-catalysed Ullimann-type couplings for the chemoselective formation of C-heteroatom bonds.

We present the selective arylation of a wide range O-based (phenols) and N-based (amines and
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amides) nucleophiles in competitive reactions using aryl iodides and bromides. The sharp switch
in the selectivity, in most of the combinations between amides, amines and phenols, mainly
depends on the ligand choice. However, the exact role of these auxiliary ligands on the
chemoselective arylation is not well understood. In addition, the formation of radical intermediates
is not observed in any of the coupling reaction, reinforcing the general proposed Cu'/Cu" redox

catalytic cycle

VII.1 Copper(ll1l)-mediated C(sp?)-C(sp3®) and C(sp?)-

C(sp) bond formation under milder conditions

This section corresponds to the contents of the manuscript by Rovira, M et al. ChemCatChem.
2013, 5, 687 — 691 (subsection VII.1.1.) and Rovira, M et al. Chem. Eur. J. 2014, 20, 10005 — 10010
(subsection VI1.1.2.), which can be found in Chapters Ill and IV of this thesis, respectively.

The cross-coupling reaction of aryl halides with activated methylenes and terminal acetylenes are
fundamental to provide access to high versatile aryl-alkyl and aryl-alkyne scaffolds, which are
products amenable to further chemical transformations. In view of the scanty information into the
mechanistic aspects that govern copper-based Hurtley and Stephens-Castro couplings and with
the experience of our group demonstrating the feasibility of the aryl-Cu"' species as intermediate
species in several Caryi-Heteroatom (C-N, C-O, C-S, C-Se, C-P and C-halide) coupling reactions, -
6 we aimed to further developed the reactivity of well-defined aryl-Cu"' species with several

activated methylenes and terminal phenylacetylene derivatives.

As was described on the introduction section, Wang and co-workers reported the synthesis of the
well-defined aryl-Cu'" complex based in azacalix[1]arene[3]pyridine, which reacts readily with a
wide range of nucleophiles to form C-X and C-C bonds in almost quantitative yields under mild
conditions.”® More recently, the same authors reported the involvement of high valent
organocopper intermediate species in the formation of C-C bonds. They have shown that the
stable and well-defined aryl-Cu'' complex was able to undergo a cross-coupling reaction with
various alkynyllithium and alkyllithium reagents to afford Cary-Cayny (Stephens-Castro-type
reaction) and Cary-Cakyl (Hurtley-type reaction) bond forming products, respectively (Scheme
VIl.1a).%10 In addition, they also have reported the catalytic version of the reaction, in which
substoichiometric (30 mol%) amount of Cu' can effectively perform the oxidative addition into C-I
moiety to form the well-defined aryl-Cu'" complex. This intermediate species subsequently
undergoes formation of Carni-Cakynyl product through a reductive elimination step, evidencing the
direct involvement of high valent copper species in a model Stephens-Castro reaction (Scheme
VIIl.1b).
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Scheme VII.1. (a) Formation of Cary-Caikynyl and Cary-Caikyi bonds from the cross-coupling reaction between
macrocyclic model aryl-Cu" complexes and alkynyl and alkyllithium reagents. (b) Wang's model system

involving an aryl-Cu'' intermediate species for Stephens-Castro reaction.

VIl.1.1 Reactivity of aryl-Cu'"' (dcios) with activated

methylene substrates (Hurtley Catalysis)

Hurtley-type coupling reactions have been known for more than 80 years and this
methodology has become of considerable importance for the preparation of C(sp?)-C(sp?)
coupling products in both laboratory and industry. Although significant progress has been
achieved in the mechanistic understanding of Ullmann reactions, much remains uncovered.
Indeed, the mechanisms of the copper-mediated C-H arylation seems to be significantly
dependent on the reaction conditions and as a result several mechanisms have been proposed.
Oxidative addition/reductive elimination pathway was the most proposed mechanism in the
literature, indicating the involvement of Cu' and Cu'' intermediates. However, the use of
macrocyclic model systems can shed light to the plausible involvement of aryl-Cu" key

intermediate species in copper-catalysed Hurtley-type couplings.
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Well-defined aryl-Cu'" complex (1cios) readily reacts with stoichiometric amounts of activated
methylene substrates (2 equiv) under mild conditions to afford the corresponding heterocyclic 1,2-
dihydroisoquinoline (P1 and P2) and 1,2-dihydroisoquinolin-3(4H)-one (P3) compounds (Scheme
VII.2). These scaffolds are essentially formed through an intramolecular reorganization of the
previously expected C(sp?)-C(sp?) coupling product, by the attack of one of the secondary amines
of the substrate scaffold.

The obtained yields for the heterocyclic products were excellent for P1 (99%), good for P2 (80%)
and modest for P3 (56%); this decrease on the efficiency of the reaction performance correlates
with the pK, value of each activated methylene, indicating that the most acidic ones, can easily
be deprotonated and react faster under milder conditions. The reaction of well-defined 1¢io4 with
malononitrile (pKs = 11.1) occurs in less than 3 hours at room temperature obtaining quantitative
yields of the desired product, whereas, the reaction of 1cio4 with acetylacetone (pKs = 13.3)
required higher temperatures (50 °C) and longer reaction times (24h) to achieved good
performance and with a release of a water molecule during the spontaneous cyclisation. Despite
the good results obtained with malonitrile and acetylacetone, the reaction of 1cios4 with dimethyl
malonate (pKa = 16.4) exhibited nearly poor results (37% of yield), favouring the formation of
intramolecular aryl-NCH3 side-coupling reaction at 50 °C, which often occurred when the working
temperatures are above 40 °C."" In order to overcome this problem, the addition of 2.2 equivalents
of Cs2C0s3 as a base afforded the desired P3 compound at room temperature with enhanced
results, 56% of yield, which is still moderate and also a molecule of MeOH was released on the
cyclisation step. In compound P3 a new chiral carbon centre is formed as is shown in the Scheme
VIIL.2.

(C10y),
25-50°C
H-N—-Cu''=N—H + DR ———— | NH HN NH
h ) CHsCN, N, R* R comd
‘ R = CN, COMe, N ©
COOMe | N

+cu'clo,

P3 (56%)

Scheme VII.2. Stoichiometric reaction between 1cios and activated methylene substrates, which undergo
C(sp?)-C(sp?®) coupling product and subsequent intramolecular reorganization. General conditions for
stoichiometric reactions: [1cio4] = 12 mM, [nucleophile] = 24 mM, CH3CN, 25°C. For P2 product the reaction
was carried out at 50°C and, for the P3 product, the addition of 2.2 eq. of Cs2CO3 was required. Yields of C-

C coupling products are calculated by "H NMR using 1,3,5-trimethoxybenzene as internal standard.
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The structural characterization of the three compounds was challenging due to the loss of
symmetry and the rigidity of the 1,2-dihydroisoquinoline (P1 and P2) and 1,2-dihydroisoquinolin-
3(4H)-one (P3) scaffolds, which make all the protons diastereotopics. For these reason, extensive
two-dimensional NMR experiments such as COSY, NOESY, TOCSY, HSQC and HMBC were

required (see Annex 1 for a complete explanation of the NMR structural determination of P1-P3).

VI1.1.1.1 Mechanistic insight into the C(sp?)-C(sp3®) bond

formation

In order to get further insight into the reaction mechanism for the synthesis of P1-P3 compounds,
we were focused on the use of malononitrile as the nucleophile and monitored its reactivity with
complex 1cios at low temperature, in order to trap the aryl-Cu''---nucleophile adduct species
analogous to the previously proposed for other nucleophiles, such as phenols or thiols.3# Indeed,
low temperature 'H NMR spectroscopy monitoring did not show the formation of any intermediate
species, we could only observe the decrease of 1ci04 Signals concomitant with the appearance of
P1 signals. Based on previous work with other heteroatoms as well as the pK, dependence of the
different nucleophiles in the reactivity, our mechanistic proposal starts with the rate-limiting
deprotonation of the activated methylene, likely by one of the amines of the ligand. The following
step was an apical coordination of the deprotonated C-nucleophile, which rapidly leads to
reductive elimination to afford the C(sp?)-C(sp?®) coupling product. Nevertheless, the benzylic
secondary amine from macrocyclic substrate attacks a nitrile or carbonyl moiety to trigger an
intramolecular spontaneous cyclisation, giving rise to the corresponding heterocyclic P1-P3

compounds. The proposed mechanisms for the synthesis of P1-P3 are depicted in Scheme VII.3.

Besides, the reaction between 1cio4 with a bulkier activated methylene substrate 1,3-
diphenylpropane-1,3-dione (pKs = 13.4) was also performed and no reactivity was observed,
indicating that steric properties also play a clear role at least in the rate-limiting deprotonation
step. Altogether, the stoichiometric reactivity shown above are consistent with the involvement of

an aryl-Cu'" intermediate in a Hurtley-type reactivity.
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Scheme VII.3. Proposed mechanism for the C-arylation of (a) malononitrile, (b) acetylacetone and (c)
dimethyl malonate via aryl-Cu' species and further intramolecular reorganization to afford the desired

heterocyclic P1-P3 compounds.

Remarkably, we also explored the catalytic copper-catalysed version of this
transformation (10 mol%) within the model triazamacrocyclic aryl bromide L4-Br substrate
affording the coupling products in quantitative yields for P1 (>95% within 24h at 25°C), however,
P2 and P3 were more challenging and moderate to good yields were afforded (37% and 67%,
respectively for 24h at 25°C). The addition of K2COs as a base in order to overcome the lower
acidity of acetylacetone and dimethyl malonate was essential to get enhanced yields.
Furthermore, the catalytic synthesis of P2 required to be performed in the presence of molecular
sieves for getting better yields. This fact is probably due to the need of trapping the releasing
water from the reaction, which can be the responsible of the oxidation of the Cu' catalyst (Scheme
VIl.4).
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Q\ M2 10 mol% [Cu'(CH,CN),OTf] Q\
N Br NoH o+ 2.0l °N R, NcH — P1,P2, P3

H
N CH4CN, N, 25°C —Ri N
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L,-Br R = CN, COMe, COOMe
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Scheme VIl.4. Copper-catalysed Hurtley reactions with model aryl bromide (L1-Br) to form P1-P3; highlight
the detection of aryl-Cu"-Br intermediate species, which undergo C(sp?)-C(sp?®) coupling product and
subsequent intramolecular reorganization. General conditions for catalytic reactions: [L1-Br] = 5 mM,
[[Cu(CH3CN)4]OTf] = 0.5 mM, [nucleophile] = 10 mM, CH3CN, 25°C. For P2 product the reaction was carried
out in presence of 2.2 equiv. of K2CO3 and molecular sieves and for the P3 product the reaction was
performed in presence of 8.8 equiv. of K2COs. Yields of C-C coupling products are calculated by "H NMR

using 1,3,5-trimethoxybenzene as internal standard.

To attain better understanding of the mechanism of the reactions described above, we
monitored the catalytic transformations by UV/Vis and 'H NMR (at low temperature) in attempt to
trap intermediate species. Indeed, UV/Vis monitoring of this catalytic reaction revealed the
formation of well-defined aryl-Cu"-Br species (1gr) (band 550 nm) as a resting state of the catalyst
under the reaction conditions. This observation indicates that the removal of the apical halide
ligand by the C-nucleophile concomitantly with its deprotonation by a secondary amine is the rate-
limiting step (Figure VII.1). Therefore, the '"H NMR kinetics of the catalytic reaction showed equal

rates of the consumption of L1-Br and the formation of product P1 (Figure VII.2).

Figure VII.1. Progressive UV/Vis spectra of the cross-coupling reaction between compounds L1-Br and
malononitrile to form P1, catalysed by [Cu(CH3CN)4]OTf, which shown a disappearance of the characteristic
band of the aryl-Cu"-Br (1er) at 550 nm. Conditions: [L1-Br] = 10 mM, [[Cu(CH3CN)4]OTf] = 1.4 mM,
[malononitrile] = 100 mM, CH3CN, 40°C, N2 atmosphere.
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Figure VII.2. "H NMR monitoring of the Cu'-catalysed coupling of L1-Br and malononitrile to produce P1

quantitatively. (a) Overlaid spectra showing the consumption of substrate L1-Br signals (circles) and growing

of P1 signals (stars). (b) Plot of the concentration changes of both substrate L1-Br and product P1 based on
the integration of selected peaks. Conditions: [L1-Br] = 9.6 mM, [[Cu'(CH3CN)4]OTf] = 0.9 mM, [malononitrile]
=17 mM, [TMB] = 0.76 mM, CH3sCN, 40 °C, N2 atmosphere. Spectra registered every 15 min (selected

spectra are shown for clarity).
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These observations enabled us to propose a catalytic cycle based on an aryl-Cu'! intermediate
species depicted in Scheme VII.5. The catalytic reaction starts with the formation of aryl-Cu'-
halide through the direct oxidative addition of the aryl halide macrocyclic ligand at the Cu!
complex, followed by the rate-limiting step, in which the bromide is removed and simultaneously,
the coordination and deprotonation of the activated methylene substrate occurs forming the
corresponding aryl-Cu"-C(sp®) complex. The exact nature of the coordination mode of the
deprotonated C-nucleophile is still unclear, because after the rate-determining step, all the

subsequent steps occurred readily fast.

Overall, we have described the first experimental example of the direct involvement of
aryl-Cu'" species in Hurtley-type catalysis within our model platform. Moreover, the formation of

heterocyclic scaffolds also constitute a valuable strategy for synthetic organic chemistry.

Intramolecular

Reorganization + H-N Br NZH
P1,P2,P3 «<—— | [ | \W/N
CH;
Reductive elimination Oxidative addition

+

Qﬁ + e
\N \%

H-N— H-N—Cu =Ny
\j/ X \W/N\
CH, CH,

Nucleophilic Substitution

HBr \CHZ

R =CN, COMe, COOMe

Scheme VII.5. General proposed mechanism of copper-mediated C(sp?)-C(sp?) bond formation through the

intermediacy of aryl-Cu"' complexes within a model triazamacrocyclic aryl bromide substrate.

VIL.1.2 Reactivity of aryl-Cu'" (dcics) with p-R-
phenylacetylene substrates (SR) (Stephens-Castro
Couplings)

The palladium-catalysed C(sp?)-C(sp) bond formation, called Sonogashira-Hagihara
reaction, with the presence of Cu' as a cocatalyst is one of the most widely used reaction in
organic synthesis. Since the renewed interest in palladium-free methodologies, copper-mediated
Sonogashira coupling, so called Stephens-Castro coupling and Miura’s coupling in its catalytic
version, has appeared as an attractive alternative. The mechanism of copper-mediated Stephens-
Castro coupling is not well understood. Stephens and Miura groups proposed a mechanism

involving the formation of a mononuclear Cu'-acetylide species, which reacted with aryl halides in
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a concerted manner through 4-centre transition state, although no experimental evidence has
been provided. Inspired by our previous experience on C-Heteroatom and Caryi-C(sp?®) cross
coupling catalysis involving well-defined aryl-Cu'" species, we turn our attention on the reactivity
of aryl-Cu'" complex 1cios With p-R-phenylacetylene (Sgr, R = NO2, CF3, H) derivatives.

The stoichiometric reaction of well-defined 1¢ci0s with p-R-phenylacetylene derivatives in
CHsCN at room temperature afforded the desired arylated compound in less than two hours,
although the coupling products undergo an intramolecular spontaneous reorganization through
the attack of one of the secondary amines of the macrocyclic model substrate over the alkyne
moiety in an overall 8 hours of reaction time (Scheme VI1.6). The final cyclised products contained
2H-isoindole (Pnoz, Pcr3, PHa) and 1,2-dihydroisoquinoline (Pup) scaffolds. It is worth to mention
that no by-products were observed in any of the coupling reactions. The formation of the
heterocyclic products was quantitative for Pnoz and Pces, obtaining more than 98% of yield in both
cases. On the other hand, the reaction using Sy as a substrate could only achieve 78% of yield
and interestingly, a mixture of Pua (42%) and Pub (36%) was observed in almost a 1:1 ratio. Their
separation has not been possible, but a complete structural characterization of both molecules
has been performed from extensive multidimensional NMR spectroscopy. According to this, the
chemical structure of the obtained products has been established using NMR and ESI-MS
techniques. The rigidity attained from the intramolecular reorganization transform all the
methylene protons in diastereotopics. The main features that allowed us identifying the formation
of 2H-isoindole moiety were on one hand, the observation of a singlet located 7.47 ppm,
characteristic value of C(sp?)-H, which shows NOE with aromatic protons of the macrocyclic
model ligand. On the other hand, the generation of benzylic protons by loss of the triple bond, are
diagnostic since they show NOE signals with the aromatic protons of the phenylacetylene ring
(see Annex 2 for a complete explanation of the NMR structural determination of Pcrs, Pno2 and
Pu, bearing the same 2H-isoindole substructure as well as for Py, which contain a 6-membered

1,2-dihydroisoquinoline moiety).

(CIO,), R%H

2 eq. (Sr)

| CH4CN, N,
-

(98%) (98%)

Scheme VII.6. Stoichiometric reaction between 1cio4 and phenylacetylene derivatives substrates (Sr), which
undergo C(sp?)-C(sp) coupling product and further intramolecular reorganization to form 2H-isoindole (Pcrs,
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Pno2 and Pua) or 1,2-dihydroisoquinoline (Pub) scaffolds. General conditions for stoichiometric reactions:
[1cioa] = 12 mM, [nucleophile] = 24 mM, CHsCN, 25°C; product yields were calculated by 'H NMR

spectroscopy integration related to the internal standard.

The copper-catalysed alkynylation-cyclisation cascade reactions had been described for the
synthesis of 71H-isoindole substructures,'?'® albeit the synthesis of 2H-isoindole using this

strategy is unprecedented.

VI1.1.2.1 Mechanistic insight into the C(sp?)-C(sp) bond

formation

The structural characterization of the final products suggests that are essentially formed through
an intramolecular reorganization of the expected C(sp?)-C(sp) coupling product. In order to prove
our hypothesis, we monitored the reaction of 1ciosa complex with Scrs at low temperature in an
attempt to accumulate and isolate C(sp?)-C(sp) coupling product. Interestingly, we could observed
the formation of a symmetric intermediate species during the time course of the reaction. Besides,
we were able to accumulate this intermediate (Ice3) at 0°C for 30 min without any sign of evolution
to the formation of heterocyclic compound (Figure VII.3). This species was fully characterised by
1D and 2D NMR spectroscopy and also by HRMS using a cryospray device to inject the sample
at -40°C, in order to keep the stability of the Icrs during the measurement. Finally, the intermediate

species undergo to intramolecular reorganization to form Pcg3 after 18h at 0°C (see Annex 2).

(CIO,), =

~

HNS
S NPV ) 1 I
_
H—N—‘ —N-H + H—= 3 TCHLON, N, t/ 3
LN\) ; 0°c ’,‘l

1cios

(2 equiv.)

*x ok

|

*
1= 30 min \ ‘ L '

__JULLQ A J'Ub‘md NNW%M

*

I
1= 10 min I ___J: . J“JrL . Mw% Lil
1= 0 min J | ] L J]J‘Upll.— ..MUHIL__J LJMLU ﬂ L l

Figure VII.3. '"H NMR monitoring study showing full formation of Cary-Csp coupling intermediate species Icr3
upon reaction of 1cios with 2 equiv. of Scrs. General conditions: [1cios] = 78.6 mM, [Scr3] = 157.2 mM,
CDs3CN, 0 °C, N2 atmosphere.
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Bearing in mind the accumulation of the intermediate species and the moderate rate of the
reorganization step, we wondered if the nucleophilic attack over the triple bond could be favoured
by the coordination of Cu' cation to the triple bond, activating this moiety in an electrophilic way.
In order to check this hypothesis, upon accumulation of Icrz at 0°C we compared the time needed
to form Pcrs with and without the presence of the Cu! cation in solution. To that end, we resorted
to the addition of 2.5 eq. of 1,10-phenanthroline, owing to high affinity of phen to complexate Cu'
cation as a highly stable [Cu'(phen)z]* complex. The obtained results clearly showed that the
absence of electrophilic activation of alkyne moiety (by complexation of Cu' cation) decreases the
intramolecular reorganization rate, requiring more time for the formation of Pcrs from Ices.
Altogether indicates that a substantial activation of the triple bond by Cu' coordination, which is
reminiscent of the chemistry of silver(l) and gold(l),'® occurs in our reaction. (Figure VIl.4 and see
Annex 2 for the overlaid spectra showing the consumption of reaction intermediate Icrs signals

and growing of Pcr3 signals upon addition of 2.5 eq. of 1,10-phenanthroline).

[P, .] with Cu' in the crude

(,.F.\]

[

<F3

CF}

[1,.,]_with Cu' in the crude

Figure VII.4. Plot of the concentration changes versus time of both Icks and product Pcrs, with and without
sequestering Cu' by the addition of phen. General conditions: [1cio4] = 78.6 mM, [Scr3] = 157.2 mM, CD3CN,

0 °C, N2 atmosphere.

Finally, in order to check the role of the secondary amine moiety in the cyclic reorganization step,
the triazamacrocyclic model aryl bearing three permethylated tertiary amines (Ls-Cl) was
synthesized and reacted with one equivalent of p-CFs-phenylacetylide copper(l) complex,
affording 76% of yield of the I’cr3 product. Interestingly, I’cr3 product remains stable in solution for

days without signs of intramolecular reorganization (Scheme VII.7).
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CFs
+
_—N Br N—
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Scheme VII.7. Reaction of Ls-Cl with p-CFs-phenylacetylide copper(l) complex to afford the stable I'ces

product.

Therefore, the formation of 2H-isoindole or 1,2-dihydroisoquinoline scaffolds are only feasible

when the model substrate bears secondary amines.

VI1.1.2.2 DFT calculations and mechanistic proposal

We undertook a theoretical DFT study in order to get further insight into the general

mechanism for the formation of the Pno2, Pcr3s and Py coupling products.

We focused the theoretical study on the formation of Pu by reaction of 1* and Su. The first
intermediate species named B consists of the axial T1-coordination of the alkyne to the Cu''. As
an initial attempt to disclose the intramolecular deprotonation of the phenylacetylene by one of
the secondary amines of the complex was found to be high in energy (AG = 47.1 kcal-mol"),
suggesting that the Cu'"' oxidation state cannot be stabilized due to the decoordination of one of
the amine sites (see Annex 2). In contrast, the use of an external model base (i.e. Et2NH was
selected as model base, owing to the possibility that minor amounts of free ligand are available
in the reaction mixture), allowed the obtention of lower energy barriers for the formation of aryl-
Cu'l-acetylide called intermediate C (AG*= 13.0 kcal-mol'). This species rapidly undergoes
reductive elimination to form Iy-Cu', the Cu' cation being coordinated to the macrocyclic product
Iu (Figure VI11.5). The theoretical study thus confirmed the implication of aryl-Cu''-acetylide species

as key intermediate species for the formation of C(sp?)-C(sp) coupling species (In).
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Figure VIL.5. DFT Gibbs energy profile of the reaction of 1ciosa with Su in the presence Et2NH as external
model base (AG in kcal-mol-'). Et2NH and Et2NH2* molecules are necessary to ensure the correct energetic
balance in all the steps of the reaction, and the external base was only explicitly modelled in the TS1

structure. Irrelevant hydrogen atoms are omitted for clarity.

Interestingly, we could observe that both DFT calculations and the experimental isolation
of analogous Icrs species nicely correlate, furnishing relevant information to the puzzled
mechanism of Stephens-Castro couplings. Thus, all the data gathered in this study establish a
strong evidence for the clear involvement of an organometallic aryl-Cu'-acetylide intermediate
species in this transformations. A complete mechanistic proposal is depicted in Scheme VII.8.
However, in our model system the intermediate species (Ir) undergoes further intramolecular
reorganization to form the final products (Pr), which is initiated by the nucleophilic attack of one
the secondary amines of the macrocyclic system over the triple bond moiety of the Ir compound
through a Cu' assisted intramolecular cyclisation. Nevertheless, despite the nucleophilic attack
could happen at both carbons of triple bonds, we clearly observed that for the R = NO2, CF3 the
attack exclusively occurs at the C2 (the farthest from NO2 and CF3 groups) affording exclusively
the 5-membered ring forming the 2H-isoindole scaffold. On the other hand, for R = H the attack
can occur equally at both Cs, atoms, thus affording almost 1:1 ratios of Pua (2H-isoindole; 5-

membered ring product) and Py (1,2-dihydroisoquinoline; 6-membered ring).
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Scheme VII.8. Mechanistic proposal for the formation of Pr products from the 1cios complex and p-R-
phenylacetylene derivatives, with the intermediacy of aryl-Cu'-acetylide species, and subsequent

intramolecular cyclisation following divergent pathways depending on R.

In an attempt to understand the divergent reactivity of the nucleophilic attack to the triple bond
moiety depending on the substituent (R) of the phenylacetylene derivative, we performed some
theoretical calculations. We calculate theoretical charge densities (Natural Population Analysis
(NPA) and Mulliken charges) on the alkyne moiety for Ir-Cu' species, but no significant differences

in carbon atomic charges were found to rationalize the ring size preference (Figure VII.6).

Figure VII.6. Mulliken (green) and NPA (red) charges on the alkyne and amine moieties for Iv-Cu' and
Ino2-Cu' species. Conditions: B3LYP(6-31G* (C,N,H,Cu), SCRF = (SMD, acetonitrile), Grimme-D2).
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With these uncertain results, we turned our attention to the frontier molecular orbitals theory (FMO
theory), by observing the possible interactions between HOMO and LUMO orbitals of the triple
bond and the secondary amine moieties. The representation of the frontier molecular orbitals for
Ix-Cu' and Ino2'Cu' species showed that the HOMO orbital of the amine atom possess more
electron density and can easily attack the LUMO orbital of the acetylene moiety (Figure VII.7a).
Interestingly, when an electron-withdrawing group such as —-NO2z was present in the molecule, the
nucleophilic attack of the amine is exclusively driven to the LUMO orbital located farthest from the
electronwithdrawing center, thus allowing the single formation of 5-membered ring compound.
Whereas, when the para substituent is a —H, the LUMO orbital of the acetylene is diffused,
occupying both Cs, atoms and the nucleophilic attack could occur at both atoms equally, which is
translated to the almost equimolar formation of 5-membered and 6-membered rings final products
(Figure VIL.7Db).

a)
IH-Cu INoz'Cu
LUMO

- 0.0527
- 0.0924

HOMO
-0.1536

- 0.1665
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b) LUMO frontier orbitals

- c2 cl

. |
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5Cand 6C rings
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Figure VII.7. (a) Representation of the frontier molecular orbitals; the highest-energy occupied and lowest-
energy unoccupied molecular orbitals (the HOMO and LUMO) for In-Cu' and Ino2-Cu' species. (b) LUMO
frontier orbitals for In-Cu' and Inoz-Cu' species and simplified scheme of the possible nucleophilic attacks in

each molecule (Cu' cation is omitted for clarity).

All the information obtained from the above reported experiments using 1cios as our
starting reactant provided the fundamental basis to attempt a catalytic version for producing

C(sp?)-C(sp) coupling products within our model system.

The reaction of L4-X (Br, I, Cl) with Snoz2 (2 — 10 equiv) as a nucleophile under catalytic amounts
of [Cu(CH3CN)4+OTf] (10 mol%) in acetonitrile solution and at room temperature, any trace of
desired product were achieved, but in the most of the cases the starting material (L1-X) was
completely consumed (Table VII.1). A screening of temperature was performed, although no
better performance was observed. Finally the use of some additives was also explored, the
addition of base together with the addition of silver and gallium salts (halide coordination) did not
show enhanced results. After exhaustive experimental optimization of the catalysis we reasoned
that the heterocyclic nature of the Pno2 product is unstable under catalytic conditions and its

decomposition hampers the catalytic cycle.
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Table VII.1. Attempts to synthesize Pnoz under catalytic amounts of Cu' sources. General conditions for
catalytic reactions: [L1-X] = 5 mM, [nucleophile] = 10 mM, [Cu' source] = 0.5 mM, N2, CDsCN.

Ligand CUI(((:::(:‘:;4OTf (::;i ) (esc;::)izv ) l-::::ltii‘\ll)e T(C) Y(i;,l)d Con;zz;sion
(10) - 2 - 25 0 64%
(10) Sp'zr:gtzn( y 2 . 25 0 100%
(10) - 2 AgOTh) () 25 0 100%
L1-Br (10) - 2" - 50 0 82%
(10) Et:N (2.2) 2 - 25 0 100%
(10) KCOs (22) 2 - 25 0 100%
(10) - 10° - 25 0 75%
(10) - 2 25 0 30%
Ll (10) KCOs (22) 2 50 0 100%
(10) KsPOs (2.2) 2 25 0 100%
(10) - 2 GaCl, (2) 25 0 0%
L+-Cl (10) - 10° GaCl, (2) 25 0 0%
(10) - 10 GaCl; (2) 50 0 0%

*added by syringe pump in 3 hours.

The fact that the desired product was not obtained was puzzling. Taking into account that
the starting material was fully consumed, we designed an experiment based on a sequential
additions of the macrocyclic model substrate (Scheme VII.9). Our reaction started with the
addition of 1 equiv of the aryl halide substrate (L4+-Br), 1 equiv of Cu' and 10 equiv of the Snoz as
a nucleophile, upon 45 min of the beginning of the reaction we undertook a NMR spectra and we
could observed the formation of Pno2 in a 80% of yield. At this point, we added 1 equiv more of
L+1-Br substrate, after 2 h of the beginning of the reaction and 1 h and 15 min of the 2n addition,
we analysed the reaction crude, observing a decreasing on the yield of the Pno2 from 80% to 46%
of yield, and in addition L4-H appeared as by-product. The 3t addition of another equivalent of
L+-Br into the reaction mixture was done, after 3 h of the beginning of the reaction and 1 hour of
the last addition, the same trend was observed, the yield of desired product was still decreasing
(25%) and also new signals were growing, mainly due to decomposition. A subsequent addition
of another equivalent of L1-Br was performed, after 5 hours of the beginning of the reaction and
2 hours of the last addition, only 18% of Pnoz2 was observed and the appearance of random signals
was increasing, indicating a clear decomposition of the previously formed Pno2. Finally, last
addition of 1 equivalent of L1-Br was done, after 7 hours of the beginning of the reaction and 2
hours of the last addition, insignificant amounts of Pnoz was observed after 8 hours of starting the

reaction, showing a completed decomposition of desired product.
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1rt Catalyst Round 2nd Catalyst Round
L4-Br (1 equiv)
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3th Catalyst Round

L4-Br (1 equiv)
5th Catalyst Round 4th Catalyst Round t=3h
L4-Br (1 equiv) L4-Br (1 equiv)
P Pnoz + LyH © Proz + LeH | Pnoz + LyH ‘
i (traces) (22%) t=7h \ (18%)  (22%) ! t=5h L(25%)  (22%)

Scheme VII. 9. Sequential addition of macrocyclic model substrate (L1-Br) on a catalytic reaction in order to
understand the catalytic operative mechanism. General conditions for the reaction: [L1-Br] = 20 mM (each
addition of 25 pL), [Snoz] = 200 mM, [Cu' source] = 20 mM, [TMB] = 2.4 mM N2, CD3CN; product yields were

calculated by 'H NMR spectroscopy integration related to the internal standard.

The obtained results suggests a possible inhibition or entrapment of Cu' released upon reductive
elimination, because the Pnoz yield did not increase during the reaction performance. Moreover,
this experiment prove the low stability of this heterocyclic species, which rapidly decompose in

the reaction mixture.

Therefore, we screened the copper-assisted reaction using Ls-Br and Ls-Cl as a
macrocyclic model substrates with 2 equiv of Scrz and 4 equiv of external base (to assist the
acetylene deprotonation) to form the non-heterocyclic coupling product P'crsz (Table VII.2).
Interestingly we could observed that the obtained yields for the desired product were closed to
the copper(l) loading used, indicating that only stoichiometric amounts of compounds can be
obtained. Similar results were found when Cu'-acetylide was used as copper catalyst (Table

VII.2). However, we have not been able to develop the catalytic version of such reaction so far.

Table VII.2. Attempts to synthesize I’cr3 under catalytic amounts of Cu' sources. General conditions for
catalytic reactions: [Ls-X] = 5 mM, [nucleophile] = 10 mM, [Cu' source] = 0.5 mM and 1 mM, N2, CD3CN.

Ligand Cu' (mol%) Base (equiv) Scr3 (equiv) T (°C) Yield I'ce3 (%)
Cu'(CH3CN)4OTf (10) - 2 25 10%
Cu'(CH3CN)4OTf (10) K2COs (4) 2 25 15%

Ls-Cl
CU'(CH3CN)4OTf (10) K3POs (4) 2 60 0%

Cu'-(C=C-Ph-pCF3) (20) BuO'K*(0.2) 0.2 25 23%
Cu'-(C=C-Ph-pCF3) (20) K3POs (4) 2 70 0%

Ls-Br

CU'(CH3CN)4OTf (20) BuOK* (4) 2 50 0%

These observations are in agreement with the previously proposal of the inhibition or entrapment
of Cu'. At present we have not been able to overcome the inactivation of the Cu' released in

solution to achieve catalytic turnover, despite different strategies that have been explored.
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VII1.2 Mechanistic insight in the trifluoromethylation of a
well-defined aryl-Ni!' complex involving a SET step and a

Ni'V-CFs intermediate species

This section corresponds to the contents of Chapter V of this thesis (manuscript under revision).

The compounds labelled as 1x (X = TfO-, ClIO4+ or NOg3) in this section correspond to macrocyclic

aryl-Ni" complexes, and differ from the aryl-Cu'" complex labelled as 1cios in the section VII.1.

Crucial challenges in nickel catalysis rely on a clear understanding of the plausible mechanisms
involved in such transformations. In recent years, the interest in the feasibility of the involvement
of high-valent Ni species as a putative intermediates in catalysis has grown. Therefore, several
research groups designed and synthesised an array of an octahedral high valent aryl-Ni"" and Ni"V
model systems, capable to undergo via reductive elimination to the formation of Cary-Heteroatom
and Cary-C bonds.'7-?! In this sense, we are interested in gaining mechanistic insight in the redox
chemistry of Ni using macrocyclic model systems in atypical non-octahedral environments,
previously studied for copper. We synthesized an organometallic square planar aryl-Ni' model
system in order to evaluate its reactivity in front electrophilic trifluoromethylating agents, as well

as the plausibility of accessing to high-valent nickel species.
VI11.2.1 Synthesis and characterization of [Ln-Ni'"](X)

Organometallic aryl-Ni" complexes [La-Ni"](X) (n = 1 or 5, X = TfO-, ClO4 or NO3’) (1ots, 1cios,
1no3 and 5o7f) can be synthesised following two distinct procedures: a) through the oxidative
addition of L4-Br or Ls-Br (macrocyclic model substrate bearing permethylated tertiary amines) to
Ni(COD)2 and b) through the direct C-H activation of L1-H using Ni(NO3s)2 (Scheme VII.10).

a) T + (Bry —| 5
Ni%(COD), (1 eq) ~ Ag*X- (1 eq) >~
-N Br N.-R — > o N—N"™N:R —————> _ N—INi'—N-R
R R o X= OTf, CIO R-N—Ni)
THF, rt, N , ClOy N
N » [ N2 N N N
\j/ \ Overnight \j/ \ \—\/ \
Ly-Br (R=H) 1gr (R=H) 1x(R=H)
LsBr (R = CHa) Sgr (R = CHa) 5y (R = CHa)
b) Bk T+ Noy
Vs C H
(Ni"[NO4)» 6(H,0) (1 e .t
LN H O NGH NiFNO3)2 6(H20) (1 eq) A HaN—&\Ni'}—N—H
N CHCN, 248 K W N
A Overnight
Ly-H 1No3

[L4-H:--Ni'-MeCNJ2*

Scheme VII.10. Synthesis of organometallic aryl-Ni" complexes (1ott, 1cio4, 1no3 Or 50t7) via (a) oxidative
addition at Ni® and (b) direct C-H activation by Ni'" (DFT optimized structure of [L1-H---Ni'-MeCN]?* is
depicted).
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[L1-Ni"(X) complexes (1x, X = TfO-, ClO4 or NO3’) and [Ls-Ni"[(OTf) (507¢) can be synthesised
through the oxidative addition of macrocyclic model system (L1-Br) to Ni(COD)2z in THF at room
temperature, followed by treatment with AgX (TfO-, ClO4’) in order to exchange the counter anion
and increase the solubility, affording the desired complexes in quantitative yields. On the other
hand, the 1no3 complex can also be synthesised via direct C(sp?)-H activation of the macrocyclic
model substrate (Li-H) mediated by Ni(NOs)2:6H20 as a nickel source in MeCN at room
temperature, affording the desired product in 55% yield. After exhaustive screening of nickel(ll)
sources, solvents, bases and temperature, the reaction performance was not improved (see
Annex 3). In addition, no C(sp?)-H activation was observed when Ls-H was used, even in the
presence of several bases, evaluating several nickel(ll) sources or screening different solvents
and temperatures (see Annex 3). These results strongly suggest that the presence of secondary
amines are essential for the C(sp?)-H activation process. As was mentioned in the introduction
chapter, the C-H activation of macrocyclic model substrate by Ni(NOs)2-6H20 salts probably
proceed through concerted-metalation-deprotonation (CMD) mechanism, because nickel does

not change its oxidation state; however, no direct mechanistic insights were reported yet.

Some years ago, our group reported the C-H activation reaction effected by Ni' ligated to
triazamacrocyclic ligands to afford an aryl-Ni'" complex. Accordingly with the experimental
paramagnetic '"H NMR spectrum, that suggested a non-square planar d® high spin Ni" species,
an intermediate species based on three-electron C-H---Ni" interaction [Ni"(H33m)(CH3CN)]2* was
proposed and supported by DFT calculations.22 On the basis of this previously analogous complex
featuring a trigonal bipyramidal geometry at the nickel centre, we further studied the geometry at
the Ni'' centre and the interaction with the C-H bond by XAS. The paramagnetic nature of the
species discards square planar, or square pyramidal geometry for the metal centre. In addition,
the XANES region from the X-ray absorption spectrum of [L1-H---Ni"]?* is consistent with either a
trigonal bipyramidal or tetrahedral coordination environment.2® The lack of any resolvable
shoulder on the rising edge at around ~8337 eV, excludes the possibility of a square planar or
square pyramidal geometry. Furthermore, the pre-edge at ~8332.1 eV correlates with the
presence of a Ni' centre with an intensity of 0.07 normalised units (Figure VII.8a and Figure S7
in Annex 3).
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a) b)

Figure VII.8. (a) XANES spectra of [L1-H:--Ni"-MeCN]?* (blue) and 1nos in solution (black); Inset: highlight
of the pre-edge region. (b) EXAFS analysis of [L1-H:--Ni'"-MeCN]J?*. Shown are Fourier-transformed EXAFS
spectra (no phase correction, FT, window as shown in the inset); Inset: k?-weighted unfiltered EXAFS

spectra) and comparison of selected EXAFS derived and theoretical bond distances.

The pre-edge of [L1-H:--Ni']2* arising from 1s—>3d transitions is too intense for that expected for
octahedral environment and more in line with a trigonal bipyramidal (0.04 — 0.09 intensity units)
or tetrahedral (0.08 — 011 intensity units) metal coordination. Finally, EXAFS analysis suggests a
five coordinate metal centre, dismissing the possibility of a tetrahedral nickel centre (Figure VI1.8b;
see in Table S6 and Figure S8 in Annex 3). This results in a most probable trigonal bipyramidal
geometry at the metal centre having 4 N/O scatters at an average distance of 2.09 A (~ 2.09 A
from DFT) and a Caryi scattering atom at 2.29 A (~ 2.39 A from DFT, see Scheme VII.10b). All the
data is in agreement with the complex bearing a coordinated acetonitrile, and consistent with both
the previously published DFT structure and our current in silico investigation (water ligation was

also evaluated and found energetically unfavorable (see Table S7 in Annex 3)).

On the other hand, organometallic Ni' complexes 1cios, 1n03 and 5ot have been spectroscopically
and crystallographically characterized (Figure VII.9 and Figure S1 - S3 in Annex 3) featuring a
square planar geometry for Ni" centre, which is coordinated to three amines and an aryl moiety.
The Ni'-C (ranging from 1.83- 1.84 A) and Ni'-N (ranging from 1.95- 2.06 A) distances found are
significantly shorter than analogous macrocyclic aryl-Ni' using azacalix[1]arene[3]pyridine ligand
scaffolds (1.88 A), which also feature square planar geometry for the Ni'' centre.24 The larger Ni'-
N bonds for the trans coordinated tertiary amine in all three complexes show the stronger trans

effect of the aryl moiety.
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C1
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Figure VII.9. X-Ray crystal structures of 1cios (left) and 5ors (right) at 50% probability level. H atoms and
counter anions omitted for clarity. Selected bond distances [A] and angles [°] for 1cios: Ni(1)-C(1) 1.840(4),
Ni(1)-N(3) 1.953(3), Ni(1)-N(1) 1.955(3), Ni(1)-N(2) 2.032(4); C(1)-Ni(1)-N(3) 83.33(18), C(1)-Ni(1)-N(1)
83.68(18), N(3)-Ni(1)-N(1) 164.53(16), C(1)-Ni(1)-N(2) 176.15(16), N(3)-Ni(1)-N(2) 96.68(15), N(1)-Ni(1)-
N(2) 95.71(16). Selected bond distances [A] and angles [°] for 5ors: Ni(1)-C(1) 1.838(7), Ni(1)-N(3) 1.98(3),
Ni(1)-N(1) 1.94(3), Ni(1)-N(2) 2.062(6); C(1)-Ni(1)-N(3) 80.6(11), C(1)-Ni(1)-N(1) 84.2(8), N(3)-Ni(1)-N(1)
163.0(13), C(1)-Ni(1)-N(2) 178.3(10), N(3)-Ni(1)-N(2) 98.9(10), N(1)-Ni(1)-N(2) 96.5(8).

NMR studies and HRMS spectrometry analysis (see Annex 3) provided a conclusive evidence
that in solution [La-Ni"](X) complexes maintain the same structure observed in the solid state. To
further explore the coordination environment of the metal centre in 1no3, X-ray Absorption
Spectroscopy (XAS) at the Ni K-edge was applied in order to probe the electronic structure for a
solution sample of 1no3. EXAFS analysis of 1nos and 1ot is consistent with the crystal structure
and shown the presence of four coordinate complexes having a short Ni-C bond of ~1.83 A wih
3 nitrogen scattering atoms in the ~1.97 A range (Table S6 and Figure S8). Additionally, the
XANES region of 1no3, measured on a solid samples, exhibit a well resolved shoulder on the
rising edge centred around 8335.9 eV, due to its 1s>4p + shakedown contributions as expected
from a square planar geometry.2325 Although the solid samples exhibit broader features, which
are consistent with the resolved XANES spectra of the 1no3 solution sample as evidenced by
second derivative plots. The 1no3 solution samples exhibits an intense pre-edge at 8332.3 eV
from 1s>3d transitions, indicative of a Ni" centre with a rising shoulder having two well resolved
features at 8334.8 eV and 8336.7 eV (Figure S7 in Annex 3).

Interestingly, square planar complexes having centrosymmetric coordination environment are
expected to have weak pre-edge intensities of below 0.02 normalised intensity units as
exemplified by the spectra of [Ni(cyclam)](ClOa4)2.2 This is due to the dipole forbidden nature of
the 1s>3d pre-edge transitions which can only gain intensity through p-d mixing, a process not
favoured in square planar geometry.2627 However, the pre-edge of 1no3 having an intensity of
~0.3 units is similar to the well resolved pre-edge of a previously reported square planar Ni'"
complex, [(bpy])Ni(Mes)ClI], having a Caryi-Ni bond of 1.94 A 28 This can be explained by the highly

covalent nature of the Ni-C bond, which facilitates p-d mixing through a configuration interaction
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model, as previously described.2?:3¢ Furthermore, the strenght of the Cary-Ni interaction in 1nos is
further highlighted by the lower energy of the features due to 1s>4p + shakedown contributions
which occur ~2 eV lower in energy than in either the previously reported [(bpy])Ni(Mes)CI]
complex having a Cary-Ni bond of 1.94 A or the [Ni(cyclam)](ClOa4)2 analogue having no Ni-C

bond.3!

VI1.2.2 Reactivity of [La-Ni'"J(X) towards common

nucleophiles

After fully characterization of aryl-Ni'" complexes, we studied their reactivity in front a broad range
of nucleophiles of different nature, such as phenols, boronic acids, amines, and activated
methylenes among others. Unfortunately, the aryl-Ni' species showed to be very stable and C-
Heteroatom reductive elimination was not observed, even under high temperatures. This is in
contrast with the analogous macrocyclic aryl-Ni'" complexes described by Wang, using
azacalix[1]arene[3]pyridine ligand scaffolds, which readily react with several nucleophiles, like
phenols and sodium azides among others.?* The most important difference between this two
square planar nickel(ll) systems is the Ni'-C bond distance, suggesting that the stronger bond of
the tighter macrocyclic coordination prevented the reductive elimination. The Ni'-Cay bond
distances in 1x and 5x are among the shortest reported?2:32-35 in the Cambridge Crystallographic
Database, which typically are larger than 1.89 A.36-3° These findings suggested that the rigidity
imposed by the macrocyclic environment might limit they reactivity, and the addition of oxidant

reagents might allow to enhance or trigger their reactivity.

Due to the lack of reactivity of the aryl-Ni" complexes using common nucleophiles and bearing in
mind the idea of working with oxidants, we moved to study the electronic properties of 101 and
5o1¢ by Cyclic Voltammetry. We hypothesized that the highly donating chelating ligand platform
might allow us to have access to high-valent nickel species. Interestingly, the accessibility to Ni'"
oxidation state within the square planar platforms is clearly visible in the CV spectrum of 1ot
(Figure VII.10, blue chart) and 5ot (Figure VII.10, purple chart) showing a chemically quasi-
reversible 1e- processes associated with Ni'/Ni'"' redox couples centered at E12 = 0.066 V and
0.227 V, respectively (vs Ag/AgNOs). These results showed that nickel(l1l) oxidation state is more
stabilized with secondary amines, due to their higher o-donating ability in comparison to tertiary

amines.
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Figure VII.10. Cyclic voltammetry (CV) of complexes 1ot¢ (blue chart) and 5ot¢ (purple chart). Conditions
used [1otf] = 0.5 mM, [n-BusNPFe] = 0.1 M and [5ot] = 1 mM, [n-BusNPFe] = 0.1 M, CH3CN, 298 K, scan

rate = 0.1 V/s, using non-aqueous Ag/AgNOs reference electrode.

VI11.2.3 Reactivity of [Ln-Ni'"]J(X) towards 1le  and 2e-

oxidants

Since high-valent oxidation states of nickel can be accessed within our square planar macrocyclic
model system, we evaluated they reactivity towards several 1e- oxidants using MeOH as a
nucleophile and solvent. However, the reactivity of 1ot and 5ot in front Fc*, Ag* and NO* resulted
in very complex reaction mixtures, due to the involvement of several side-reactions, such as the
oxidation of amine-based ligands to imines, as well as the hydrogenation of the aryl moiety to
arene. Similar results were obtained when malononitrile (active methylene), p-methoxyphenol and

sodium cyanide were used as nucleophile.

Therefore, albeit generating a much more reactive species using 1e- oxidants, we have not been
able to control this enhanced reactivity to achieve a clean C-Heteroatom bond formation from the
Ni'"" reductive elimination. Accordingly to this observation, very recently Sanford and co-workers

discussed about the uncontrolled side reactions of in situ generated Ni' species.*°

In contrast, since NiV species where reported to undergo reductive elimination with
nucleophiles,'” 182" we turned our attention on the use of 2e- redox oxidants. We study the
reactivity of 1orr and 5or with PhI(OAc): and F* reagents, such as N-fluoro-2,4,6-
trimethylpyridinium triflate (NFTPT) and Selectfluor®, but we observed the same trend of multiple
side-reactions, such as ligand oxidation and deprotonation, hydrogenation, among others, which
resulted in the decomposition of 1ot and 5ot complexes. Subsequently, we changed the F*
reagent for the CF3* reagents, which are known to promote 2 electron oxidation of group 10 metal
complexes and, we evaluated the reactivity of our complexes with 5-
(trifluoromethyl)dibenzothiophenium trifluoromethanesulfonate (TDTT) and 3,3-Dimethyl-1-
(trifluoromethyl)-1,2-benziodoxole (Togni reagent). To our delight, we observed quantitative

formation of L41-CF3 and Ls-CF3 products, respectively.
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Initial tests were performed using stoichiometric amounts of 1om together with 2 equiv of
corresponding trifluoromethyl oxidant in CDsCN. At room temperature using TDTT as a
trifluoromethyl source, the reaction shows excellent performance obtaining more than 99% yield
in less than 4 hours. Otherwise, using Togni’s reagent as an oxidant, quantitative yields (>99%)
were also obtained, albeit in 12 hours. On the other hand, the reaction of 5ot using both TDTT
and Togni reagent as nucleophiles requires higher temperatures (70°C) and longer reaction times

ours) 1o reacn almost quantitative yields > (] cheme . .
(48 hours) t h almost quantitative yields (>95%) (Scheme VI1.11)

| +(©OTfy e
s (2 equiv) Q\

R-N—NP—N-R ~ g-N N<R
N CD4CN, r.t - 50°C, 4h - 48h, ;\/N\
\ N
1x (R = H) ? L4-CF3 (R = H)
5x (R = CHa) Ls-CF3 (R = CH3)

(up to 99%)

g
9

Scheme VII.11. Reactivity of 1otrand 5ors in the presence of widely used “CF3*” oxidants, TDTT and Togni
reagent to obtain L1-CF3 and Ls-CF3. General conditions for stoichiometric reactions: [1o1f] = 29.3 mM, [CF3*]
= 58.6 mM, CH3CN, 25°C, 4h and [50tf] = 27.7 mM, [CF3*] = 55.4 mM, CH3CN, 70°C, 48h.

Initially we hypothesized that the trifluoromethylated product is likely generated via reductive
elimination from a Ni'V intermediated species in similarity to the work reported by Sanford and co-
workers.'8 In addition, the slower reactivity observed with 507, suggests a lower stability of high
oxidation states the nickel when tertiary amines are used (less o-donor ability), as we could

observe in the CV experiments of 101t and 5074

In an attempt to detect and characterise the putative aryl-Ni"V intermediates species, we followed
the reaction between 1o7¢ together with 1 equiv of TDTT by NMR at -40°C. We were not able to
detect the formation of an intermediate species and the formation of L4-CF3 occurred at equal
rate of consumption of 1ot indicating that this putative aryl-Ni"V intermediate is highly reactive
(Figure VII.11).
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Figure VII.11. Reaction progress of the formation of trifluoromethylated compound and consumption of 1ot¢
monitored by 'H NMR spectroscopy at low temperature in CD3CN. Compounds 1or, TDTT,
trifluoromethylated product L1-CF3 and the byproduct of the oxidant (dibenzothophene) are tagged. (a)
Complex 1otsat -40°C; (b) Reaction crude, 45 min, -40°C; (c) 1.45 h, 0°C, (d) 4.45 h, 0°C and (e) Overnight
0°C. Only selected spectra are shown for clarity. General conditions: [1ot1f] = 13.2 mM, [CF3*] = 13.2 mM,
CD3CN, -40°C to 0°C.

VI1.2.4 Mechanistic insight. DFT calculations

We undertook a thorough computational DFT study to further elucidate the reaction mechanism.
Based on recent literature concerning nickel complexes and their reactivity, we suggested two
different pathways (Scheme VI11.12) The first proposal (A) consisted on an oxidative-addition-like
step (Sn2-like attack or lateral attack) followed by a reductive-elimination step to obtain L1-CFs.
The second proposal (B) involves an initial Single Electron Transfer (SET) followed by a direct

CF3- radical recombination to the aryl group.
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Scheme VII.12. Brief description of the three proposed mechanisms, A, B and C. Mechanism A implies the
transfer or flow of two electrons during the reaction (oxidative addition-like step, followed by a reductive
elimination step); Mechanism B can be described as Single Electron Transfer (SET), followed by a direct

radical CF3 addition on the aryl group. Mechanism C is a combination of A and B.

The mechanism A involved a high energetically demanding transition state to connect Ni" and
Ni'"V adducts by oxidative addition-like step 1* (34.0 kcal/mol). Different approaches of the CF3
moiety (Sn2-like and lateral) were also analysed, but again the oxidative addition barrier was too
high (43.5 kcal/mol). So, mechanism A, based on oxidative addition pathway is not feasible from

an energetic point of view (Figure VI1.12).

Therefore, we turn our attention towards mechanism B, which consists in an initial Single Electron
Transfer (SET) step to form an aryl-Ni"" species and a CF3- radical. The DFT analysis showed
that the Marcus Barrier for SET process was thermodynamically favorable (18.0 Kcal/mol) to form
the transient aryl-Ni"/CF3- adduct (6). Interestingly, the IRC calculations show no direct
recombination between the CF3- radical and aryl moiety was observed, even forcing the computed
intermediate by approaching the CFs- in close proximity to the aryl moiety (Figure VII.13 and
Annex 3). On the contrary, the aryl-Ni"/CF3- adduct (6) rapidly evolved to form an aryl-Ni'V-CF3
intermediate species (3), in a barrierless process, which underwent facile reductive elimination to
form L4-CF; product and Ni'. Thus, we have found a more-favorable third mechanism
(mechanism C), which consist of a combination of the both mechanistic proposals A and B (Figure
VIl.14 and Annex 3).
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Figure VII.12. Free energy profile for the proposed mechanism A computed at B3LYP/cc-
pVTZ//B3LYP/TZPV level. TS+ and TS1-ait correspond to the two plausible transitions states that connects

the nickel(Il) and nickel(IV) species through an oxidative addition-like step. The former represents an Sn2-

like attack between the species, while the latter describes a sort-of-lateral attack. TSz is the transition state

of the reductive elimination final step of the pathway A. Blue lines represent the singlet state pathway,

whereas magenta ones describe the triplet profile. Atomic colour code: Carbon, Nitrogen, Fluor, Sulphur;

In the case of nickel, different colors are assigned to different oxidation states: Nickel(ll), Nickel(IV).
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b)
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Figure VII.13. Energy profile computed at B3LYP-GD3BJ/TZPV level and snapshots sequence of the
trifluoromethyl radical attack of the nickel(lll) to generate nickel(IV). The plot (a) shows the electronic energy
profile of the barrierless approach of the radical to the Ni". The spin density allows us to locate the bond
distance at which the Ni"V-CF3 can be initially formed (no spin density on the CF3). The sequence of IRC
snapshots in scheme (b) illustrates the attack on the Nickel centre. Atomic color code: Carbon, Nitrogen,

Fluor, ; In the case of Nickel, different colours are assigned to different oxidation states: Nickel(lll),

Nickel(IV).
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Figure VII.14. Free Energy profile for the Mechanism C. Free energy values were calculated at (B3LYP/cc-
pVTZ//IB3LYP/TZPV). The blue profiles correspond to open and close shell singlet systems while the triplets
are represented by the fuchsia lines. The determining-step barrier free energy of the mechanism A (TS1,
magenta colour) is depicted to contrast with the value of the single electron transfer Marcus barrier. The
zero Gibbs free energy value of the profile correspond to the free energies of reactants at infinite distance.
The following colour code illustrates the kind of atoms in the figure: Carbon, Nitrogen, Fluor,
Nickel(ll), Nickel(lll), Nickel(IV).

’

This finding nicely correlates with the experimental data obtained and also explains why the
experimental stabilization of high valent intermediates is precluded. The feasibility of the SET step

is in line with the Cyclic Voltammetry experiments, easily accessing to Ni'' (E12= 0.066 V vs
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Ag/AgNO:s for 1o1r) and the found in the literature -0.63 V for TDTT (vs Ag/AgNO3).#2 In fact, the
AG®° obtained (16.0 Kcal/mol) from the standard cell potential (E°cell = -0.70 V) closely matches
the DFT thermodynamic energy difference between 1* and the aryl-Ni" species obtained by SET
(15.2 Kcal/mol).

Besides, we performed some spin trap experiments in order to check the lifetime of the CFs-
radical generated in the SET step of the reaction. We carried out the reactions between 1o7fand
50t using both, TDTT and Togni Reagent in presence of spin trap reagent N-fert-butyl-a-
phenylnitrone (PBN). The yield of the reactions was not affected and the radical trap reagent was
not consumed, indicating that the life of CFs- is very short (see Annex 3). These results are in line
with DFT calculations, where the transient aryl-Ni"/CF3- adduct (6) rapidly evolved into the

formation of aryl-NiV-CF3 intermediate (3) in a barrierless process.

Overall, we have described the synthesis and full characterization of well-defined organometallic
aryl-Ni" complexes (1x, X = TfO-, ClO4 or NO3-and 5o7¢) using macrocyclic model systems. These
aryl-Ni" complexes did not undergo reductive elimination with most common nucleophiles,
whereas in the presence of electrophilic CFs* sources, quantitative yields of trifluoromethylated
products were obtained under mild conditions. Further mechanistic investigations were performed
combining experimental and DFT studies suggested an initial SET step followed by a
recombination of aryl-Ni"'/CF3- adduct, which evolved in a barrierless process to form an aryl-Ni'V-
CFs intermediate species, which easily underwent to the formation of trifluoromethylated product
through reductive elimination. To the best of our knowledge, this is the first example of square

planar model platform that allows to travel through the redox chemistry of nickel, from Ni® to Ni'V.

VI1.3 Orthogonal Discrimination among Functional Group

in Ullmann- Type C-O and C-N Couplings

This section corresponds to the contents of the manuscript by Rovira, M et al. J. Org. Chem, 2016,
81, 7315 — 7325, which can be found in Chapter VI of this thesis.

The mechanistic investigations in thermal-based Ullmann couplings remained ambiguous and
speculative, mainly due to the hardly detection of the putative aryl-Cu'' key intermediate species,
nevertheless, the use of well-defined macrocyclic model systems demonstrate the feasibility of
the aryl-Cu'! as intermediate species. We took advantage of the previously results reported in our
group and employed them in model Cu-catalysed cross-couplings for standard Ullmann-type C-
heteroatom bond forming reactions, paying especial attention to the chemoselective role of
auxiliary ligands. L3 ligand design is inspired from a simplification of the macrocyclic model

system used in sections VII1.1-VII.3, while featuring its rigid tri-coordinating ability.
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VI11.3.1 Optimization of the single arylation of nucleophiles

Recently, our research group described a practical ligand-free protocol for the arylation of a wide
range of amines, amides and phenols under optimized reaction conditions.*® Based on that
previous work, we explored the N-arylation and O-arylation of a wide range of amines, amides
and phenols as a nucleophiles using several effective N,N-, N,O- or O,O- bidentate or N,N,N-
tridentate ligands (Li-L10) (Figure VII.15).1344 In this work, we employed the base/solvent
combination KsPO4/ DMSO with 10 mol % of copper iodide using aryl iodides and aryl bromides

as substrates under mild conditions.

N, N-bidentate and tridentate ligands

1,2-diamines and triamines type | 1,10-phenanthroline type
N HN NH
\N/\/N\ FAAV O T Y NH H2N
H H
Ly L,
N, O-bidentate ligands O, O-bidentate ligands

aminoacid type diketone type
(0] OH o) 0
E E/ " Q\(O“ é/koa
— H o
Lg Lo

Figure VII.15. Bidentate and tridentate auxiliary ligands chosen in this work.

Firstly, iodobenzene (1) was subjected to N-arylation with different primary and secondary amides
(2) (Table VII.3). Aromatic primary amides (2a and 2f; Table VII.3, entries 1 and 6) rendered good-
to-excellent yields using di- or triamine ligands (L4-L3). In contrast, the reaction seemed to be
sensitive to the ortho-substituted benzamide in presence of the same ligands (2d; Table VII.3,
entry 4) and almost no coupling product was observed with the para-substituted benzamide (2e;
Table VII.3, entry 5). Besides, the use of L-proline (L7) was found to be the most suitable ligand
for the arylation of the primary aliphatic amide 2g in good yield and excellent conversion (Table
VII.3, entry 7). Taking into account the low reactivity of secondary amides, the use of 1,10-
phenanthroline (L4) as a ligand at 130°C significantly improved the arylation of aliphatic secondary
amides (3h and 3j; Table VII.3, entries 8 and 10). However, an exception was found for pyrrolidin-
2-one (2b), which afforded the N-arylated product 3b in 80-91% using di- or triamine ligands (L1-
Ls) or 1,10-phenanthroline (L4) under milder conditions (Table VII.3, entry 2).

In summary, L4, L2, L3 ligands are preferred for the arylation of primary aromatic amides, in
contrast, L7 was found the most suitable for the arylation of primary aliphatic amides. Finally, the
use of 1,10-phenantroline (L4) at 130°C was essential to obtain good performance in the arylation

of secondary amides.
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Table VII.3. Screening of amides for N-arylation with iodobenzene.

Cul (10 mol%)
L (10 mol%)

H
' o K3PO, (2 equiv.) N\[rR
+ M
R” "NH, o

50°C, Ny, 24h
1 2 DMSO 3
Entrylal Amides Product Ligandt Conv. (%) Yield (%)®!
1 p @/p L1,L2,Ls 100 100, 98, 75
o 2a O 3a

[0} [0)

2 HN);] 2 ©j3 L1,L2, L3, L4 90-100 91,79, 80, 88

(o} H
N
4 @\)LNHQ ©/ Il 3 L1 62 46
oH 2d

OH

5 /©)LNH2 ©/ 70(9/ L1,L2,L3 50 1,3,6

(o] /N
6 S, P L1,L2 100 100, 76
T o'y
[l i N fe] n
7 )LNHZ 29 ©/ Tol/?,g L7 ople 91
O ’\“
gldl N " © 70( 3h La 98 91
H

gld] @n Y© @@ Tf©; La 84 62

o b
101 A~ ONT Ls 100 52
H 2] 3j

[a] Reaction conditions: 1 (0.88 mmol, 0.9 M), 2 (1.79 mmol); [b] Yield was determined by GC. [c] Reaction
temperature of 80°C. [d] Reaction temperature of 130°C. [e] 2% yield N,N-diphenylacetamide. [f] Isolated
yield. T L3 refers to the hydrochloric salt L3-(HCl)2. * 2i=3a.
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Thereafter, we explored the arylation of alcohols under the same reaction conditions (Table VI1.4).
As expected from the previous results reported in the literature, the O-arylation of phenols using
dimethylglycine (Le) as a Cu-chelating ligand displayed excellent performance (5a, 5b, 5¢c, 5d;
Table VII.4, entries 1-4).4546 However, the presence of electron-withdrawing groups at para-
position completely quenched the reaction (5e; Table VIIi.4, entry 5). On the other hand, aliphatic
alcohols gave poor yields irrespective of the auxiliary ligand used (5f and 5e; Table VII.4, entries
6 and 7).

Table VII.4. Mild O-arylation of alcohols with iodobenzene.

Cul (10 mol%)
L (10 mol%)

| _OH K3POy (2 equiv.) O\R
., R
50°C, Nj, 24h

1 4 DMSO 5

Entryla Alcohols Product Ligand Conv. (%) Yield (%)®!

1 @OL QU Ls 93 82

2 PO SRS Le 98 92

” @'OO-’C} Le 100 97

4 \QOH @OQ/S., Le 94 94
”

5 peg U Le 3 3

(0}
6 ~oH S Ls 50 27

5f

@O\Osh Ls 2 traces

,,
& 2

[a] Reaction conditions: 1 (0.88 mmol, 0.9 M), 4 (1.79 mmol); [b] Yield was determined by GC.

Eventually, we were also interested in exploring the reactivity of different amines as a
nucleophile. In line with the literature, the N,O- bidentate ligands such as proline (L7) or pyrrol-2-
carboxylic acid (Ls) were found to be the most suitable chelating moieties for the arylation of
amines.*"*8 Besides, the employment of CsF as a base instead of KsPOa4 rendered better results
for theses coupling reactions. Whereas the use of Lg for the N-arylation of aromatic amines

afforded moderate to good yields (7a and 7¢; Table VII.5, entries 1 and 3), the N-arylation of para-
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nitro substituted aniline (7b) was obtained only in 22% of yield (Table VII.5, entry 2). Moreover,
the N-arylation of primary aliphatic amines (6d and 6e) was very effective using ligand L7 and
excellent yield and conversions were observed (Table VII.5, entries 4 and 5). Concerning aliphatic
amines, cyclic piperidine (6g) afforded the desired product in excellent yield and conversion
(Table VII.5, entry 7), while under the same reaction conditions, a very poor yield of the arylated
product 7f was observed (Table VII.5, entry 6). Finally, conjugated N-heterocyclic secondary
amine rendered the N-arylated product 7h in excellent yield using L4 (Table VIL.5, entry 8).
Particularly, this latter product was also formed in excellent yields and conversions employing

other ligands such as L2, L3, L4 or Lg or even working at room temperature with L.
Table VIL.5. Mild N-arylation of amines with iodobenzene.

Cul (10 mol%)
L (10 mol%)

H
| : N
CsF (2 equiv. ~
[:::]// + R-NH, (2 equiv.) [:::]/ R

50°C, Ny, 24h
1 6 DMSO 7
Entryfa Amines Product Ligand Conv (%) Yield (%)®!

-
oL OO o e
7a
'
2 O [:jj:(i:LN% Ls 44 22
H
3 S O, Le 79 76
Tc |
.
, N
4 o Cr M\Q Lr 93 89
5lcl T @/7“ Lr 100 95

6 N (N@ Ly 19 13
6f < 7

7 OHGQ ©/ 'O L7 99 86

79

7h

y »
8 L en @/W L1 98 9

[a] Reaction conditions: 1 (0.88 mmol, 0.9 M), 4 (1.79 mmol); [b] Yield was determined by GC. [c] Yield was
determined by "H NMR.

Furthermore, we also explored the N-arylation and O-arylation using aryl bromide as a
substrate (Table VII.6). Due to the lower reactivity of bromobenzene compared to iodobenzene,
the reactions were carried at 110°C. Excellent yields were obtained for the arylation of aromatic
alcohols (5a and 5c¢; Table VII.6, entries 6 and 7), and moderate to good yields were found for

aromatic and aliphatic amines (7a, 7c and 7d; Table VII.6, entries 8-10). Nevertheless, poor
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reactivity were observed for the arylation of amides and only the use of Lg afforded the arylation

of cyclic amide pyrrolidin-2-one (2b) in a 26% of yield (Table VII.6, entries 1-5).

Table VII.6. Arylation of different nucleophiles with bromobenzene.
Cul (10 mol%)

Br L (10 mol%) Y\R
SRR o
K3POy4 (2 equiv)

1 2 N,, 24h, 110°C, DMSO
Entryfa Amines Product Ligand Conv (%) Yield (%)®!
1 H Nj(© HYQ L 7 1
2 1
0 2a ©/ o 3a
[0}
o
2 D Ls 47 26
HN @ 3
2b
; a
3 )LH/ at @ 70( 3 Ls 18 0
9 N
4 Ly 26 (T T Ly 21 0

(¢} N

=

H \
5 Ny UNH, NTH;J Ls 38 0
| N 2f [ j o 3f

. .0
6 Y e . Ls 100 100
/©/OH
(0]
7 0" 4c @1 \@Lo Ls 95 88
C
I
NH N
glcl O ’ @“\O Ly 85 80
6d 7d
N
9[c! NH, Ls 76 50
[ ©/Ba ©/7a\©
H
NH, N
0 [, Cr @O Ls 79 51
7c I

[a] Reaction conditions: 1 (0.88 mmol, 0.9 M), nucleophile (1.79 mmol); [b] Yield was determined by GC.

[c] CsF was used as a base.

VI1.3.2 Ligand-dependent selectivities in competition

reactions using iodobenzene

Considering the trends observed from the different ligands previously tested, we turned our
attention to the study of selective arylation of a wide range of nucleophiles in competition
reactions. Thus, we performed competitive experiments combining amides, amines and phenols

under standard conditions (1 equiv of iodobenzene and 2 equiv of each nucleophile), aiming to
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find out the most suitable ligand for the arylation of each nucleophile in high selectivity, yield and
conversion (Scheme VII1.13).

In general trends, we have found that the arylation of aromatic amides is favoured, over
phenols and amines, when tridentate N-based auxiliary ligands are used, being L1 and Lz the best
ones under mild temperatures (Scheme VI1.13, A-D). Due to the poor reactivity of the non-cyclic
aliphatic secondary amides, higher temperatures in combination of Ls were required to favour
them in front the arylation of amines (Scheme VI1.13, G and H), in contrast they cannot compete
with phenols (Scheme VII.14, C). Likewise, non-cyclic primary aliphatic amides can be clearly
favoured in front of aromatic and aliphatic amines at 80°C using L4 as a ligand (Scheme VI1.13,
E and F), although it can be slightly favoured in front of the arylation of phenols using the same
conditions (Scheme VII.13, L).

On the other hand, the arylation of cyclic aliphatic amides is sharply chemoselective in
front aliphatic amines, phenols and aromatic amides when L1 or L4 are used (Scheme VII1.13, |,
M and Scheme VII.14, A). Furthermore, the arylation of phenols is especially favoured in
competition reaction with amides and amines when L is used as an auxiliary ligand (Scheme
VII.13, entries A, J-M; see also Annex 4). No competition studies have been undertaken with
aliphatic alcohols (see Table VIl.4), since their low reactivity made those nucleophiles more
challenging than the ones studied in this work. Finally, anilines are selectively arylated towards
amides and phenols when Ls is used, showing an orthogonal selectivity in most of the
competitions explored (Scheme VII.13, B, F, G, J). In the competitive reaction between two types
of amides, benzamide (2a) and the cyclic amide pyrrolidin-2-one (2b) (Scheme VIl.14, A), we
were only able to set out conditions to render the N-arylation of 2b in excellent yield and
conversion using L4 at 50°C. Despite submitting the reaction with other type of ligands such as
Ls, very low yield of 3a was observed. In the same line, in analogous reaction between aromatic
and aliphatic amines (6¢c and 6d), the N-arylation of cyclohexylamine 7d was clearly favoured as
a major coupling product in the competitions tested (Scheme VI1.14, B), although the best results
were obtained when L7 was used as a ligand. Similarly results were observed when we tested
the selectivity between the secondary amide N-methylacetamide (6a) and p-methoxyphenol (4c)
(Scheme VII.14, C and Annex 4); the arylation of phenol was clearly favoured in all cases,
including when O, O- bidentate L1o ligand was used under the same conditions. We were unable
to find suitable conditions for the selective arylation of the secondary amide. Additionally, the use
of L1 with KsPO4 or CsF and Lg with K2COs significantly reduced the yield of the O-arylated
product, however the reaction likewise afforded low yields of the N-arylated methylacetamide. We
rationalise that due to the facile arylation of phenols and the high temperatures required for the
arylation of secondary amides made difficult to establish the appropriate conditions for such

arylation in competitive reactions.
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Scheme VII.13. Competitive reactions among nucleophiles using iodobenzene with a sharp switch of

chemoselectivity. Conversions are given in parentheses; standard experimental conditions used
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Scheme VII.14. Competition reactions among nucleophiles with strong preference for one nucleophile
independent of the auxiliary ligand used. Conversions are given in parentheses; standard experimental

conditions used.

VI1.3.3 Ligand-dependent selectivities in competition

reactions using para-substituted iodobenzenes

In order to broaden the scope of the electrophiles used, we turned our attention on the effect of
the presence of electron-donating and electron-withdrawing substituents in para position of the
aryl iodide derivatives. Thus, p-iodotoluene and p-nitrobenzene were chosen as substrates using

the same standard conditions as the competitive experiments shown in the previous section.

For the competitive reaction between benzamide (2a) and cyclohexylamine (6d) using p-
iodotoluene as a substrate, we could observe that the arylation of benzamide was significantly
suppressed using the pincer ligand Ls. Besides this, the arylation of the same nucleophile using
Ls as an auxiliary ligand successfully improved the reaction performance (Scheme VII.15, A). On
the other hand, the use of L-proline (L7) favoured the single arylation of cyclohexylamine, but in
a modest yield. Turning our attention to the use of p-nitrobenzene as a substrate, similar reactivity

of the iodobenzene was observed. It is noteworthy that pincer-type ligand Ls favoured the
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formation of 31 as an almost single product in good yield (Scheme VII.15, B). Additionally, the
employment of L-proline L7 also gave rise to the coupling product 7m in good yield and also as a
single product. Therefore, both electron-rich and electron-deficient aryl iodides underwent

arylation with excellent chemoselectivities.
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Scheme VII.15. (a) Competitive reactions using p-iodotoluene. (b) Competitive reactions using p-

iodonitrobenzene. Conversions are given in parentheses; standard experimental conditions used.

VII1.3.4 Ligand-dependent selectivities in competition

reactions using bifunctional nucleophiles and iodobenzene

With these good results in hand, we further studied the orthogonal selectivity of our copper-based
system using different bifunctional nucleophiles (8a, 8b and 8c of Scheme VII.16). The first
bifunctional nucleophile tested was the aminophenol (8a): when dimethylglycine L¢ was used as
an auxiliary ligand the O-arylated product was obtained in high vyields and with high
chemoselectivity (Scheme VII.16, A, 9a). On the other hand, the selectivity was totally switched
to the formation of N-arylated product with the use of L-proline (L7) as a ligand. Very notably,
performing the same reaction using N,O-bidentate Lg ligand in combination of K2CO3 enhanced
the formation of 10a as a single reaction product. We also succeeded in the competition reaction
between the bifunctional nucleophile 8b (bearing aromatic amide and phenol functional groups)
and iodobenzene (Scheme VII.16, B). According with the results obtained, the use of
dimethylglycine (Lg) at 70°C led the single formation of O-arylated product (10b) in really good
yields. In contrast, when the pincer Ls ligand was used the selectivity was turned into the formation
of N-arylated product (9b), even though the yield was modest. Finally, regarding the last coupling
using 4-amino-N-phenylbenzamide (8c¢) as a nucleophile and iodobenzene (Scheme VI1.16, C),

only the arylation of amino group was achieved as a major product, independently of the auxiliary
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ligand used. Compound 10c was obtained as a unique product in moderate yield and high
selectivity when the pyrrole derivative Ls ligand was used. We assumed that the arylation of
secondary amide was hindered by steric effects, and even using high temperatures (130°C)

together with L4 or L4 as a ligands, the formation of 10c was unavoidable in both cases tested.
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Scheme VII.16. Competition reactions using bifunctional nucleophiles 8a - 8c. Conversions are given in

parentheses; standard experimental conditions used.

VI11.3.5 Ligand-dependent selectivities in competition

reactions using bromobenzene

With the valuable data acquired about the orthogonal selectivity among several N- and O- based
nucleophiles using iodobenzene and para-substituted iodobenzenes, we focused our attention on
conducting some of the competition reactions described above using bromobenzene. Due to the
low reactivity of aryl bromides, the reactions required to be performed at 110°C or 130°C. The
competitions B’, H’ and I’ were chosen owing to the excellent selectivities and yields obtained with
iodobenzene. In the first competitive reaction between benzamide (2a) and anisidine (6¢)
(Scheme VII.17, competition B’, equivalent to Scheme VII.13, B), we could only observed the
formation of benzamide arylated product when phenanthroline (Ls) was used at 130°C.
Interestingly, the selectivity was completely switched leading the single arylation of aromatic
amine (6¢) compound when pyrrole derivative (Ls) ligand was employed. On the other hand, in

next the competitive reaction investigated between N-methylacetamide (2h) and cyclohexylamine

141



Chapter VI

(6d) (Scheme VII.17, competition H’, equivalent to Scheme VI1.13, H), the formation of 3h in good
yields and selectivity was obtained when DMEDA (L,) ligand was used at 110°C. In contrast, all
the attempts to promote the same reaction using (L4 and Ls) ligands failed. However, the use of
L-proline (L7) as a chelating ligand at 110°C clearly favour the cyclohexylamine arylated product
(7d) in excellent yield and selectivity. In line with this results we observed a similar trend in the

last competitive reaction studied between the cyclic amide pyrrolidin-2-one (2b) and

cyclohexylamine (6d) (Scheme VII.17, competition I, equivalent to Scheme VII.13, I).

Competition B'

Competition H'
N
g
[e]

Br
»"

: H :

Cul (10 mol%) H ; N ;
L (10 mol%) . ©/ @\ 3
0 ! 0!

Base (2 equiv.) ' |

N,, 24h, 110°C, DMSO S !
3a:7c = 23:1 == Ly (K3PO,): 52% (93%) 0% (93%) (130°C)
L3 (K3PO,): 20% (38%) 0% (38%)
L; (K3PO,): 0% (8%) 0% (8%)
| 7e:3a> 10011 Lg (CsF): 0% (99%) 73% (99%) ...
H

Cul (10 mol%)

| N
L (10 mol%) - @/Nj( . ©/ O }
0 ' |

Base (2 equiv.) 1

O/NHZ N, 24h, 130°C, DMSO 3h L L ]
? 3h:7d = 23:1 = L (CsF): 68% (72%) 3% (72%) (110°C)
6d Ls (K5PO,): 24% (46%) 0% (46%)
Ls (CsF): 13% (11%) 1% (11%)
Ly (CsF): 9% (17%) 0% (17%)
[ 7d:3h=76 =L, (CsF) 1% (86%) 70% (86%) (110°C)
Ly (CSF): 7% (64%) 34% (64%) :
Competition |'
O
0 !
1@ Oy S D @“\O
+ - + !
2 Base (2 equiv.) ©/3b ; 7d :
NH, Ny, 24h, 110°C, DMSO e ;
2 O/ 3b:7d > 100 > Lg (K,COy): 76% (89%) 17% (89%)
Lg (CsF): 32% (80%) 29% (80%)
bd Ly (KsPOy): 1% (19%) 0.1% (19%)
Lo (K5PO,): 32% (80%) 0% (5%)
D 7d:3b=19 =L (K,COy): 4% (78%)  67% (78%)
: L; (CSF): 7% (94%) 60% (94%)

Scheme VII.17. Competition reactions among nucleophiles using bromobenzene with sharp switch of

chemoselectivity. Conversions are given in parentheses; standard experimental conditions used.

When L7 was employed the arylation of aliphatic amine was clearly favoured obtaining excellent
yield and selectivity, while the use of pyrrole derivative (Lg) in combination with K2COs as a base

showed excellent performance for the arylation of cyclic amide (3b). In the latter competition we
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could observed an important base effect, the use of CsF clearly suppressed the chemoselectivity
between both nucleophiles, while the use of K2CO3 enhanced the chemoselectivity between them.
Furthermore, competitive reaction were explored using bromobenzene as a substrate A’, C’, D’,
G’, J” and with a bifunctional nucleophile 8a (see Annex 4). In most of the cases poor yields and
moderate to good selectivities were obtained, due some unexpected effects, like the different
behaviour of some of the ligands, such as 1,10- phenanthroline when bromobenzene was used
instead of iodobenzene when facing primary amides and aliphatic or aromatic amines with other
nucleophiles (See competitions B/B’ and H/H from Scheme VII.13 and Scheme VII.17).
Moreover, the competitive reactions using aryl bromide and aromatic amides 2a and 2f using L4

as a chelating ligand did not afford the arylated product either.

Several reactions using chlorobenzene as arylating agent were also attempted. Despite
the screening of several nucleophiles and auxiliary ligands no reactivity was observed, even

working at 130°C (see Annex 4).

VI11.3.6 Practical orthogonal nucleophile discrimination

summary

In Table VII.7 a practical methodology for the selective O-arylation and N-arylation in Ullmann-
type couplings under milder conditions is depicted. Therefore, the most important results obtained
for all competitive reactions tested are summarized in Table VII.7, together with the best
conditions to achieve chemoselective arylation for each nucleophile. In a general trends, highly
selective arylation of each nucleophile can be obtained in the most of competition reactions under

mild conditions depending only on the ligand choice.

Nevertheless, we did not succeed in all the competitive reactions tested. In some cases we could
only observed a single arylation one nucleophile, being the formation of the other one
unfavourable, despite exhaustive screening of auxiliary ligands and reaction conditions. These

limitations of the methodology in terms of selectivity are shown in Table VII.8.
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Table VIL.7. Optimised conditions for ligand-dependent arylation of nucleophile (A or B) with iodobenzene in

competition reactions with orthogonal selectivity. Standard reaction conditions: iodobenzene (0.88 mmol,

0.9M), A and B (1.79 mmol), 24 h, DMSO under an inert atmosphere (yields given in parenthesis).
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Table VII.8. Optimised conditions for ligand-dependent arylation of nucleophile (A or B) with iodobenzene in
competition reactions with high selectivity for one of the competing nucleophiles (Column A). Standard
reaction conditions: iodobenzene (0.88 mmol, 0.9M), A and B (1.79 mmol), 24 h, DMSO under an inert

atmosphere (yields given in parenthesis).

Conditions for A A B
arylation
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Finally, in order to get further insight into the plausible mechanism, governing the cross-
coupling reactions with the use of different chelating ligands, we have selected the most
successful combinations of ligands and nucleophiles to be used with the radical clock 1-allyloxy-
2-iodobenzene (rc) as a substrate (Scheme VI1.15). Interestingly, no traces of cyclised product
was observed, indicating the involvement of a prototypical Cu'/Cu'' mechanism for thermal-based
Ullmann couplings and discarding a radical pathway. However, in all the reactions we could
observed the formation of a significant amount of hydrogenated compound (re-H), suggesting a
protodecupration side reaction as previously observed by Cohen*® and Hartwig® and also in the
reactivity of well-defined aryl-Cu'' macrocyclic model system.5 The formation of rc-H product was
found in important amounts when rc was used as a substrate, so we checked if the
protodecupration side reaction had the same contribution when iodobezene was used as
substrate. If so, benzene should be found as product of the putative protodecupration reaction.
As we suspected, low but significant amounts of benzene were found (from 4% to 8%) in some
coupling reactions, generally with aniline 6a, 6b, 6¢ and methylacetamide 2h (see Annex 4), being
a strong evidence for the involvement of protodecupration pathway as a side reaction in Ullmann

couplings.
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Scheme VII.18. Selected coupling reactions using radical clock (rc) as a substrate.

Overall, we have described a practical Cu-based methodology for the highly selective arylation of
a wide range of nucleophiles in competitive reactions using aryl iodides and bromides. The high
selectivity and yields obtained are extremely dependent on nature of the chelating auxiliary ligand
used. However, the exact role of these auxiliary ligands on the chemoselective arylation is not
well understood. In the literature, we could find a large number of combinations of auxiliary
ligands, nucleophiles and aryl halides, however a clear pattern cannot be established. In a
pioneering work, Buchwald and co-workers explained the chemoselective N- or O-arylation of 3-
aminoalcohols (see Scheme 1.11) by using different auxiliary ligands based on DFT studies,
suggesting that the observed selectivities were closely based on the relative abilities of the ligands
to donate electrons to the Cu' centre.> Some years later, Fu and co-workers proposed an
alternative also computed pathway based on the formation and stability of the organometallic aryl-

Cu''intermediate species.52 Despite the tremendous effort concerning the exact role of auxiliary
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ligands, several key challenges remained unanswered, mainly due to a clear lack of

understanding of how such system work in such transformations.

The great diversity of nucleophiles and catalytic systems and the catalysis’ strong dependence
on the reaction conditions render the comprehension of the molecular mechanisms as a difficult

task, however, in-depth mechanistic studies should be undertaken.
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Chapter VI General Conclusions

In the past years, the catalysis research community got interested in first-row transition metal-
assisted cross-coupling chemistry providing more effective and more sustainable procedures,
which emerged as powerful synthetic strategies in many areas. However, a clear understanding
of the fundamental reactivity of metal-assisted cross-coupling reactions remains a challenge due
to the occurrence of mechanisms highly dependent on the reactants and experimental conditions

used.

In this thesis we used a well-defined aryl-Cu'" macrocyclic model system as starting point
on the mechanistic study of C(sp?)-C(sp?®) (Hurtley-type coupling) and C(sp?)-C(sp) (Stephens-
Castro-type coupling) bond formation, and studied the putative role of these high-valent copper
species (Chapter Ill and Chapter IV, respectively). In Chapter lll, studies conducted with well-
defined aryl-Cu'' species reveal their capability to undergo C(sp?)-C(sp®) bond formation via
reductive elimination process in presence of several activated methylenes (malononitrile, dimethyl
malonate and acetylacetone), which interestingly undergo a very favourable intramolecular
spontaneous reorganization step to afford the final heterocyclic products 1,2-dihydroisoquinoline
(P1 and P2) and 1,2-dihydroisoquinolin-3(4H)-one (P3). Moreover, the exploration of catalytic
copper-catalysed version of this transformation provided the formation of desired compounds in
good yields. In order to gain mechanistic insight, we monitored the catalytic transformations by
UV/Vis and 'H NMR (at low temperature). All the data obtained clearly points towards the
intermediacy of aryl-Cu'"' species in the coupling reactions within our model platform, providing
the first evidence of the direct engagement of a redox Cu'/Cu'! catalytic cycle, involving oxidative

addition and reductive elimination steps for Cu-catalysed Hurtley-type coupling reactions.

In Chapter IV we studied the feasibility of aryl-Cu'"' species as a key intermediates in
copper-assisted Stephens-Castro reaction for C(sp?)-C(sp) bond formation, by exploring their
reactivity with terminal p-R-phenylacetylene derivatives (R = NO2, CF3, H) at room temperature.
Interestingly, the final products afforded also contained heterocyclic 2H-isoindole (Pno2, Pcrs,
Pua), or 1,2-dihydroisoquinoline (Pub) scaffolds, which are formed through the nucleophilic attack
of one secondary amine moiety of the macrocyclic system to the biaryl acetylene intermediate
species (Ir). As we expected, the nucleophilic attack is facilitated by the electrophilic activation of
triple bond by the coordination of Cu' cation. However, the use of Ls-Cl substrate with p-CFs-
phenylacetylide copper(l) complex precluded the intramolecular reorganization step, affording the
I'ces as a final stable product. In addition, the representation of the frontier molecular orbitals for
Ia-Cu' and Ino2:Cu' species explained the divergence on the formation of the 5-membered ring
and the 6-membered ring scaffolds. Moreover, both DFT calculations and the experimental data
obtained nicely correlate, providing a strong evidence for the involvement of an organometallic
aryl-Cu'-acetylide intermediate species in these transformations. Nevertheless, catalytic turnover
was not possible in this model system due to inhibition or entrapment of Cu' released upon
reductive elimination. Altogether, the formation of heterocyclic scaffolds also constitute a valuable

knowledge for synthetic organic chemistry.
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Chapter VI

In Chapter V we turned our attention to the redox chemistry of Ni-mediated
transformations, aiming at understanding the fundamental steps in coupling transformations. To
that end, we took advantage of our experience in model substrates for copper catalysis, and we
studied in depth the synthesis and reactivity of well-defined aryl-Ni'" complexes. Organometallic
square planar aryl-Ni'" complexes can be synthesised through oxidative addition of Ni° to
macrocyclic aryl halide model substrates or through the direct C-H activation of macrocyclic arene
model substrates by Ni' salts. [LnNi"](X) complexes have been exhaustively characterised by
crystallographic and spectroscopic techniques, showing one of the shortest Ni-C bond (1.83 A)
reported to date. The strength of the Ni-C bond precludes their direct reactivity with nucleophiles
via reductive elimination. Nevertheless, we have proved their reactivity in the presence of a 2 e-
redox oxidant as an electrophilic CFs* source, obtaining quantitative vyields of the
trifluoromethylated aryl-CFs compounds. Furthermore, DFT calculations and experimental
mechanistic investigations pointed towards the feasibility of an initial SET step followed by a
recombination of aryl-Ni""/CF3- adduct to form an aryl-NiV-CF3 intermediate species, which easily
underwent the formation of trifluoromethylated product through reductive elimination. To the best
of our knowledge, this constitutes the first example of square planar model platform that allows
to travel through the rich redox chemistry of nickel, from Ni® to NiV, gaining insight into its

geometry-dependent reactivity of multiple oxidation states in a single model system.

In Chapter VI we turned our attention to the standard Ulimann-Goldberg systems by
studying the effect of the ligand choice on the chemoselectivity and on the operative mechanism
of a multiple combinations of amides, amines and phenols in competitive reactions. High selective
arylation with high yields of a wide range of O-based and N-based nucleophiles using a common
experimental methodology and a preferred auxiliary ligand for each nucleophile were obtained in
the most of the cases. However, the exact role of these auxiliary ligands on the chemoselective
arylation is not well understood and an in-depth mechanistic studies should be done. Indeed, the
reactions conducted using a radical clock as a substrate did not reveal the formation of radical
intermediates during the reaction course, indicating the thermal-based Cu'/Cu' redox catalytic
cycle as the operative mechanism in such coupling reactions. So far, the precise methodologies
to be used for the arylation of any of the nucleophiles tested should be a precious practical guide

in organic synthesis laboratories.
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1. Materials and Methods

1.1. Materials and methods
Commercially available reagents were used as received, unless otherwise noted. Solvents were
purchased from SDS-Carlo Erba and Scharlab and were purified and dried by passing through
an activated alumina purification system (MBraun SPS-800). Preparation and handling of air-
sensitive materials were carried out in a N2 drybox (Jacomex) with Oz and H20 concentrations <
1 ppm. Ligand L4-Br, and aryl-Cu'' complex 1cios were synthesized following published

procedures.['-3]

1.2. Instrumentation
NMR data concerning product identity were collected with a Bruker 400 or 300 AVANCE
spectrometer in the corresponding deuterated solvent (CDCl3, CD3CN) and calibrated relative to
an external reference (1,3,5-trimethoxybenzene). ESI-MS experiments were collected and

analyzed on a Bruker Daltonics Esquire 6000 mass spectrometer with acetonitrile as the mobile
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phase. UV-Vis spectroscopy was performed on an Agilent-UV-Visible-8453 spectrophotometer
using 1 cm quartz cuvettes. Temperature control was achieved with a cryostat from Unisoku

Scientific Instruments, Japan.

1.3. Synthesis of aryl-Cu"' complex 1¢cio4
Caution: Perchlorate salts are potentially explosive and should be handled with care!
Arylcopper(lll) complex 1cios was prepared following procedures described in the literature

previously.[2

1.4. Synthesis and characterization of Csp2-Csp3 coupling products P1-P3
In an inert-atmosphere glove box, a sample of the aryl-Cu'" complex 1¢ios (14.2 mg, 28 pmol) was
dissolved in CD3CN (1.6 mL) and 0.4 mL of a solution of 1,3,5-trimethoxybenzene was added as
an internal standard. A portion of this solution (0.6 mL) was loaded into a NMR tube, and 2
equivalents of the corresponding activated methylene nucleophile were added to the tube (0.1
mL, 168 mM). Final concentrations: [1cio4] = 12 mM and [active methylene nucleophile] = 24 mM.
The tube was sealed with a screw-cap and the reaction was allowed to react at room temperature
(for malononitrile) or at 50°C (for acetylacetone and dimethyl malonate) and monitored by 'H-
NMR spectroscopy until reaction completion. Final yields were: P1 (99%), P2 (80%) and P3
(37%). In the reaction of dimethyl malonate the presence of Cs2COs3 (8.8 eq.) enhances the yield
of P3 from 37% to 56%. 'H, COSY, NOESY, TOCSY, 'H-'3C HSQC, 'H-3C HMBC and "*C-NMR
spectra and mass spectrometric analysis were obtained directly from crude reactions. Reaction

yields were obtained by relative integration of the "H-NMR signals to the internal standard.

N N—H - HCIO,

P1

P1. (yield: 99%) 'H-NMR (400 MHz, CDsCN, 25 °C) &, ppm: 7.25-7.11 (m, 3H, Ha, Hb), 5.61 (s,
2H, NHz), 4.98 (d, 1H, J = 13.8 Hz, Heor HY), 4.21 (m, 2H, Hr, Hs), 3.92 (d, 1H, J = 13.64 Hz, He
or H), 3.88- 3.83 (m, 1H, HP or Ha), 3.11 (ddd, 1H, J = 15.24 Hz J = 6.88 Hz, J = 2.6 Hz, HP or
Ha), 2.83-2.76 (m, 1H, He or HY), 2.63-2.37 (m, 3H, Hi or Hi, He or Hf, H' or H™), 2.30- 2.22 (m, 1H,
Hior Hi), 2.12 (s, 3H, H¥), 2.06- 2.01 (m, 1H, H' or H™), 1.81-1.71 (m, 1H, H"or H°), 1.58-1.47 (m,
1H, Ho or H"), 1.39-1.29 (m, 1H, H"or He), 1.22-1.12 (m, 1H, He or H"). 3C-NMR (100 MHz,
CDsCN, 25 °C) &, ppm: 162.4 (C14), 132.2 (C1), 130.7 (Csor Ca), 127.5 (C16), 124.7 (Cz2), 123.8
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(Csor C4), 54.6 (Cg), 52.9 (C13), 52.9 (C10), 49.8 (C12), 48.9 (Cs), 44.4 (Cs), 40.4 (Co), 26.4 (C11),
22.8 (C7). ESI-MS (CH3CN, m/z): 312.2 (100) [C1sH25N5 + H*]*.

N N—H- HCIO, H-N H N—H
——“coMe
H,C
N N
P2 Li-H

P2. (yield: 80%) "H-NMR (400 MHz, CDsCN, 25 °C) &, ppm: 7.32-7.25 (m, 3H, Ha, HP), 4.37 (d,
1H, J =14 Hz, H"), 4.24 (d, 1H, J = 13.7 Hz, HY), 4.12 (d, 1H, J = 13.7 Hz, H°), 4.06 (d, 1H , J =
14 Hz, Hs), 3.94-3.74 (m, 1H, H9), 3.35 (dt, 1H, J = 14.7 Hz, J=3.8 Hz, HP), 2.65-2.54 (m, 1H, He
or Hf), 2.54 (s, 3H, HY), 2.29-2.21 (m, 2H, He or Hf, Hi or Hi), 2.23 (s, 3H, HY), 2.00 (s, 3H, H¥), 1.99-
1.92 (m, 1H, Hior Hi) 1.90-1.87 (m, 1H, H'), 1.73-1.68 (m, 2H, H™, H°), 1.52-1.44 (m, 1H, H"),
1.32-1.22 (m, 1H, H9or H"), 1.10-1.02 (m, 1H, H9 or H"). 13C-NMR (100 MHz, CD3CN, 25 °C) 3,
ppm: 190.9 (C17), 163.5 (C1s5), 134.6 (C1), 128.8 (Ca), 126.7 (C2), 124.6 (C3), 113.3 (C14), 55.0
(Cs), 53.9 (C13), 51.2 (C10), 48.8 (Cs), 48.1 (C12), 43.7 (Cs), 41.3 (Co), 29.1 (C16), 26.5 (C11), 23.9
(C7), 19.1 (C4s). ESI-MS (CH3CN, m/z): 328.2 (100) [C20H29NsO + H*]*. This reaction generates
the byproduct L1-H (ESI-MS (CH3sCN, m/z): 248.1 (20.1) [C1sH25N3 + H*]*).

- H N-H
N

N N—H- HCIO, H-N .\ N-H H-N
COOMe L\/NN
0 |

BP1
P3 Li-H

P3. (yield: 56%) 'H-NMR (400 MHz, CDsCN, 25 °C) &, ppm: 7.35-7.29 (m, 3H, Ha, Hb), 5.75 (s,
1H, HY), 4.88 (d, 1H, J = 16 Hz, H" or Hs), 4.38 (d, 1H, J = 12.8 Hz, HY), 4.25 (d, 1H, J = 16.4 Hz,
Hror Hs), 4.27-4.18 (m, 1H, H'or H™), 3.65 (s, 3H, HY), 3.61 (d, 1H, J = 13.2 Hz, He), 3.10-3.04 (m,
2H, H' or H™, HP or Ha), 2.81-2.70 (m, 2H, Hior Hi, He or Hf), 2.48 (s, 3H, H¥), 2.48-2.41 (m, 1H, H'
or HM), 2.17-2.08 (m, 2H, He or H, Hnor Ho), 1.80-1.75 (m, 2H, H" or Ho, Hi or Hi), 1.37-1.29 (m,
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1H, He or H"), 0.72-0.59 (m, 1H, H9 or H"). 3C-NMR (100 MHz, CDsCN, 25 °C) &, ppm: 169.0
(C14), 167.2 (C16) 136.4 (C2), 132.6 (C1) 129.5 (Cs), 125.7 (C4), 55.0 (C10), 52.6 (C15), 52.5 (C17),
51.6 (Cs), 51.3 (C13), 45.3 (C12), 43.7 (Cs), 40.3 (Co), 25.6 (C7), 24.2 (Cs), 22.3 (C11). ESI-MS
(CH3CN, m/z): 346.1 (54.6) [C19H27N30s3 + H*]*. This reaction generates byproduct BP1 (ESI-MS
(CH3CN, m/z): 246.1 (100) [C15H24N3]*).

1.5. General procedure for catalytic reactions
In an inert-atmosphere glove box, a vial was loaded with 0.5 mL of ligand L1-Br 30 mM in CH3CN
and 10 mol % of [Cu'(CH3CN)4](CF3SO3) was added (0.2 mL of stock solution 7.5 mM in CH3CN).
The colourless solution becomes slightly red indicating that oxidative addition takes place
obtaining the corresponding complex arylCu''-Br, complex 2g;. Then 2.3 mL of active methylene
nucleophile solution 13 mM in CH3CN were added by syringe pump in a period of 3 hours. For
the dimethyl malonate and acetylacetone couplings the presence of K2COs (8.8 equivalents and
2.2 equivalents respectively) is needed and for acetylacetone coupling the presence of molecular
sieves increases the yield of the catalysis. Final concentrations: [L1+-Br] = 5 mM,
[[CU(CH3CN)4](CF3S03)] = 0.5 mM, [active methylene nucleophile] = 10 mM. After stirring the
mixture crude, at room temperature for 24 hours, 150 pL of 1,3,5-trimethoxybenzene 1.67 mM in
CH3sCN as internal standard is added and the solvent is removed. The sample is re-dissolved in
0.5 mL of CD3CN and NMR yields were obtained by 'H-NMR using integration of benzylic protons
respect to trimethoxybenzene. The obtained yields are 95%, 37% and 67% for P1, P2 and P3

respectively.

1.6. Procedure for UV-Vis monitoring experiments

A UV-Visible cuvette equipped with a Teflon stopcock was dried in an oven and cooled under
vacuum. Stock solutions of malononitrile (3 M), L1-Br (17 mM) and [Cu!(CH3sCN)4](CF3S03) (3.6
mM) were prepared in dry CH3CN. After backfilling the cuvette with dry N2, 1.75 mL of L41-Br stock
solution was added via syringe. The cuvette was inserted into the spectrophotometer and the
temperature was allowed to equilibrate at 40°C. 1.15 mL of [Cu'(CH3CN)4](CF3S0s3) stock solution
were added to the cuvette. The reaction was initiated by adding malononitrile (0.1 mL) to the
cuvette followed by rapid mixing of the combined solutions. Final concentrations: [L4-Br] = 10
mM, [[Cu(CH3CN)4](CFsS03)] = 1.4 mM, [malononitrile] = 100 mM, CH3sCN, 40°C. The
appearance of a band at 550 nm confirmed the formation of the aryl-Cu"-Br species.i! The
reaction progress was monitored by following the decay of the absorbance at 550 nm (see Figure
S1).
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1.7. NMR Structural determination of P1-P3 final products

P1

P1. By means of the 'H-'3C HMBC experiment, the two benzylic protons present in the "H-NMR
spectrum, appearing as a multiplet at 4.21 ppm and corresponding to the H" and Hs protons, along
with the multiplet and the double double doublet at 3.88-3.83 respectively, that corresponds to HP
and H9, show a coupling with the alkenylic carbon C14 at 162.4 ppm in the 3C-NMR. Moreover,
the benzylic protons in the other side of the molecule He and H¢, that appear in the 'TH-NMR as
two doublets at 4.98 and 3.92 ppm, couple with a peak at 127.5 ppm in the '3C-NMR, assigned
to the carbon of the nitrile group (C1e). The NOESY experiment allowed us to assign HP and H¢
due to its coupling through space with H" and Hs protons. Using the TOCSY experiment the
protons corresponding to each aliphatic chain (He, Hf, H9, H", H' & Hifor the aliphatic chain on the
right of the central N-CH3 group and H", H°, HP, H9, H", Hsfor the left chain) are determined. The
COSY and 'H-3C HSQC experiments allowed us to determine the '3C NMR peaks for each
proton. The NOESY also enabled the assignation of the benzylic protons H" and Hs with HP or Ha
and Hb. 'H-13C HMBC experiments were critical to distinguish between protons He, Hfand Hi, Hi,
since only Hior Hi show coupling with the peak at 40.4 ppm in the '*C-NMR assigned to the
methyl of the tertiary central amine (Co). With this information in hand and using the NOESY
experiment we assigned the peaks in the two aliphatic chains. Furthermore, the 'H-'3C HMBC
experiment allowed us to assign the quaternary carbons of the molecule using H2, H°, He, Hd, Hr

and Hs to identify them.

P2

P2. The 'H-'3C HMBC spectrum shows a coupling of the singlet corresponding to the methyl
group of the ketone (HY) at 2.54 ppm in the "H-NMR with the carbonylic carbon (C17) in the '3C-
NMR. With regard to the singlet corresponding to the 3H of the methyl group Ht at 2.23 ppm in
the "H-NMR, the 'H-13C HMBC spectrum shows its coupling with the two alkenylic carbons (C14
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& C1s5) at 113.3 ppm and 163.5 respectively. On the other hand, the NOESY experiment reveals
a coupling between Htand the multiplet signal corresponding to 1H at 3.94-3.74 ppm in the H-
NMR that is assigned to H9, because the proton facing upwards is in closer proximity than the
one facing downwards (HP). Using the TOCSY experiment the protons corresponding to the
aliphatic chain on the left side of the central tertiary amine (H', H™, H", He, HP & H9) are determined.
The COSY and 'H-3C HSQC experiments allowed us to determine the couples of protons bound
to the same carbon in the aliphatic chain and again, the NOESY experiment allowed us to identify
which protons are facing upwards and downwards. The NOESY also enabled the differentiation
of the benzylic protons H"and Hs due to the coupling of HP with H". The identification of the protons
from the aliphatic chain on the right side of the molecule (He, Hf, H9, H", Hi & Hi) was done as
described for the left chain. 'H-13C HMBC experiments were critical to distinguish between
protons HP, Haand H', H™, since H' along with Hi or Hi shows coupling with the peak at 41.3 ppm
in the '3C-NMR assigned to the methyl of the tertiary central amine (Cs). Moreover, the 'H-'3C

HMBC experiment allowed us to assign the quaternary carbons of the molecule.

C1o Cs
P3

P3. The 'H-3C HMBC spectrum shows a coupling of the singlet corresponding to the proton a-
dicarbonylic (Ht) at 6.11 ppm in the 'H-NMR with the carbonylic carbons of the amide (C14) and
the ester (C16) appear at 169.0 ppm and 167.2 ppm respectively. With regard to the singlet
corresponding to the 3H of the methyl group HY at 3.65 ppm in the 'H-NMR, 'H-13C HMBC
spectrum shows its coupling with the carbonylic carbon of the amide (C14). On the other hand, the
NOESY experiment reveals a coupling between Htand the doublet signal corresponding to 1H at
4.38 ppm in the 'H-NMR that is assigned to the benzylic He. The only conformation presenting
the close proximity necessary to observe a NOE for these two protons, is the one in which the
proton Ht faces downwards and the benzylic proton HY faces upwards. Using the TOCSY
experiment the protons corresponding to each aliphatic chain (He, Hf, H9, Hh, H & Hi for the
aliphatic chain on the right of the central amine and H", H°, HpP, Hd, Hr, Hs for the left chain) are
determined. The COSY and 'H-3C HSQC experiments allowed us to determine the couples of
protons bound to the same carbon in the aliphatic chain. The 'H-13C HMBC allowed us to
distinguish between protons Hr, Hiand H', H™, since H' or H™ show coupling with the peak at 40.3

ppm in the '3C-NMR assigned to the methyl of the tertiary central amine (Co).
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3. Supporting Figures

Figure S1. "H NMR monitoring of the Cu'-catalyzed coupling of L1-Br and malononitrile to produce
P1 quantitatively. a) Overlaid spectra showing the consumption of substrate L4-Br signals (circles)
and growing of P1 signals (stars). b) Plot of the concentration changes of both subtrate L1-Br and
product P1 based on the integration of selected peaks. Conditions (equivalents to those of
Scheme 6 in the manuscript): [L1-Br] = 9.6 mM, [[Cu/(CH3CN)4](CF3sSO3)] = 0.9 mM,
[malononitrile] = 17 mM, [TMB] = 0.76 mM, CH3CN, 40 °C, N2 atmosphere. Spectra registered

every 15 min (selected spectra are shown for clarity).
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Figure S2. ESI-MS spectrum of compound P1 (m/z = 312.2) in CH3CN.
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Figure S3. NMR characterization of P1: a) 'H-NMR spectrum (400 MHz, CD3CN, 25 °C). b)
3C{'H}-NMR spectrum (100 MHz, CDsCN, 25 °C). c) 'H-'H COSY spectrum (400 MHz, CD3CN,
25°C). d) 'H-"H NOESY spectrum (400 MHz, CD3CN, 25°C). e) 'H-3C HSQC_ed spectrum (400
MHz, CDsCN, 25°C). f) 'H-'3C HMBC spectrum (400 MHz, CDsCN, 25°C). g) 'H-'H TOCSY

spectrum (400 MHz, CD3CN, 25°C).
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)]

Figure S4. ESI-MS spectrum of compound P2 (m/z 328.2) and byproduct L1-Br (m/z 248.2) in

CHsCN.
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Figure S5. NMR characterization of P2: a) 'H-NMR spectrum (400 MHz, CD3CN, 25 °C). b)
13C{'H}-NMR spectrum (100 MHz, CD3CN, 25 °C). ¢) 'H-"H COSY spectrum (400 MHz, CDsCN,
25°C). d) "H-"H NOESY spectrum (400 MHz, CD3CN, 25°C). e) 'H-'3C HSQC_ed spectrum (400
MHz, CDsCN, 25°C). f) 'H-'3C HMBC spectrum (400 MHz, CDsCN, 25°C). g) 'H-'H TOCSY
spectrum (400 MHz, CD3CN, 25°C).
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Figure S6. ESI-MS spectrum of compound P3 (m/z =346.1) and byproduct BP1 (m/z = 246.1) in

CH3CN.
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Figure S7. NMR characterization of P3: a) 'H-NMR spectrum (400 MHz, CD3CN, 25 °C). b)
BC{'H}-NMR spectrum (100 MHz, CD3CN, 25 °C). c) 'H-"H COSY spectrum (400 MHz, CDsCN,
25°C). d) 'H-"H NOESY spectrum (400 MHz, CD3CN, 25°C). e) 'H-3C HSQC_ed spectrum (400
MHz, CDsCN, 25°C). f) '"H-'3C HMBC spectrum (400 MHz, CDsCN, 25°C). g) 'H-'H TOCSY

spectrum (400 MHz, CD3CN, 25°C).
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Figure S8. 'H-NMR spectrum of the final crude of the copper-catalyzed reaction to obtain
compound P3 in CDsCN, 400 MHz, at 298 K.
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Peaks of P3 under the experimental catalytic conditions show shifting of peaks with respect to the
same compound obtained under stoichiometric conditions (Figure S18). To clarify the assignment
of peaks, again 2D NMR experiments were conducted and the proton characterization is listed
below. Moreover, the ESI-MS spectrum (m/z =346.1) unambigously confirmed the identity of P3.

The amount of byproducts can cause a significant increase in pH, and that might be the
explanation for the observed peak shifting.
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P3 obtained under catalytic conditions. (yield: 67%) "H-NMR (400 MHz, CD3CN, 25 °C) &, ppm:
7.20-7.15 (m, 3H, Ha, H°), 591 (s, 1H, HY), 4.76 (d, 1H, J = 16 Hz, H" or Hs), 4.49 (d, 1H, J =13
Hz, HY), 4.44 (d, 1H, J=4 Hz, H'or H™), 4.21 (d, 1H, J = 16 Hz, Hror Hs), 3.60 (s, 3H, Hv), 3.53
(d, 1H, J = 13 Hz, He), 3.32-3.29 (m, 1H, HPor H9), 2.82 (dd, 1H, J = 13.6 Hz, J = 4 Hz, H' or H™),
2.58-2.55 (m, 1H, He or Hf), 2.42- 2.39 (m, 1H, Hior Hi), 2.26- 2.24 (m, 1H, H" or H°) 2.23 (s, 3H,
Hk), 1.84-1.80 (m, 1H, Heor Hf), 1.65-1.20 (m, 1H, HPor H9), 1.60-1.59 (m, 1H, Hi or Hi), 1.53- 1.49
(m, 1H, Hoor H"), 1.34-1.31 (m, 1H, H" or H°), 0.72-0.59 (m, 1H, H9 or H").

Figure S9. Proposed mechanism for the synthesis of P2.
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Figure S10. Proposed mechanism for the synthesis of P3.
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1. Materials and Methods

1.1. Materials and methods

Commercially available reagents were used as received, unless otherwise noted. Solvents were
purchased from SDS-Carlo Erba and Scharlab and were purified and dried by passing through
an activated alumina purification system (MBraun SPS-800). Preparation and handling of air-

sensitive materials were carried out in a N2 drybox (Jacomex) with Oz and H20 concentrations <
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1 ppm. Ligand L4-Br, Ls-Cl, Ls-Br, alkynylcopper reagents and aryl-Cu'' complex 1cios were

synthesized following published procedures.!'-!

1.2. Instrumentation

NMR data concerning product identity were collected with a Bruker 400 or 300 AVANCE
spectrometer in the corresponding deuterated solvent (CDCls, CD3sCN) and calibrated relative the
residual protons of the solvent or added tetramethylsilane. Quantification is performed using an
internal reference (1,3,5-trimethoxybenzene). High resolution mass spectra (HRMS) were
recorded on a Bruker MicrOTOF-Q IITM instrument using ESI or Cryospray ionization sources at

Serveis Tecnics of the University of Girona.

1.3. Synthesis of aryl-Cu'" complex 1cios
Caution: Perchlorate salts are potentially explosive and should be handled with care!
Arylcopper(lll) complex 1cios was prepared following procedures described in the literature

previously.[2

1.4. Synthesis and characterization of Cs,2-Cs, coupling products Pnoz, Pcrs and Pha/Phb

In an inert-atmosphere glove box, a sample of the aryl-Cu'' complex 1¢ios (14.2 mg, 28 pmol) was
dissolved in CD3CN (1.6 mL) and 0.4 mL of a solution of 1,3,5-trimethoxybenzene was added as
an internal standard. A portion of this solution (0.6 mL) was loaded into a NMR tube, and 2
equivalents of the corresponding acetylene nucleophile were added to the tube (0.1 mL, 168 mM).
Final concentrations: [1cios] = 12 mM, [acetylene nucleophile] = 24 mM. The tube was sealed with
a screw-cap and the reaction was allowed to react at room temperature and monitored by 'H-
NMR spectroscopy until reaction completion. Final yields were: Pno2 (98%), Pcr3 (98%), Pua (42%)
and Pup (36%). 'H, 13C, and two-dimensional COSY, NOESY, TOCSY, 'H-13C HSQC, 'H-13C
HMBC -NMR spectra and mass spectrometric analysis were obtained directly from crude
reactions. Reaction yields were obtained by relative integration of the 'H-NMR signals to the

internal standard.

Pnoz. (yield: 98% (by NMR)) "H-NMR (400 MHz, CDsCN, 320 °C) &, ppm: 8.06 (d, J = 8.8 Hz, 2H,
HY), 7.52 (d, J = 8.8 Hz, 1H, HY), 7.47 (s, 1H, H'), 7.06 (d, J = 8.8 Hz, 2H, H), 6.91 (d, J = 7.5 Hz,
1H, HP), 6.90 (t, 1H, Ha), 5.12- 5.00 (m, 1H, Hs), 4.65 (d, 1H, J = 17.8 Hz, HY), 4.51- 4.50 (m, 1H,
H™), 4.43 (d, 1H, J = 13.1 Hz, HY), 4.40- 4.32 (m, 1H, H"), 4.13 (m, 1H, He), 3.90- 3.83 (m, 1H,
H"), 3.68 (d, 1H, J = 13.1 Hz, He), 3.12 (m, 1H, Hi), 2.70- 2.62 (m, 1H, He), 2.37- 2.30 (m, 1H, H"),
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2.28- 2.15 (m, 3H, H¥), 2.12- 2.07 (m, 1H, Ha), 1.90- 1.80 (m, 1H, HP), 1.71- 1.62 (m, 2H, H" and
H) and 1.15- 1.10 (m, 1H, H9). 13C-NMR (100 MHz, CDsCN, 25 °C) 5, ppm: 149.1 (C1s), 146.2
(Ca1), 129.3 (Ca), 128.3 (C19), 127.5 (C14), 124.4 (C1), 124.2 (C15), 123.0 (C20), 122.0 (C1s), 121.1
(C2), 120.2 (Cs), 115.6 (C13), 55.7 (Cs), 52.2 (Cs), 46.1 (C12), 42.7 (C11), 39.9 (C10), 38.8 (Co), 31.9
(C17), 24.9 (Cs) and 23.5 (C7). ESI-MS (CHaCN, m/z): 393.2304 (100) [C23H2sN4O2 + H*]*.

Pcr3
Pcrs. (vield: 98% (by NMR)) "H-NMR (400 MHz, CDsCN, 25 °C) &, ppm: 7.53 (m, 1H, HY), 7.50

(d, 1H, J = 8.06 Hz, H¥), 7.45 (s, 1H, H'), 7.04 (d, 1H, J = 8.06 Hz, HY), 6.86 (t, 2H, Ha, H?), 5.10-
4.90 (m, 1H , Hs), 4.65 (d, 1H, J = 17.2 Hz, HY), 4.56-4.49 (m, 1H, H™), 4.45 (d, 1H, J = 12.7 Hz,
Hd), 4.39- 4.29 (m, 1H, H"), 4.20- 4.13 (m, 1H, He), 3.90- 3.85 (m, 1H, Hf), 3.66 (d, 1H, J = 13.3
Hz, He), 2.90-2.81 (m, 1H, Hi) 2.72- 2.62 (m, 1H, H°), 2.35-2.26 (m, 1H, Hr), 2.20 (s, 3H, H¥),
2.19-2.10 (m, 1H, Ha), 1.90-1.83 (m, 1H, HP), 1.73-1.61 (m, 1H, H"), 1.60-1.51(m, 1H, H') and
1.20-1.09 (m, 1H, He). *C-NMR (100 MHz, CDsCN, 25 °C) &, ppm: 145.6 (C18), 128.0 (C1s),
125.6 (Cz0), 125.4 (C22), 124.8 (C14), 124.5 (Ca), 123.3 (C21), 123.0 (C1), 122.8 (C1s), 120.5 (Cs),
120.2 (C2), 118.3 (C1s), 116.6 (C1a), 52.4 (Cs), 52.0 (Cs), 45.9 (C12), 42.2 (C11), 31.5 (C17), 30.0
(Co), 24.5 (C10), 24.3 (Cs) and 23.2 (C7). *F-NMR (282.4 MHz, CD3CN, 25°C) &, ppm: -61.1 ppm.
ESI-MS (CHsCN, m/z): 416.2291 (100) [C2aHasN3F3 + H*]*.

8

R

PHa PHo

Pua. (vield: 42% (by NMR)) "H-NMR (400 MHz, CDsCN, 320 °C) &, ppm: 7.52- 7.47 (m, 5H, Ha,
Hv), 7.41 (s, 1H, H), 7.24- 7.20 (m, 4H, HY, HY), 6.90 (d, 2H, J = 6.3 Hz, HY), 6.86 (d, 1H, J=7.8
Hz, Hb), 4.92- 4.74 (m, 1H, Hs), 4.56- 4.50 (m, 4H, Ht, H"and H9), 4.38 (m, 2H, H™), 4.24 (m, 1H,
He), 3.92- 3.90 (m, 1H, Hf), 3.67 (d, 1H, J = 13 Hz, He°), 3.07- 2.99 (m, 3H, Hi), 2.69- 2.63 (m, 2H,
He), 2.39- 2.33 (m, 2H, H"), 2.20- 2.16 (m, 5H, Hk and H?), 1.90- 1.85 (m, 1H, HP), 1.70- 1.62 (m,
1H, HY), 1.61- 1.51 (m, 1H, H1), 1.19- 1.12 (m, 1H, He). *C-NMR (100 MHz, CDsCN, 25 °C) 3,
ppm: 140 (C1s), 129.3 (C21), 129.3 (Ca4), 128.6 (C14), 127.1 (C19), 126.4 (C20), 124.9 (C15), 123.9
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(C1), 120.5 (C2), 120.2 (C3), 119.7 (C+s6), 114.7 (C13), 56.2 (Cs), 52.3 (Cs), 46.5 (C12), 41.3 (C11),
40 (Co), 31.7 (C17), 25.7 (C10), 24.2 (Cs), 23.4 (C7). ESI-MS (CH3CN, m/z): 348.2455 (100)
[C23H29N3 + H*]*.

Phb. (yield: 36% (by NMR)) "TH-NMR (400 MHz, CD3CN, 25 °C) &, ppm: 7.89 (d, 2H, J = 7.5 Hz,
Hv), 7.52- 7.46 (m, 5H, HY, H¥), 7.24- 7.20 (m, 4H, HY), 7.18- 7.11 (m, 2H, Ha, HPY), 6.96 (s, 1H,
HY), 4.56- 4.50 (m, 4H, Hcor HY), 4.38 (s, 1H, HM), 4.34- 4.30 (m, 1H, H'), 3.74 (s, 1H, Hd), 3.24-
3.20 (m, 1H, H°), 3.07- 2.99 (m, 3H, H" and He), 2.69- 2.63 (m, 2H, Hf), 2.53- 2.50 (m, 1H, Hj),
2.47-2.42 (m, 1H, Hi), 2.39- 2.33 (m, 2H, Hs), 2.21 (s, 3H, H¥), 2.20- 2.16 (m, 5H, H"), 1.82- 1.74
(m, 1H, H9), 1.51- 1.41 (m, 2H, H"and HP), 0.94- 0.82 (m, 1H, HP or HJ). "3C-NMR (100 MHz,
CD3CN, 25 °C) d, ppm: 148.4 (C17), 129.0 (C21), 134.6 (C14), 132.3 (C1s), 132.0 (C1s), 129.0 (Ca4),
128.5 (C19), 128.5 (C2), 129.0 (C20), 126.0 (C1), 125.5 (C3), 109.8 (C16), 56.3 (Cs), 55.6 (C13), 55.6
(C10), 51.9 (C12), 49.0 (Cs), 46.8 (Cs), 39.8 (Co), 27.1 (C11), 22.1 (C7). ESI-MS (CHsCN, m/z):
348.2455 (100) [C23H2oN3 + H*]*.

Pub NMR characterization: Pyp has been characterized by NMR as containing a 6-membered
1,2-dihydroisoquinoline moiety (Figures S16-21). The most relevant 'H signals as described
below: two pairs of benzylic protons, H/H? and H/H™, are found. Another important signal was
the singlet corresponding to Ht located at 6.96 ppm; 'H-'3C HSQC experiment allowed us to
determine its "3C-NMR peak (C1e, 109.8 ppm), with a value characteristic of a Csp2. The NOESY
experiment determined its dipolar coupling with H¢ and H¢, HY and He and Hf. Moreover, the 'H-
13C HMBC experiment gives correlations of Ht with C1s, C17, C1s, C19i C14. Also, benzylic H' and
H™ protons exhibited NOESY interactions with H", H° and HP. In addition, the 'H-'3C HMBC
experiment indicates coupling of H' and H™ with C17, C14, C1s, C3 and C12. Finally, the proton HY
presents a NOE contact with Ht and HMBC cross-peaks with C17 and C1s. Another aromatic

proton, H® has HMBC correlations with C14, C15 and Crs.

1.5. Synthesis and characterization of Csp2-Csp reaction intermediate Icrs

In an inert-atmosphere glove box, a sample of aryl-Cu" complex 1¢cios (20 mg, 39umol) was
dissolved in CD3CN (0.1 mL) and 0.2 mL of a solution of 1,3,5- trimethoxybenzene was added as
an internal standard. All the solution was transferred to a NMR tube. The reaction was initiated
by adding 2 equivalents of the p-CFs-phenylacetylene were added to the tube (0.2 mL,
392.5umol). In this case, the reaction was allowed to react at 0°C and monitored by 'H-NMR
spectroscopy until the reaction intermediate was formed. At this point, the NMR spectrometer
temperature was decreased to -35°C to block the reaction advancement and to favor the

accumulation of the intermediate species.
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Icrs. "TH-NMR (400 MHz, CD3CN, -35 °C) 8, ppm: 7.84 (d, 2H, J =7.9 Hz, H'), 7.77 (d, 2H, J = 8.3
Hz, Hm), 7.40- 7.31 (m, 3H, H2and HP), 4.44 (d, 2H, J = 12.5 Hz, H), 3.60- 3.52 (m, 2H, H¢), 3.07-
2.91 (m, 2H), 2.87- 2.76 (m, 2H), 2.72- 2.59 (m, 2H,), 2.57- 2.43 (m, 2H), 2.35 (s, 3H, H¥), 1.66-
1.49 (m, 1H), 0.78- 0.50 (m, 2H). "3C-NMR (100 MHz, CDsCN, -35 °C) &, ppm: 146.2 (C3), 132.3
(C1a), 131.8 (C12), 129.6 (C1), 126.9 (C2), 126.6 (C11), 125.7 (C13), 125.4 (C1s), 122.5 (Co), 97.1
(C10), 59.1 (Cs), 52.7 (Ca), 45.6 (C7), 40.7 (Cs), 23.9 (Cs). ®F-NMR (282.4 MHz, CD3CN, 25°C) g,
ppm: -61.6 ppm. ESI-MS (CH3CN, m/z): 416.2360 (100) [C24H2sNsF3 + H*]*.

1.6. General procedure for synthesis of I'cr3 (alkynylation of Ls-Cl using alkynylcopper
reagents)

Ligand Ls-Cl, 1,3,5-trimethoxybenzene and Cu'-(C=C-Ph-pCF3) were weighted in and then
entered into inert-atmosphere glove box, were the stock solutions of Ls-Cl (16.8 mM), 1,3,5-
trimethoxybenzene (2 mM) and Cu'-(C=C-Ph-pCF3) (0.084 M) were prepared in CD3CN. The Ls-
Cl/1,3,5-trimethoxybenzene stock (0.5 mL) and 0.2 mL of Cu'-(C=C-Ph-pCF3) were loaded into a
NMR tube. The final concentrations were as follows: [L5-Cl] = 12 mM and [Cu'-(C=C-Ph-pCF3)] =
24 mM. The reaction was monitored by 'H-NMR spectroscopy until the reaction completion, and

the yield was obtained using 1,3,5-trimethoxybenzene as internal standard (Figure S27).

Icrs. (yield: 73% (by NMR)) "TH-NMR (400 MHz, CDsCN, 25 °C) &, ppm: 8.02 (d, 2H, J = 7.9 Hz,
HM), 7.75 (d, 2H, J = 8.3 Hz, HM), 7.37 (t, 1H, Ha), 7.30 (d, 2H, J = 7.9 Hz, HP), 4.25 (d, 2H, J =
12.5 Hz, HY), 3.31 (d, 2H, J = 12.5 Hz, He), 2.85 (t, 2H), 2.49- 2.40 (m, 2H), 2.37 (s, 6H, H!), 1.88-
1.82 (m, 2H), 1.81- 1.77 (m, 2H), 1.75 (s, 3H, HX), 1.66- 1.52 (m, 2H), 1.46- 1.32 (m, 2H). 13C-
NMR (100 MHz, CD3CN, 25 °C) 8, ppm: 140.6 (Cs), 132.1 (C13), 130.8 (C12), 130.3 (C2), 128.9
(C1), 128.4 (C15), 125.4 (C16), 125.1 (C1a), 122.9 (C10), 121.8 (C11), 63.8 (C4), 56.2 (Cs), 51.4 (C7),
44.9 (Cs), 39.3 (Co), 24.1 (Cg). "®F-NMR (282.4 MHz, CD3CN, 25°C) &, ppm: -63.6 ppm. ESI-MS
(CHsCN, m/z): 444.2610 (100) [C2sH32F3N3 + H*]*.
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1.7. 1D and 2D NMR structural determination of Pno2, Pcr3, Pua and Pup final products

N

r

H Hq / Hg
HC >
3 Hi ,HJ Hh

R=NO, CF3 H
Pnoz2/ Pcra/ Pua. These compounds have been characterized by NMR as containing a common
heterocyclic 2H-isoindole moiety (Figures S2-S15 and S17-S21). The most relevant couples of
protons found are the coupling formed by the benzylic He/HY, Hs/Ht and the aliphatic H™/H" proton
pairs. NOESY experiment allowed us to assign H¢ and HY due to its dipolar coupling with He, Hf
and also, HP protons. NOE were also observed between the Hs and H! protons with the aromatic
HY proton. This fact was indicative of the loss of the triple bond of acetylene. Finally, H™ and H"
show NOE interactions with H', H" and H9. Another important signal found in the 'H-NMR spectrum
was H' proton showing a singlet located at 7.47 ppm ('H-'3C HSQC spectrum allowed us to
determine its directly attached carbon (C13) at 115.6 ppm) which show NOE contacts with H>, H™
and H" protons. Finally, 'H-'°C HMBC experiment was crucial to afford the structural
determination. We found that H® and H! showed correlations with C19, C20, C16 and C1s, whereas
H' correlated with C12, C14, C1s and C1e. These results suggested a formation of 5-member
heterocyclic substructure corresponding to a 2H-isoindole. Similar NMR pattern for 2H-isoindoles
had been described previously.? To conclude the assignment of aliphatic protons in each chain,
NOESY spectrum show connectivities between H* (N-CHs group) with H? and He and Ha and H".
The same experiment exhibits NOE between Hi and Hi with H" and H9. The COSY and 'H-13C
HSQC allowed us to determine the couple of protons bound to the same carbon in the aliphatic
chain. Moreover, the 'H-'3C HMBC experiment provided the assignment of quaternary carbons

and the aliphatic chain.
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Pup. This product has been characterized by NMR as containing a 6-membered 1,2-
dihydroisoquinoline moiety (Figures S16-21). The most relevant couples of protons found are the
pairs formed by the benzylic H¢/HY and H!/H™ protons. An important signal found in the "H-NMR
spectrum was the singlet located in 6.96 ppm and 'H-®C HSQC experiment allowed us to
determine its 3C-NMR peak (C1s, 109.8 ppm). The NOESY experiment shows connectivities with
He and H9, HvY and He and Hf. Moreover, the 'H-13C HMBC spectrum gives correlations with C1s,
C17, C1s, C1g and Ci4. These results indicated the formation of another species in the reaction
crude. We also found other indicative protons, which supported this hypothesis like H' and H™.
This couple of protons showed NOE contact between H", H° and HP'. In addition, the 'H-3C HMBC
experiment showed correlations with C+7, C14, C1s5, C3 and C12. Finally, the proton HY present a
NOE with Ht and HMBC cross-peaks with C17 and C1s. Another aromatic proton, H® presented
HMBC connectivities with C14, C15 and C13. These experiments allowed us to determine the 6
members ring formation during the reaction outcomes. NOESY experiment also determined a
NOE contact between He and H? protons and between He and Hf, Htand Hb. Additionally, HMBC
experiment showed cross-peaks between Cs4, C15s and Ce. COSY and 'H-'3C HSQC allowed us to
determine the couple of protons bound to the same carbon in the aliphatic chain. Moreover, the
'H-13C HMBC experiment provided the necessary clues for the assignment of quaternary and

aliphatic chain carbons.

1.8. Experimental details for the attempts to perform Cs,2-Csp couplings under catalytic

conditions on Cu'

1.8.1. General procedure for the catalytic reactions using L1-X as a ligand

In an inert-atmosphere glove box, ligand L4-X (X =1 or Cl or Br) (16.9 mg, 6 uymol) was dissolved
in CHsCN (2 mL). 0.5 mL of this solution was loaded in a vial and 0.5 mol% of
Cu(CH3CN)4(CF3S0Os3) was added (0.2 mL of stock solution 7.5 mM in CH3sCN). The colourless
solution becomes slightly red indicating that oxidative addition takes place obtaining the
corresponding complex arylCu''-X (X = Cl, Br). Then 2.3 mL of 13- 65 mM of p-R-phenylacetylene
(R = NO2, CF3) in CH3sCN was added. Final concentrations: [L1-X] =5 mM, [Cu] = 0.5 mM and
[p-R-phenylacetylene] = 10 - 50 mM (Table S2). For the catalysis carried out in presence of a
base, 2.2 equivalents were added in the reaction mixture. For the soluble base (EtsN) 1.15 ml of
stock solution (28 mM in CH3CN) were added into the stock solution of the p-R-phenylacetylene.
Subsequently, a portion of this solution (3 mL) were added to the reaction mixture. Insoluble bases
(K2COs, KsPO4) were weighed directly into the reaction vial. For the catalysis conducted in
presence of 2 equivalents of AgOTf or GaCls, 1.15 mL of a stock solution (26 mM) were added
into the reaction mixture. After stirring the mixture crude, at room temperature for 24 hours, 150
pL of 1,3,5-trimethoxybenzene 3 mM in CH3CN as internal standard were added and the solvent
was removed. The sample was re-dissolved in 0.5 mL of CD3sCN and NMR yields were obtained

by 'H-NMR by integration of the benzylic protons with respect to the internal standard.

187



ANNEX 2

1.8.2. General procedure for the catalytic reactions using Ls-X as a ligand

In an inert-atmosphere glove box, ligand Ls-X (X = Cl or Br) (38.7 mg, 5 ymol) was dissolved in
CDs3CN (1 mL) and 0.5 mL of a solution of 1,3,5- trimethoxybenzene was added as an internal
standard. 0.4 mL of this solution was loaded in a vial and 0.5-1 mol% of Cu(CH3CN)4(CF3SO3) or
Cu'-(C=C-Ph-pCF3) was added (0.2 mL of stock solution 2.5 mM in CD3sCN). The colourless
solution becomes yellow indicating the formation of Cu'-(C=C-Ph-pCF3) species. Then 0.4 mL of
250 mM of p-CFs-phenylacetylene in CD3CN was added. Final concentrations: [Ls-X] = 5 mM,
[Cu] = 0.5-1 mM and [p-CFs-phenylacetylene] = 10 mM. For the catalysis carried out in presence
of a base, 4 equivalents of the base were added in the reaction mixture. Insoluble bases (K2COs,
KsPO4, 'BuOK*) were weighed directly into the reaction vial. Reactions were conducted at
different temperatures (25-70°C) under stirring for 24 hours. NMR yields were obtained by 'H-

NMR by integration of the benzylic protons with respect to the internal standard.

1.9. Computational details (For more details see CD-ROOM)
The DFT-B3LYP hybrid exchange-correlation functional™9 was used to explore the Caryi-Csp
coupling mechanism conducted by copper species, All DFT calculations were performed out
using the Gaussian09 program package.!'® The molecular orbitals and geometry visualizations
presents in the main text have been generated with the Chemcraft program.['!l Optimizations
were performed with no symmetry restrictions, using the 6-31G* basis set for the all atoms. The
effect of acetonitrile solvent in the energy and geometry optimization calculations was modeled
by the SMD method.['? Dispersion effects were also introduced employing the Grimme's DFT-D>
correction.['l Mulliken and natural-population analysis (NPA)'4 Weinhold charges were

calculated for some species in solution to understand their reactivity trend.

Vibrational frequency calculations based on analytical second derivatives to obtain the enthalpy
and entropy corrections at T = 298.15 K were performed at the same level of theory. Stationary
points were established by frequency calculations in solvent-phase, where minima have no

imaginary frequencies and transition states only one.

Solvent-phase free energies are corrected with the free-energy change associated with moving
from a standard-state gas-phase pressure of 1 atm to a standard-state gas-phase concentration
of 1M, AG *".I'%I Thus, the final free energies use a standard state of an ideal gas at a gas-phase
concentration of 1 mol L-! dissolving as an ideal dilute solution at a liquid-phase concentration of

1 mol L-'. The value of AG™" at 298 K is 1.9 kcal mol-' for 1M standard state solutes.

2. Supporting Figures

Figure S1. '"H NMR monitoring of the reaction between a well-defined aryl-Cu"' complex (1cios)
with 4-Ethynil- a,a,a- trifluorotoluene (Scr3) to produce the Icesz and Pcrs quantitatively. a) Overlaid

spectra showing the consumption of substrate 1cio4 signals (circles) and growing of Icrs signals
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(stars). b) Overlaid spectra showing the consumption of reaction intermediate Icrs signals (stars)
and growing of Pcrs signals (squares). The doublet at 7.67 ppm and the singlet at 3.63 ppm, these
signals correspond to Scr3 excess. c¢) Overlaid spectra showing the consumption of reaction
intermediate Icr3 signals (stars) and growing of Pcrs signals (squares) upon addition of 2.5 eq. of
1,10-phenanthroline to sequester Cu'. Signals at 8.98 ppm, 8.57 ppm, 8.02 ppm and 7.89 ppm
correspond to 1,10-phenanthroline excess. d) Plot of the concentration changes versus time of
both lcrs and product Pcrs, with and without sequestering Cu' by the addtion of phen. Conditions
(equivalents to those of Scheme 2 in the manuscript): [1cios] = 78.6 mM, [Scr3] = 157.2 mM,
CH3CN, 0 °C, N2 atmosphere.

a)

b)
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Figure $2. ESI-MS spectrum of compound Pno2 (Mm/z = 393.2300), byproduct L1-H (m/z248.2116)

in CH3CN.
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Figure S3. NMR characterization of Pyno2: a) 'H-NMR spectrum (400 MHz, CD3CN, 47 °C). b)
3C{'H}-NMR spectrum (100 MHz, CDsCN, 47 °C). c) 'H-'H COSY spectrum (400 MHz, CD3CN,
47 °C). d) 'H-"H NOESY spectrum (400 MHz, CDsCN, 47 °C). e) 'H-"3C HSQC_ed spectrum (400
MHz, CD3CN, 47 °C). f) 'H-3C HMBC spectrum (400 MHz, CD3CN, 47 °C). g) 'H-'H TOCSY
spectrum (400 MHz, CDsCN, 47 °C).

a)

4 1,3,5-trimethoxybenzene (std.). B excess nitrophenyl acetylene.
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Figure S4. ESI-MS spectrum of compound Pcrs (Mm/z = 416.2291) in CH3CN.
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Figure S5. NMR characterization of Pce3: a) 'H-NMR spectrum (400 MHz, CDsCN, 47 °C). b)
13C{'H}-NMR spectrum (100 MHz, CD3CN, 47 °C). c¢) 'H-"H COSY spectrum (400 MHz, CDsCN,
47 °C). d) "H-"H NOESY spectrum (400 MHz, CD3CN, 47 °C). e) "H-"3C HSQC _ed spectrum (400
MHz, CD3CN, 47 °C). f) '"H-13C HMBC spectrum (400 MHz, CD3CN, 47 °C).

a)

195



ANNEX 2

O

)

w w - w1 @
H - & % S
o i = -

= kg hid

—132
—127.562

I

T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
150 145 140 135 130 125 120 115 110 105 100 55 S0 a5 80 T8 10 &5 &0 585 50 45 a0 5 0 25 20 15 10 5 ppm

O
-~

pee

2.0 1.8 1.0

B 48 4.0 5.6 5.0 2,

&

6.0 6.5

7.0 .8




ANNEX 2

d)

k

[wdd] 14
1 s

el

g B

NOESY (B0ms mix

=

e)

F2 Iopml

Lwdd] 14 _..__m 94_. ﬂ_n_.
Il 1 1 1 1 1 L 1 1 1
E
&
a
L]
i
' : e
8 g
i #
H . i
&
. "
" -
- . I
.
fhe "
t .
=h
. b
§ L
i
# - e
.
gy g
a [— oo
T

197



ANNEX 2

f)
— o ak l...._.h\ —~ _"j.r‘\ _l _.A.)J'\ [ —
B
o (=]
L < o
4%_5 ] ' ‘ # " L]
Lo R .
€1 'J * fﬁ a8
b : .2
pt . ®
IJ 7.'5 7'0 5 5.IC ‘115 ‘ll 3.'5 Z. -0 1.5 110 I DERm

Figure S6. ESI-MS spectrum of compound Pua and Pup (m/z = 348.2437) in CH3CN.
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Figure S6. NMR characterization of Pu; and Puy: a) 'H-NMR spectrum of Pua (400 MHz,
CDsCN, 47 °C). b) "H-NMR spectrum of P, (400 MHz, CD3CN, 47 °C). c) "3C{'"H}-NMR spectrum
(100 MHz, CD3CN, 47 °C). d) 'H-'H COSY spectrum (400 MHz, CD3CN, 47 °C). e) 'H-"H NOESY
spectrum (400 MHz, CD3CN, 47 °C). f) "H-'3C HSQC_ed spectrum (400 MHz, CD3CN, 47 °C). g)
1H-13C HMBC spectrum (400 MHz, CD3CN, 47 °C).
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Figure S7. HRMS spectrum of compound Icrz (m/z 416.2360), using Cryospray device at -40°C,

in CHsCN

Intens.

x106

12

416 2360

A i

4781498
i hos

TTQ.?iSﬂ

+MS, 0.9-1.0min #(55-58)

931.4044

202

300 400

500

600

700

300

500 1000 miz



ANNEX 2

Figure S8. "H-NMR spectrum of compound Icg3 in CD3CN, 400 MHz, at -10 °C.

Figure S9. 3C{'H}-NMR spectrum of compound Icr3 in CD3CN, 400 MHz, at -10 °C. (For 2D

spectras see CD-ROOM)
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Figure $10. ESI-MS spectrum of compound lcez with Cu' (m/z 478.1498) in CH3CN.

Intens. +MS, 0.9-7.0min #55-58),
x104 478.1498
2.0

1.57

1.07 450.1476

479.1519
0.51

J 481.1516

C24H28F3N3Cu, M ,475.1§

0.0
30004

2500

20001 478.1526

15007
1000 480.1509

479.1559
451.1541

4775 4730 4785 479.0 4795 480.0 4305 481.0 4815 mz

Figure S$11. ESI-MS spectrum of compound I'CF3z (m/z 444.2610) and Ls-Cl (m/z 310.2019) in
CHsCN.
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Figure $12. 'H-NMR spectrum of compound ’CF3 in CD3CN, 400 MHz, at 25 °C. (For 2D spectras

see CD-ROOM)

Figure $13. 3C{'H}-NMR spectrum of compound P’c¢3 in CD3CN, 400 MHz, at 25 °C.
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Figure S14. B3LYP-D2/6-31G*/SMD optimized geometry for the transition state involving the
intramolecular proton transfer from the phenylacetylene moiety to one of the secondary amines

of the aryl-Cu" complex. Selected bond distances are in A (irrelevant hydrogen atoms are omitted

for clarity).

Figure S15. Mulliken (green) and NPA (red) charges on the alkyne and amine moieties for

Iv-Cu' and Ino2'Cu' species.

. | . 1
ly-Cu Inoa CU

C1  -0.009 (0.035) 60'1092:14(2'(;?121) c1
Cc2  -0.208 (-0.356) -0.194 (-0.340)
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-0.648 -0.650

206



ANNEX 2

3. Supporting Tables

Table S1. Attempts to synthesize Pno2 under catalytic amounts of Cu' sources.

. : Conversion
. | Base Sno2 Additive Yield
Ligand Cu'(mol%) (equiv) (equiv) (equiv) T Proz (%) (%)
| 0,
Cu'(CH3CN),OTf ) o } 25 0 64%
(10)
Cu'(CH5CN),OTf Proton 2 i 25 0 100%
(10) Sponge (4)
I 0,
Cu (CI-(l:g)NpOTf ] o AgOTH@ 25 0 100%
I 0,
L Cu (CI-(l:g)l\l)‘tOTf ) o ] I 0 82%
| 0,
Cu (C'J('ﬁg’)"')“OTf EtN (2.2) 2" ; 25 0 100%
Cu'(CH3sCN),OTf K.CO3 100%
(10) (2.2) 2 - 25 0
I 0,
CU/(CHsCN),OTf ) o ] 25 o 75%
(10)
I 0,
CU/(CHsCN),OTf ) - . 0 30%
(10)
CUI(CH3CN)4OTf K2CO3 100%
Lq-l (10) 2.2) 2 50 0
Cu'(CH3sCN),OTf K3PO,4 100%
(10) 2.2) 2 25 0
I 0,
Cu (C'?jg;")40Tf ; 2" GaCly (2) 25 0 0%
I [))
L.-CI Cu (C*(’gg)”)“OTf ; 10* GaCls (2) 25 0 0%
I 0,
CU/(CHsCN),OTf ) 0 GaCh @) I 0 0%

(10)

(General conditions for catalytic reactions: [L1-X] = 5 mM, [nucleophile] = 10 mM, [Cu' source] =
0.5 mM and 1mM, N2, CDsCN). *added by syringe pump in 3 hours.

Table S2. Attempts to synthesize I’crs under catalytic amounts of Cu' sources.

Ligand Cu' (mol%) Base (equiv) Scrs (equiv) T (°C) Yield Pcrs (%)
Cu'(CH3CN),OTf (10) - 2 25 10%
Cu'(CH3CN),OTf (10) K2COs3 (4) 2 25 15%

Ls-Cl
Cu'(CH3CN),OTf (10) KsPOy4 (4) 2 60 0%
Cu'-(C=C-Ph-pCF;) (20) ‘BuOK*(0.2) 0.2 25 23%
Cu'-(C=C-Ph-pCF3;) (20) KsPO, (4) 2 70 0%

L5-B|'
Cu'(CH3CN),OTf (20) ‘BuOK* (4) 2 50 0%

(General conditions for catalytic reactions: [Ls-X] = 5 mM, [nucleophile] = 10 mM, [Cu' source] =
0.5 mM and 1mM, N2, CD3sCN).
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1. Materials and Methods

1.1. Materials and methods

Commercially available reagents were used as received, unless otherwise noted. Solvents were
purchased from SDS-Carlo Erba and Scharlab and were purified and dried by passing through
an activated alumina purification system (MBraun SPS-800). Preparation and handling of air-
sensitive materials was carried out in a N2 drybox (Jacomex) with Oz and H20 concentrations < 1

ppm. Ligand L41-Br, L1.H and Ls-Br were synthesized following published procedures.['-3]

1.2. Instrumentation

NMR data were collected on a Bruker 400 or 300 AVANCE spectrometer in the corresponding
deuterated solvent (CDCls, CD3CN) and calibrated with either the residual protons of the solvent
or added tetramethylsilane. NMR yields were calculated relative to an internal reference (1,3,5-
trimethoxybenzene).. High resolution mass spectra (HRMS) were recorded on a Bruker
MicrOTOF-Q IITM instrument using ESI or Cryospray ionization sources by Serveis Tecnics at

the University of Girona.
1.3. Synthesis of aryl-Ni" complexes

1.3.1 Via C-H Activation — L1-H

_|2+ + (NO3)
= " = |
03)2-6(H,0) (1 eq) N M

W-N  H  NcH @ o 4@—N—H4> H-N—IN{—N<H
N CH4CN, r.t ‘W/,N\xA M ONT
\ Overnight CH,CN \
L,-H [L4-H---Ni'"-ACNJ?* 1n03
1eq

Aryl-Ni(ll) complex 1no3 was prepared following a procedure described in the literature

previously.

'H NMR (400 MHz, CDsCN, ppm), &: 6.93 (t, 3Ji = 8.16 Hz, 1H), 6.65 (d, 3Ji = 7.75 Hz, 2H), 4.20
(bs, 2H, N-H), 4.13 (d, 2Jy= 16.51 Hz, 2H), 3.62 (dd, 2J= 14.96 Hz, 3J,= 7.76 Hz, 2H), 3.00 (td,
2Jy= 12.45 Hz, 3Jy = 2.92 Hz, 2H), 2.70- 2.65 (m, 4H), 2.62 (s, 3H) , 1.79- 1.73 (m, 2H) and 1.68
(dt, 2Ji= 16.76 Hz, 3Jy = 3.34 Hz, 2H)

13C {'"H} NMR (100 MHz, CDsCN, ppm), 5: 152.0, 147.9, 125.2, 117.7, 62.7, 61.4, 51.1, 41.2 and
23.7.

HRMS (ESI) calcd. for C1sH24NaNi* [M]*: 304.1318; found: 304.1310.
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1.3.1.1. Optimization of Reaction Conditions for the C-H Activation of L1-H

H-N

N-H

\_\/N\%

\

Ly-H

Solvent, T, O,

Time

X

In a 2 mL vial, macrocyclic ligand L1-H (0.11 mmol) and Ni(X)2 (0.11 mmol) were mixed in 1 mL

of solvent. The vial was then capped and sealed. After the required reaction time the solvent was

removed and the product mixture was analyzed using "H NMR techniques and/or ESI-HRMS-

QTOF. The resulting complexes were isolated and fully characterized. Results obtained are

summarized in Table S1.

Table S1. Reaction of L1-H with different Nickel (Il) salts under different conditions.

Eq Eq Reaction
Entry . Ni salt . Solvent T (°C) . Yield (%)?
ligand Ni(ll) time
1 1 Ni(NOs)2-6H20 1 CHsCN r.t Overnight 55
2 1 Ni(OAc)2-4H20 1 CHsCN r.t Overnight <20
3 1 Ni(ClOa4)2:6H20 1 CHsCN r.t Overnight aprox 50
4 1 Ni(OAc)2-4H20 1 MeOH r.t Overnight <20
MeOH/
5 1 Ni(OAc)2-4H20 1 r.t Overnight <20
CHsCN
6 1 Ni(NO3)2:6H20 2 CHsCN r.t Overnight | No reaction
7 2 Ni(NO3)2:6H20 1 CHsCN r.t Overnight 50
8 1 Ni(NOs)2-6H20 1 TFE 50 Overnight | No reaction
9 1 Ni(NOs)2-6H20 1 CHsCN 60 Overnight | No reaction
10° 1 Ni(NO3)2:6H20 1 CHsCN r.t Overnight | No reaction
11¢ 1 Ni(OAc)2-4H20 1 CHsCN r.t Overnight | No reaction

a |solated yield. ® Addition of 1 equiv of CsOAc as an additive after 1 hour from the beginning of the reaction.

¢ Addition of 1 equiv of sodium benzoate as an additive.
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1.3.1.2. Optimization of Reaction Conditions for the C-H Activation of Ls-H

~
@\ 2 ><
N N=CH N N
H,;C \K/N\ﬁ ’ Solvent, T, O, HsC \f 3

CH;3 Time CH;
Ls-H 5x

In a 2 mL vial, macrocyclic ligand Ls-H (0.11 mmol) and Ni(X)2 (0.11 mmol) were mixed in 1 mL
of solvent. The vial was capped and sealed. After the required reaction time the solvent was
removed and the product mixture was analyzed using '"H NMR and/or ESI-HRMS-QTOF. The
resulting complexes were isolated and fully characterized. Results obtained are summarized in
Table S2.

Table S2. Reaction of Ls-H with different Nickel (Il) salts under different conditions.

Eq . Eq. Reaction .
Entry Ni salt Solvent T Yield (%)
ligand Ni(ll) time
1 1 Ni(NOs)2:6H20 1 CHsCN r.t 24 h No Reaction
2 1 Ni(NOs)2:6H20 1 CHsCN 100°C 24 h No Reaction
3 1 Ni(NO3)2-6H20 1 CHsCN 80°C 24h No Reaction
4* 1 NiBr2 1 THF 65°C overnight | No Reaction

"Addition of 2 equiv of Na(OAc) as an additive. * Conditions used in similar work reported by Mirica
and co-workers (J. Am. Chem. Soc. 2016, 138, 5777-5780).

1.3.2 Via Oxidative addition — L4-Br

_| + (Bry _| +X
- Ni%(COD), (1 eq) ‘ N Ag*X (1 eq) ‘
“’N£L£ THF, rt, N, L N_r>  X=oTf.cio, N

Overnight \ \
L1 -Br 1 Br 1X

1eq
The synthesis of aryl-Ni(ll) complex 1o1f was achieved by reacting the model aryl-halide ligand
L+-Br with 1 equiv. of Ni(COD)2 in dry THF under a N2 atmosphere overnight, affording [Ni"(L1)]Br
(1er, >98% vyield). A counter anion exchange was performed in order to improve the solubility of
the complex using 1 eq. of AQOTf or AgCIO4. This complex is benchtop stable and has been fully
characterized spectroscopically and crystallographically. The structure obtained by X-ray

diffraction studies of compounds 1o1f and 1cios shows that the Ni(ll) centre is tetracoordinated
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and exhibits a nearly square planar geometry, in which the aryl moiety and three amine N atoms

are co-planar with the nickel centre.

e [Ni'(L1)]OTf
'H NMR (400 MHz, CD3CN, ppm), &: 6.93 (t, 3Ji = 7.39 Hz, 1H), 6.64 (d, 3Jy= 7.37 Hz, 2H), 4.13
(d, 2J4 = 16.60 Hz, 2H), 4.06 (bb, 2H, N-H), 3.64 (dd, 2Jy= 15.70 Hz, 3J, = 7.63 Hz, 2H), 3.01 (td,
2Jy = 12.66 Hz, 3Ju = 7.63 Hz, 2H), 2.71- 2.64 (m, 4H), 2.61 (s, 3H) , 2.20 (ddd, 2= 12.76 Hz,
3Jy = 6.68 Hz, 4Ji = 2.45 Hz, 2H) and 1.77- 1.65 (m, 4H).
13C {"H} NMR (100 MHz, CDsCN, ppm), 8: 152.0, 147.9, 125.3, 117.6, 62.8, 61.3, 51.2, 41.4 and
23.6.
HRMS (ESI) calcd. for C1sH2aNaNi* [M]*: 304.1318; found: 304.1310.

e [Ni"(L1)](CIOs)
H NMR (400 MHz, CD3CN, ppm), &: 6.94 (t, 3Ji= 7.75 Hz, 1H), 6.66 (d, 3Jy= 7.88 Hz, 2H), 4.15
(d, 2y = 177.42 Hz, 2H), 4.08 (bb, 2H, N-H), 3.64 (dd, 2Jy = 14.72 Hz, 3Jy = 6.62 Hz, 2H), 3.01
(td, 2Jy = 12.71 Hz, 3Jy = 2.89 Hz, 2H), 2.69- 2.65 (m, 4H), 2.62 (s, 3H) , 2.20 (ddd, 2Jy= 13.18
Hz, 3Jn= 6.53 Hz, 4Ji = 2.90 Hz, 2H) and 1.79- 1.69 (m, 4H).
13C {"H} NMR (100 MHz, CDsCN, ppm), 8: 147.8, 147.6, 125.3, 117.5, 62.7, 61.3, 51.1, 41.4 and
23.8.
HRMS (ESI) calcd. for C1sH2aNaNi* [M]*: 304.1318; found: 304.1310.

1.3.3 Via Oxidative addition — Ls-Br

_l + Br _l'*‘_OTf
Q\ _Ni%(COD), (1 eq) AgOTf (1 eq) %
- -CH N N-CH > ~N —N-CH
c : 3 H.C- NG H,;C 3
"’ NCH Tg\fergfg :tz 3 R N‘CH T N$
3 3 3

Ls-Br Br Sot¢
1eq

Aryl-Ni'" complex 5ot was prepared following procedures previously described, using Ls-Br as a

model aryl-halide, affording bright yellow crystals of [Ni'(Ls)]OTf (501, 80% yield).

H NMR (400 MHz, CDsCN, ppm), &: 6.99 (t, 3Jis= 7.52 Hz, 1H), 6.73 (d, 3Jy= 7.52 Hz, 1H), 6.66
(d, 3Ju=7.52 Hz, 1H), 4.23 (dd, 2J,= 21.28 Hz, 2Jy= 14.14 Hz, 1H), 3.90 (d, 2Ji= 15.02 Hz, 1Hz),
3.56 (d, 2Jn= 15.63 Hz, 1H), 3.40 (d, 2Jy= 13.25 Hz, 1H), 3.27 (t, 2= 13.25 Hz, 1H), 3.24- 3.15
(m, 2H), 3.15- 3.06 (m, 4H), 2.87 (td, 2Jy= 13.10 Hz, 3Jy = 3.09 Hz, 1H), 2.62 (d, 3Jw= 9.19 Hz,
3H), 2.56 (s, 1H), 2.49 (s, 2H), 2.41- 2.26 (m, 6H) and 1.62- 1.54 (m, 2H).

13C {"H} NMR (100 MHz, CDsCN, ppm), 5: 152.9, 145.6, 125.6, 119.3, 74.9, 74.3, 73.5, 62.8,
62.2, 61.8, 60.9, 54.9, 52.8, 46.8, 43.5, 41.6 and 21.3.

HRMS (ESI) calcd. for C17H2sNaNi* [M]*: 332.1620; found: 332.1631.
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2. Crystallographic data information

2.1. X-Ray crystal structure of [Ni"(L1)](NO3) (1no3)

Yellow crystals of C15H24N3NiClO4, were grown by slow diffusion of ethyl ether in an acetonitrile
solution of the compound, and used for low temperature (100(2) K) X-ray structure determination.
The measurement was carried out on a BRUKER SMART APEX CCD diffractometer using
graphite-monochromated Mo Ko radiation (1 = 0.71073 A) from an x-Ray Tube. The
measurements were made in the range 1.631 to 27.596° for 8. Hemi-sphere data collection was
carried out with w and ¢ scans. A total of 11206 reflections were collected of which 4238 [R(int)
= 0.0523] were unique. Programs used: data collection, Smart®l; data reduction, Saint+16];
absorption correction, SADABSI"L. Structure solution and refinement was done using SHELXTLI®!.
The structure was solved by direct methods and refined by full-matrix least-squares methods on
F6. The non-hydrogen atoms were refined anisotropically. The H-atoms were placed in
geometrically optimized positions and forced to ride on the atom to which they are attached.
Spurious electron density peaks non attributable to any solvent molecule were removed using the
SQUEEZE option in PLATON ],

Figure S1. X-Ray crystal structure of [Ni'(L1)](NO3) (1no3) at 50% probability level. H atoms were

omitted for clarity.

Table S3. Crystallographic parameters for [Ni'(L1)](NO3) (1no3) (CCDC code: 1526514)

Chemical formula

C15H24N4NiO3

fw (g mol) 367.08

T (K) 100 (2)
Space group Monoclinic, P 21/c
a (A) 10.806(2)

b (A) 15.026(3)

c (A) 10.763(2)

o (deg.) a0

B (deg.) 114.601(3)
y (deg.) 90

Vv (A%) 1588.97(15)
Pealcd. (g cm™®) 1.549
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A (A) 0.71073
Ry [I>2sigma(l)] 0.0330
WR; [I>2sigma(l)] 0.0887

2.2. X-Ray crystal structure of [Ni"(L1)](ClO4) (1cio4)

Yellow crystals of C15sH24N3NiClO4, were grown by slow diffusion of ethyl ether in an acetonitrile
solution of the compound, and used for low temperature (100(2) K) X-ray structure determination.
The measurement was carried out on a BRUKER SMART APEX CCD diffractometer using
graphite-monochromated Mo Ka radiation (1 = 0.71073 A) from an x-Ray Tube. The
measurements were made in the range 1.631 to 27.596° for 8. Hemi-sphere data collection was
carried out with w and ¢ scans. A total of 11206 reflections were collected of which 4238 [R(int)
= 0.0523] were unique. Programs used: data collection, Smartl®]; data reduction, Saint+];
absorption correction, SADABSI"L. Structure solution and refinement was done using SHELXTLI®!.
The structure was solved by direct methods and refined by full-matrix least-squares methods on
F¢l. The non-hydrogen atoms were refined anisotropically. The H-atoms were placed in
geometrically optimized positions and forced to ride on the atom to which they are attached.
Spurious electron density peaks non attribuitable to any solvent molecule were removed using
the SQUEEZE option in PLATON 81,

Figure S2. X-Ray crystal structure of [Ni'(L4)](ClO4) (1cios) at 50% probability level. H atoms

omitted for clarity.

Table S4. Crystallographic parameters for [Ni'(L1)](CIOa4) (1cios) (CCDC code 1526515)

Chemical formula C15H24N3NiClO4
fw (g mol™) 404.53

T (K) 100 (2)

Space group Monoclinic, C 2/c
a(A) 22.827(5)

b (A) 14.924(4)
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c (A) 10.947(3)

o (deg.) 90

B (deg.) 92.888(5)
Y (deg.) 90

Vv (A3) 3724.7(15)
Pcalcd. (g €M) 1.443

A (A) 0.71073
R [I>2sigma(l)] 0.0633
WR; [I>2sigma(l)] 0.1337

2.3. X-Ray crystal structure of [Ni"(Ls)](OTf) (501

Yellow crystals of C4gH2sF3N3NiO3S, were grown from slow diffusion of ethyl ether in an
acetonitrile solution of the compound, and used for low temperature (100(2) K) X-ray structure
determination. The measurement was carried out on a BRUKER SMART APEX CCD
diffractometer using graphite-monochromated Mo Ka radiation (1 = 0.71073 A) from an x-Ray
Tube. The measurements were made in the range 1.656 to 26.979° for 8. Hemi-sphere data
collection was carried out with w and ¢ scans. A total of 6534 reflections were collected of which
4152 [R(int) = 0.0270] were unique. Programs used: data collection, Smart!®; data reduction,
Saint+; absorption correction, SADABSII. Structure solution and refinement was done using
SHELXTLI.

The structure was solved by direct methods and refined by full-matrix least-squares methods on
F®l. The non-hydrogen atoms were refined anisotropically. The H-atoms were placed in
geometrically optimized positions and forced to ride on the atom to which they are attached. The

structure was refined as a 2-component inversion twin.

Figure S3. X-Ray crystal structure of [Ni'(Ls)](OTf) (50t¢) at 50% probability level. H atoms omitted

for clarity.
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Table S5. Crystallographic parameters for [Ni'(Ls)](OTf) (501s) (CCDC code 1526516)

Chemical formula C18H2sF3NsNiOsS
fw (g mol) 482.20

T (K) 100 (2)

Space group Monoclinic, P21
a(A) 9.287(3)

b (A) 8.926(3)

c (A 12.462(4)

o (deg.) 90

B (deg.) 99.363(5)

y (deg.) 90

V (A3) 1019.4(5)

Pcalcd. (g €M) 1.571

A(A) 0.71073

R1 [I>2sigma(l)] 0.0627

WR: [I>2sigma(l)] 0.1487

3. Electrochemical measurements

Electrochemical grade n-BusNPFe was used as the supporting electrolyte. Cyclic voltammetry
measurements were carried out in a glovebox under an inert atmosphere in a one-compartment
cell using a CH Instruments electrochemical analyzer. A glassy carbon electrode and platinum
wire were used as the working and auxiliary electrodes, respectively. The pseudo reference

electrode was an Ag/AgNOs wire.

3.1. Cyclic voltammetry (versus Ag/AgNO3) of 1o71¢

8.00E-06 ~|roy
.00E- Ni'/Ni"
6.00E-06 N
H-N N—H
4.00E-06 N\4
< 2.00E-06
s
E Fay egt¥
£ .05 03 0.1 0.3 0.5
o -2.00E-06
E-06 E1/>=0.066 V
-6.00E-06
POTENTIAL (V)

Figure S4. Cyclic Voltammogram of complex [[Ni'(L1)](OTf)] = 0.5 mM, [n-BusNPFs] = 0.1 M,
CHsCN, 298 K, scan rate = 0.1 V/s, using non-aqueous Ag/AgNQOs reference electrode.
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3.2. Cyclic voltammetry (versus Ag/AgNO3) of 5oty

ﬂ +(OTf)y
0.00002 NN i
0.000015 H.c-N—Nil—N<CH,
3 N\ N
CH;
0.00001
<
~ 0.000005
2
w
& 0
3 -0.05 0-85 0.15 725 0.35 0.45
-0.000005
-0.00001 E1/=0.227 V
-0.000015

POTENTIAL (V)

Figure S5. Cyclic Voltammogrsm of complex [[Ni"(Ls)][(OTf)] = 1 mM, [n-BusNPFs] = 0.1 M,
CHsCN, 298 K, scan rate = 0.1 V/s, using non-aqueous Ag/AgNQOs reference electrode.

4. Reactivity studies of Ni complexes

4.1 Model C-CF; bond-forming cross-coupling reactions using 1or¢

_| +(OTHy
b (2 equiv) Q\
i

~N N-H -N N-H
H H
‘—\,N\\% CD4CN, rt, 4h, \_\/N\Q
N>
1ot L1-CF3
(1 equiv) up to 98%

s cFa |

1 \ I

: " "o S O :

E I ® ©) .

. OTf :

A screw cap NMR tube was charged with [Ni"(L4)](OTf) (1o1f) complex (8 mg, 0.0176 mmol, 1
equiv) in 03 ml CDsCN, a solution of 5-(Trifluoromethyl)dibenzothiophenium
trifluoromethanesulfonate (TDTT) (14.6 mg, 0.035 mmol, 2 eq.) in 0.3 ml CDsCN was
subsequently added at room temperature, and the reaction remained light yellow. In a separate
experiment, the hypervalent iodine reagent, 3,3-Dimethyl-1-(trifluoromethyl)-1,2-benziodoxole
(12.2 mg, 0.035 mmol, 2 eq.) were added to [Ni'(L1)](OTf) complexes in CD3CN at room
temperature for 12 hours. Under these conditions, the yellow solution turned orange. 'H NMR
spectroscopic analyses of the crude reaction mixtures were consistent with the formation of the

trifluoromethylated product in more than 99% of yield.
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"H NMR (400 MHz, CDCls, ppm) 8 7.33 (t, 3Jy=7.60 Hz, 1H, H2), 7.21 (d, 3Jn = 7.44 Hz, 2H, HP),
4.61 (d, 2Jy= 14.24 Hz, 2H, Heor HY), 3.55 (d, 2Jn = 14.33 Hz, 2H, He or HY), 2.39- 2.24 (m, 6H,
He, H and Hi or Hi), 1.94 (dt, 2Jy=12.40 Hz, 3J4=5.11 Hz, 2H, H' or Hi), 1.86 (s, 3H, H*) and 1.38-
1.29 (m, 4H, H9or H").

13C {"H} NMR (100 MHz, CDCl3, ppm) & 142.4 (C3), 131.6 (C2 and C4), 130.0 (C1), 127.3 (CF3),
55.1 (C8), 53.9 (C5), 44.3 (C6), 40.3 (C9) and 27.4 (C7)

19F {'"H} NMR (282.4 MHz, CDCl3, ppm) & -53.2 ppm

HRMS (ESI) calcd. for C16H24NsF3* [M]*: 316.1995; found: 316.2007.

Monitoring of the Crude Reaction Mixture by *H NMR Spectroscopy at Low Temperature

Figure S6. Reaction progress of the formation of trifluoromethylated compound and consumption
of 101+ complex monitored by "H NMR spectroscopy at low temperature in CD3CN. Compounds

1or¢ complex, TDTT, trifluoromethylated compound and the byproduct of the oxidant,
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dibenzothiophene, are marked. (a) complex 1o7s at -40°C; (b) Reaction crude, 45 min, -40°C; (c)
1.45 h, 0°C; (d) 4.45 h, 0°C and (e) Overnight, 0°C.

4.2 Model C-CF; bond-forming cross-coupling reactions using 5or¢

_| +(OTf)
= o

(2 equiv)

-N N-CH -N N-CH
e N\% 3 CH4CN, 70°C, 48h N

\ 3 ’ ) ’ \

CH; N, CH;
Sors L5-CF,
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| ( |

| \ |

: [1] LU s@ O :

E - O i

| OTf |

A screw cap NMR tube was charged with [Ni'(Ls)](OTf) (50t1f) complex (8 mg, 0.0166 mmol, 1
equiv) in 0.3 ml CDsCN, a solution of 5-(Trifluoromethyl)dibenzothiophenium
trifluoromethanesulfonate (TDTT) (13.8 mg, 0.033 mmol, 2 eq.) in 0.3 ml CD3CN was
subsequently added at 70°C for 48h, and the reaction remained light yellow. In a separate
experiment, the hypervalent iodine reagent, 3,3-Dimethyl-1-(trifluoromethyl)-1,2-benziodoxole
(11.5 mg, 0.033 mmol, 2 eq.) was added to [Ni'(Ls)](OTf) complexes in CD3CN at 70°C for 48
hours. Under these conditions, the yellow solution turned to orange. 'HNMR spectroscopic
analyses of the crude reaction mixtures were consistent with the formation of the

trifluoromethylated product in more than 99% of yield.

"H NMR (400 MHz, CDCl3, ppm) & 7.27 (s, 3H, H2 and HP), 4.11 (d, 2Jy= 13.13 Hz, 2H, Heor HY),
3.19 (d, 2Jy=13.13 Hz, 2H, He or HY), 2.35 (s, 6H, H'), 2.31- 2.21 (m, 5H, He, Hfand Hi or Hi), 1.89
(s, 3H, H¥), 1.37- 1.28 (m, 4H, Hi and Hiand H9 or H" ) and 0.92- 0.80 (m, 3H, H9and H").

13C {"H} NMR (100 MHz, CDClI3, ppm) & 140.4 (C3), 132.6 (C1 and C2), 131.9 (C4), 129.5 (CF3),
62.4 (C5), 53.8 (C9), 53.6 (C6), 44.6 (C10), 29.9 (C7) and 20.6 (C8).

19F {"H} NMR (282.4 MHz, CDCl;, ppm) & -53.8 ppm.

HRMS (ESI) calcd. for C1sH2sNaFa* [M]*: 344.2308; found: 344.2318.
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4.3. Spin trapping experiments

'Qiiib‘ ]+t W o ;;:::}\\\
@ \,J\]/O (1 equiv) g

H,N N-H + 4\ H’N N-H
CH3CN, r.t, 24h,
L—\\/N\4:> 3 L—\/N\\r\>

\ N2
Tors PBN L,-CFs
(1 equiv) (2 equiv)
e er ]
1 \ 1
| "CFy™ = s 0 !
E i ® © :
: oTf :

In an inert-atmosphere glove box, a sample of the [Ni'(L1)](OTf) complex (5 mg, 0.01 mmol, 1
eq.) were dissolved in 100 yL of degassed d8-DMSO and 100 pL of a solution of 1,3,5-
trimethoxybenzene was added as an internal standard, a soluton of 5-
(Trifluoromethyl)dibenzothiophenium trifluoromethanesulfonate (TDTT) (4.6 mg, 0.01 mmol, 1
eq.) in 0.3 mL of d®-DMSO was subsequently added at room temperature. After few seconds
stirring a solution of the spin trap N-tert-butyl-a-phenylinitrone (BPN) (3.9 mg, 0.02 mmol, 2 equiv)
in 0.2 mL d8-DMSO was added. In a separate experiment, the hypervalent iodine reagent, 3,3-
Dimethyl-1-(trifluoromethyl)-1,2-benziodoxole (3.9 mg, 0.01 mmol, 1 eq.) were used as a
trifluoromethyl source. Under these conditions, the yellow solutions turned to orange. After 24
hours, "H NMR spectroscopic analyses of the crude mixture was consistent with the absence of
radical intermediates in the product formation. Products yields were determined by integration of

the corresponding "H NMR peaks relative to the internal standard.

5. XAS studies

5.1. Sample preparation, data acquisition and processing

A 10 mM solution sample of [L4-H--Ni"]*2 was prepared in butyronitrile by mixing 1 eq. of
nickel (Il) perchlorate with L1-H and immediately freezing the mixture upon loading into a sample
cell. Similarly a 10mM solution of the 1no3 was formed by reacting two eq. of the Lq-H with 1 eq.
of nickel(ll) nitrate in acetonitrile. The reaction was stirred overnight and then filtered. A solid
sample was also obtained by slow diffusion of diethyl ether into the filtrate. The 1ci04 was formed
by reaction of 1 eq. of L1-Br with 1 eq. of Ni(0)(COD).. The precipitate was collected and
suspended in dichloromethane with 1 eq. of silver (I) perchlorate. The solution was filtered and
the solvent removed from the filtrate to yield an off-yellow powder which was recrystallized from

acetonitrile:diethyl ether.
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Solution samples of [L1-H--Ni"]*2 and 1nos were run on the XAFS beamline at Elettra
Sincrotrone Trieste equipped with a Si(111) double crystal monochromator. Solution data was
collected in fluorescence mode and samples were kept at ~90 K using a liquid nitrogen finger
dewar. Solid samples of 1no3 and 1cios Were diluted in boron nitride and were run at the ALBA
synchrotron, CLAESS beamline, equipped with a Si(111) double crystal monochromator. A liquid
nitrogen flow cryostat was again used to maintain samples at liquid nitrogen temperatures and
data was collected in transmission mode.

Background subtraction and normalization was carried out using the Athena software
package.® The energies were calibrated to the first inflection point of Ni foil taken as 8331.6 eV.
EXAFS were extracted using the AUTOBK algorithm having a spline with a k range of 1 to 12.5
A-" and a Rokg value of 1.1 A. EXAFS analysis was carried out with the Artemis software program
employing the IFFEFIT engine and the FEFF6 code.!®-'"l Fits were carried out on k?-weighted data
in r-space using a Hannings window (dk=2), with the So? value set to 0.9, and a global OEo with
the initial Eo value set to the inflection point of the rising edge. As previously described, single and
multiple scattering paths were fit in terms of a Oref and o2 and to assess the goodness of the fits

the Rractor (%R) was minimized.[2.13]

5.2. XANES Analysis

Figure S7: (left) [L4+-H--Ni"]*2 XANES pre-edge fit; (center) 1nos in acetonitrile solution XANES

pre-edge fit; (right) comparison of solid and solution samples of 1no3 and 1ors.

5.3. EXAFS Analysis

Table S6: EXAFS fits carried out in r-space with a Hanning window (dk 2), a k-weight = 2 and So
= 0.9. Bond distances and disorder parameters (Arerf and o2) were allowed to float having initial

values of 0.0 A and 0.003 A2 respectively (o2 reported as x103 A2).

[L+-H--Ni"]*2 series

Ni-N/C Ni-C/N Ni-C/N Ni--C/N Ni--N/C-N/C--Ni Ni--N/C-N/C--Ni Ni--C/N Ni--N/C-N/C--Ni

MODEL k-range r-range Var. %R;con DE;, [N rA) s®”|N rA) s®|N rA) s”|N rA) s®”|[N rA) s®|N rA) s®|N rA) s®”| N rA) s
[LH-Ni" 70

2-120 1-3.2 4 4967 0 4 209(1) 1(1) |1 2.28(2) 1(1) |2 2.75(2) 1(1) | 6 3.14(3) 1(1) | 3 3.32(3) 1(1) |4 3.40(3) 1(1) |2 3.43(3) 1(1) | 12 3.47(3) 1(1)

2120 132 4 4100 0 |45 2001 2(1) |1 229(2) 2(1) |2 2.77(2) 2(1) |6 3.14(3) 2(1) | 3 3.31(3) 2(1) |4 3.40(3) 2(1) |2 3.42(3) 2(1) | 12 3.47(3) 2(1)

2120 132 4 4124 0 5 2091 2(1) |1 231(2) 2(1) [2 2.78(2) 2(1) |6 3.14(3) 2(1) | 3 3.31(3) 2(1) [4 339(3) 2(1) |2 3.42(3) 2(1) | 12 3.473) 2(1)
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Ni-aryl series

Ni-N/C Ni-C/N Ni-C/N Ni--C/N Ni--N/C-N/C--Ni Ni--N/C-N/C--Ni Ni--C/N
MODEL k-range r-range Var. %R.qox DE; |N r(A) s*|N r(A) s®”|N rAd) s®|N rA) s®”|N rA) s”|N rA) s”|N rA) s*
1yossolution)

24110 130 4 4406 -3.2(1.4) | 3 1.97(2) 6(1) |1 1.79(2) 3(2) | 2 2.75(2) 3(2) | 4 2.89(2) 6(1) | 4 2.97(2) 3(2) | 8 3.18(2) 6(1) |2 3.33(2) 6(1)
1yosfsolid)
2-12.0 132 5 3.208 -3.5(1.1) | 3 1.96(2) 6(1) | 1 1.83(2) 6(1) [ 2 2.79(1) 5(2) |4 2.89(1) 5(2) | 4 3.00(1) 5(2) | 8 3.18(1) 5(2) | 2 3.34(1) 5(2)
1orddsolid)
2120 132 5 2729 -3.8(1.1)| 3 1.97(2) 5(1) |1 1.83(2) 5(1) | 2 2.79(1) 5(2) | 4 2.90(1) 5(2) | 4 3.01(1) 5(2) | 8 3.19(1) 5(2) | 2 3.34(1) 5(2)

Figure S8: Fourier-transformed EXAFS spectra (no phase correction, FT, window as shown in
the inset); Inset: k2-weighted unfiltered EXAFS spectra. (top left) 10 mM [L1-H--Ni"]*2; (top right)
10 mM 1nos (bottom left) 1nos solid in boron nitride matrix; (bottom right) 1o7¢ solid in boron nitride

matrix.

6. Computational Studies

All calculations of the mechanism A, B, and C (Scheme 4 main text) were performed with
Gaussian 09 program.['*l Geometry optimizations were obtained using the Becke three-parameter
functional with the Becke 88 exchange functional and the Lee, Yang, and Parr correlation
functional (B3LYP)!'>-18] along with the TZPV basis set developed by Ahlrichs!'%-20, The empirical
dispersion was described using the D3 version of Grimme’s model with Becke-Johnson damping
algorithm (GD3BJ)22" approach and the solvation effects in Acetonitrile were simulated using
PCM-SMD method developed by Truhlar et al?2. Subsequent frequency calculations at the same
level of theory were performed to evaluate enthalpy and entropy and entropy corrections at 298.15
K (Gcorr.) and ensured that all local minima had only real frequencies while a single imaginary
frequency confirmed the presence of transition states. All the transition states were connected to

the corresponding reactants and productswith IRC calculations. Finally, single point energy
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calculations were done with a more flexible basis set, cc-pVTZ[324], including also the solvent

effects and GD3BJ dispersion corrections (Ecc-pvTz).

The change of conventional 1 atm standard state for gas-phase calculations to a standard-state
gas-phase concentration of 1.0 M requires the introduction of a concentration-change term of
1.89 kcal/mol at 298.15 K, AG°/*. Then, the final total Gibbs free energy (G) was given by:

G= Ecc—pVTZ + Goorr +AG°) (EQUation 81)

6.1. Single Electron Transfer
For the single electron transfer (SET) processes, the free energy barrier (AGser) was calculated
with the formalism of the Marcus approximation (commonly known as Marcus Theory for Single
electron transfer)?>271, in which the barrier is defined by the Gibbs Energy of the redox reaction

(AGredox) and the reorganization energy (A) with the expression:

(AGredox + 7\) 2

AGggr = 4N ’

A= A+ Ay

Where A describes the sum of the inner sphere reorganization energy (Ais) and the outer sphere
reorganization energy (Aos). The former (Ais) describes the contribution due to the slight
geometrical change of the molecules when the electronic states change, i.e., the energy to
reorganize the geometry caused by the electron transfer; And the latter (Aos) corresponds to the
energy require to rearrange the surrounding solvent molecules of the system.

We can calculate Ais as the total reorganization energy for products(Aisp) and reactants(Aisr).
Ais = Aisp + Aisr)/2

Then, these energies can be computed as the energy difference between the ground state
products with reactants’ geometry (E(PRQO)gr) and the ground state products at their optimized
geometry (E(PRO)or7), and the energy difference between the ground state reactants with
product's geometry (E(RE)p) and the ground state reactants at their optimized geometry

(E(RE)ort). In Figure S9 this approach is shown in a clearer way.

Aisp = E(PRO)g — E(PRO)OPT
Aisr = E(RE)p — E(RE)OPT
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Figure S9. The plot illustrates the Marcus approach to calculate the inner sphere reorganization
energy. It shows a typical electron transfer free-energy profile for reactants and products within

the Marcus model of two spheres, being AG*ser the Marcus barrier.

In the other hand, the expression to describe Aos in @ continuum solvent models is as follows:

1 1 1 1 1
oo = 00 (- ) (- L
2r;  2r, R/\D,p €

Where Aq is the charge transferred, r1and rz are the radii of the reactant molecules, R is the radius
of the reactant adduct, and Dopand €; are the static and optical dielectric constants of the solvent.
The radii are computed from the sphere that corresponds to the molecular volume defined as the

volume inside a contour of 0.001 electrons/Bohr3 density.
6.2 Supplementary Energy profile

The Gibbs free energy profile for the mechanism A computed at B3LYP/cc-pVTZ//B3LYP/TZPV
level is described in the Figure S10. We compared the free energies of all the species at infinite
distance with their respective adduct complexes with TDT*(S-
(Trifluoromethyl)dibenzothiophenium) or DBT (Dibenzothiophene) and selected the most stable
species. The Energy profile of the mechanism B is not shown due to the trifluoromethyl radical

preference for the Nickel(lll).
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Figure S10: Free energy profile for the proposed mechanism A computed at B3LYP/cc-
pVTZ//B3LYP/TZPV level. TS1 and TS+.art correspond to the two plausible transitions states that
connects the Ni (Il) and Ni (IV) species through an oxidative addition-like step. The former
represents an Sn2-like attack between the species, while the latter describes a sort-of-lateral
attack. TSz is the transition state of the reductive elimination final step of the pathway A. Blue
lines represent the singlet state pathway, whereas magenta ones describe the ftriplet profile.
Atomic color code: Carbon, Nitrogen, Fluorine, ; In the case of Nickel, different colors

are assigned to different oxidation states: Nickel (Il), Nickel (IV).

6.3. Trifluoromethyl radical addition to aryl-Ni"' complex 6

Using IRC calculations at B3LYP-GD3BJ/TZPV level, we were able to explore the PES of the
CF3s- addition to the nickel complex to find the lowest energy barrier for the radical attack. As we
stated in the paper, our initial guess was that the most vulnerable position could be the aromatic
carbon bonded to the Ni center. However, after a thorough search we found that the CF3- attack
occurs at the Ni itself in a barrierless way (see Figure S10). Some snapshots of these IRCs were
taken to illustrate how the attack is on the Ni. Even if -CF3 is placed over the aromatic carbon as
starting point of the IRC calculation (see Figure S10B), the CF3- pass close over the aromatic
carbon and attack the metal. During the pathway, we used the spin density as an indicator of the

radical character of the -CF3 species.
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A Radical CFs attack on Nickel (111)
30.0

25.0

Ni(Ill) + -CF3 radical
20.0

10.0

= Qpen shell singlet

>0 Ni(IV)-CF3

Bond lenght:1.95 A

i
i
1
i
1
:
i

15.0 i
:
1
1
!
| +— Close shell singlet
1

0.0

+
1.0 1.5 i;}ﬂ 2.5 3.0 3.5 4.0 4.5 5.0

SCF Energy (kcal/mol)

-5.0

-10.0
CF3-Ni Distance (A)

Vil Vil X X XI

Figure S11. Energy profile computed at BSLYP-GD3BJ/TZPV level and snapshots sequence of
the CF3- attack to the Ni" to generate Ni'V-CFs. The plot A shows the electronic energy profile of
the barrierless approach of the radical to the Ni"'. The spin density allowed us to locate the bond
distance at which the NiV-CF3 can be formally considered initially formed (no spin density on the
CF3). The sequence of IRC snapshots in scheme B illustrates the attack on the Nickel center.
Color code: Carbon, Nitrogen, Fluorine, ; In the case of Nickel, different colors are

assigned to different oxidation states: Ni'"', Ni'V.
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6.4 Comparative Energy profiles of complex [L1-H--Ni"-solv]?* (solv = H.O or MeCN

exogenous ligands)

Table S7. The Gibbs free energies of [L1-H---Ni'-solv]*2 having either a water exogenous ligand
([L1-H--Ni"-H2Q0]*?) or an acetonitrile ligand ( [L1-H---Ni"-MeCN]*?) were investigated and it was
found that ligation of the Ni center by acetonitrile (MeCN) is favored.

uB3LYP/ TZPV Electronic Energy (a.u) Gibbs (a.u.)?
Acetonitrile (MeCN) -132.821896 -132.793964
Water (H20) -76.470309 -76.464298
[L1-H--Ni"-H20]"? -2335.928727 -2335.552166
[L1-H--Ni"-MeCN]*? -2392.287198 -2391.890017
(1) [L1-H--Ni"-H2071*2 +(MeCN) -2468.750623 -2468.346130
(2) [L1-H--Ni"-MeCNJ]*2 +(H20) -2468.757507 -2468.354315
Difference (kcal/mol ) for (1)-(2) 4.32 5.14

a) The final total Gibbs free energy (G) was given by G = Erzev + Georr. + AG®/*, where the calclation of AG°/*
has been done considering the standard-state concentration of 10mM for the complexes [L1-H--Ni'-H20]*2
and [L1-H--Ni"-MeCN]*2, 50 mM for Water, and 19 M for the Acetonitrile (solvent).

7. Supplementary Figures

Figure S12. HRMS (ESI-MS) spectrum of complex [Ni'(L1)](OTf) (1o1s). Experiment performed

in CH3sCN (spectrum at the bottom corresponds to the simulated peak).
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Figure S13. Complex [Ni"(L1)]JOTf (1o1): a) 'H-NMR spectrum (400 MHz, CDsCN, 25 °C). b)
3C-NMR spectrum (100 MHz, CD3sCN 25 °C). ¢) 'H-"H COSY spectrum (400 MHz, CDsCN, 25°C).
d) 'H-13C HSQC_ed spectrum (400 MHz, CDsCN, 25°C). e) 'H-3C HMBC (400 MHz, CDsCN,

25°C).
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Figure S14. HRMS (ESI-MS) spectrum of complex [Ni"(Ls)](OTf) (501s). Experiment

performed in CH3CN (spectrum at the bottom corresponds to the simulated peak)
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Figure S15. Complex [Ni"(Ls)]JOTf (50t): a) 'H-NMR spectrum (400 MHz, CDsCN, 25 °C). b)
3C-NMR spectrum (100 MHz, CD3sCN 25 °C). ¢) 'H-"H COSY spectrum (400 MHz, CDsCN, 25°C).

pectrum (400 MHz, CD3CN, 25°C). e) '"H-'3C HMBC (400 MHz, CD3sCN,
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Figure S16. HRMS (ESI-MS) spectrum of the coupling product L1-CF3 Experiment performed

in CHCIs (spectrum at the bottom corresponds to the simulated peak)
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Figure S17. L4+-CF; coupling product: a) "H-NMR spectrum (400 MHz, CD3CN, 25 °C). b) 13C-
NMR spectrum (100 MHz, CD3CN 25 °C). ¢) 'H-"H COSY spectrum (400 MHz, CD3CN, 25°C). d)
'H-'"H NOESY spectrum (400 MHz, CD3CN, 25°C). e) 'H-3C HSQC_ed spectrum (400 MHz,
CDsCN, 25°C). f) 'H-"3C HMBC (400 MHz, CD3CN, 25°C).
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Figure $18. HRMS (ESI-MS) spectrum of the coupling product Ls-CFs. Experiment performed

in CHCIs (spectrum at the bottom corresponds to the simulated peak).

.H
H.c-N N-CHj
3 ;\,N\\KA
CHs

Figure $19. Ls-CF3; coupling product: a) '"H-NMR spectrum (400 MHz, CD3CN, 25 °C). b) '3C-
NMR spectrum (100 MHz, CDsCN 25 °C). ¢) 'H-'H COSY spectrum (400 MHz, CD3CN, 25°C). d)
'H-'H NOESY spectrum (400 MHz, CD3sCN, 25°C). e) 'H-13C HSQC_ed spectrum (400 MHz,
CDsCN, 25°C). f) 'H-13C HMBC (400 MHz, CDsCN, 25°C).
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* residual signals of TDTT and DBT, which could not be removed
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f)

Figure S20. 'THNMR spectrum of complex [Ni'(L1)](OTf) (1ors) upon the addition of 1 equiv of
TDTT and 2 equiv of the radical trap BPN.

Figure $20. "HNMR spectrum of the formation of the coupling product after 24h of the addition
to 1o1s of 1 equiv of TDTT and 2 equiv of the radical trap BPN.
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Figure S22. "HNMR spectrum of complex [Ni'(L1)](OTf) (1ots) upon the addition of 1 equiv of the

hypervalent iodine reagent and 2 equiv of the radical trap BPN.
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Figure S23. '"HNMR spectrum of complex [Ni"(L1)](OTf) (1ot) after 48h of the addition of 1 equiv

of the hypervalent iodine reagent and 2 equiv of the radical trap BPN.
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Supplementary Information Chapter VI

Orthogonal discrimination among functional groups in Ullmann-type C-O and C-N couplings
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Catalonia, Spain.

CONTENTS
1. Supplementary methods ... 249
1.1, INSEUMENTALION ... e 249
2. Supplementary SChEMES .............cccoviiiiiiiiiiiee e 251
Scheme S1. Competition reactions using iodobenzene...............ccccoiiiiiiii e, 251

Scheme S2 and S3. Competition reactions using p-iodotoluene and p-iodonitrobenzene

............................................................................................................................................... 252
Scheme S4. Competition reactions using bromobenzene ............cccoccvvveeeiiiiiiiiiiiieeeeeen. 253
Scheme S5. Competition reactions using chloroobenzene............cccccovveeeiiiiiiiiiiiieeeneenn. 255

Scheme S6. Selected coupling reactions with significant formation of benzene via

o] ge1 (0] e [=TeTu o] =11 o] o PSSP 256
3. Supplementary FIQUIES ... 257
3.1.Supplementary FIgures S3 ... 257

3.2. Supplementary Figures. Auxiliary ligand ............cccccoiiiiiieee s 274

4. Supplementary tables.............occoiiiiiii 277
5. Supplementary referencCes .............ccoooiiiiiiiiiii i 281

1. Supplementary methods

1.1 Instrumentation

'H and 3C NMR spectra were recorded with a 400 MHz or 300 MHz NMR spectrometer. Chemical
shifts (&) are reported in ppm and were directly referenced to the solvent signal. GC product analyses
were performed with a gas chromatograph equipped with an HP-5 capillary column (30 m x 0.32 mm
x 0.25 ym) and a flame ionization detector. GC-MS analyses were performed with a gas
chromatograph equipped with an HP-5 capillary column interfaced with a mass spectrometer. The

electron ionization (El) source was set at 70 eV.
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High resolution mass spectra (HRMS) were recorded with MicrOTOF-Q IITM instrument with ESI or
Cryospray ionization sources. Samples were introduced into the mass spectrometer ion source by
direct injection through a syringe pump and were externally calibrated by using sodium formate.

All analyses were carried out on gas chromatography instrument GC-System equipped with a fused
silica capillary column HP-5 19091J-102 (25m x 200um x 0.33um). The stationary phase used is 5%-
phenylmethylpolysiloxane. Temperatures range, in which the column is working, cannot be higher
than 325°C. The injection was carried out on a split/splitless automatic injector at 275°C, in split mode
with ratio 100:1 and volume injected was 1uL. Helium was the carrier gas at a rate of 2ml/min in inlet.
The detection was conducted by a FID, which temperature was 300°C, and the hydrogen flow rate
was 40mL/min and air flow rate was 350 mL/min, respectively, with a makeup flow of 20 mL/min.
The temperature program was as follows: starting at 75°C for 0.5 min and then raised to 190°C at
10°C/min. A ramp to 300°C at 20°C/min and 1 min hold was needed to purge the system. The

analysis time was 18.5 min.
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2. Supplementary Schemes

Scheme S1. Competitive reactions using iodobenzene (conversions are given in parenthesis).

A) (expanded Scheme 7M, main text)

O

2 NH Cul (10 mol%)

| L (10 mol%)
_
N

Base (2 equiv.)

OH N2, 24h, 50°C, DMSO R ———————
2/©/ DLy (K3PO,) T1% (84%) 9% (84%) !
le} _ ’

| o L, (CsF): 49% (84%) 2% (84%)
Ls (KsPO4): 57% (83%) 18% (83%)
Ly (K3PO4): 60% (74%) 7% (74%)
L1g (K5POy): 40% (92%)  20% (92%) (70°C)
L1g (K:CO3): 36% (92%)  21% (92%) (RT)

-
<
e

L1o (KsPOy): 25% (89%)  24% (89%) (RT)

Le (KoCO3) 51% (92%) 41% (92%)

Le (K2CO3): 43% (82%) 52% (82%) (RT)

Le (K,CO3): 29% (99%) 15% (99%) (70°C)

Lg (CsF): 47% (100%) 49% (100%)
B) (expanded Scheme 8C, main text)

/Nm/
2 Cul (10 mol%)

| - |

| o !

: RLLES O A SN GO W
2h * o] 5 o!

Base (2 equiv.)

OH N, 24h,130°C,.DMso  3h . Sc__________ ;
2 e e .
o/©/ | Lg (KC03) 0.3% (96%)  95% (96%) (50°C);

| ” L1 (KsCO3) 0.4% (74%)  T2% (74%) (50°C)

L (K3POy): 4% (100%)  95% (100%)
L1 (K3PO,) 18% (100%)  73% (100%)

L1 (K3PO.): 7% (50%) 37% (56%) (50°C)
L1 (CsF): 15% (100%) 72% (100%)
Lg (K,CO3): 3% (80%) 57% (80%)
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Scheme S2. Competitive reactions using p-iodotoluene (conversions are given in parenthesis).
Characterization of 3n and 70 has been performed following the experimental description published
in ref [1].

0
NH, L
2 | Cul (10 mol%) Q/ ; i
/@/ L (10 mol%) :O/ \©\
2a + +: H
Base (equiv.) Ej)L i i

NH Ny, 24 h, 50°C, DMSO 7o
o T e [TeJlom
[ Lg (CSF): 92% (100%) 1% (100%)]
6d Ly (KsPOL ) 25% (45%) 0% (45%)
! Ly (CsF): 0% (79%) 5% (79%) |

.........................................

Scheme S3. Competitive reactions using p-iodonitrobenzene (conversions are given in parenthesis).
Characterization of 31 and 7m has been performed following the experimental description published
in ref [1].

(o}
2 NH : H
| Cul (10 mol%) E N
2a + D/ L (10 mol%) ©)L +E O/

NH, O.N Base (equiv.) 2
) O Ny, 24 h, 50°C, DMSO 7m
o [ L3 (K3PO,) 64% (92%) 2% (92%) ]
Lg (CsF): 47% (60%) 2% (60%)
' Ly (CsF): 1% (82%) 66% (82%) !
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Scheme S4. Competition reactions using bromobenzene (conversions are given in parenthesis).

Competition A' (analogous to Scheme 7A, main text)

......................

NH, Cul (10 mol%) H ! o 5

Br L (10 mol%) N . :©/ \©\ :

2a * ©/ > 0 i 1) E
3a : :

.

K3POy4 (2 equiv.)

OH Nz, 24h,110C,DMso (3% ] 5 [ :
2
o/©/ (L 47% (63%) 4% (63%)

| 4c St

Lq: 17% (81%) 29% (81%)

Competition C' (analogous to Scheme 7C, main text)

(e}
2 @NHz
2a
+

Cul (10 mol%) H i H |

Br 0, N ' 1
L (10 mol%) +:©/ \O

3a . :

Base (2 equiv.) 7d
) O/NH? Ny, 24h, 110°C, DMSO ~ ————————  ~-r--momeeeeoeee
(L3 (K3PO,) 68% (88%) 2% (88%)
6d Lg (K,CO3): 62% (100%)  10% (100%)
Lq (K3PO4) 3% 61%) 0.5% (61%)

Competition D' (analogous to Scheme 7D, main text)

o)

X NH,
_ Cul (10 mol%)

2f Br L (10 mol%)
* Base (2 equiv.)
O/NHZ N,, 24h, 110°C, DMSO
2

2|
N

(Lg (K,CO3) 35% (65%)  21% (65%))

6d
L4 (CsF): 0% (35%) 0% (35%)
L3 (KsPOy) 0% (74%) 0% (74%)
Lg (CsF): 21% (58%) 20% (58%)
Ly o e sk T

Ly (K;CO3) 7% (92%)  39% (92%)
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Competition G' (analogous to Scheme 7G, main text)

_____________________

H
2 /Nj(
Cul (10 mol%)

| - !

Br N ; !

o " O/ L (10 mol%) ©/ | :©/ \©\ |
2h Base (2 equiv.) O i 0!

Ny, 24h, 130°C, DMSO

NH, 3h O 7 |
2 O/Ej (La(KsPO,): 34% (62%) 3% (62%) |

6c il
- i Lg (K:COg): 1% (99%) 73% (99%) |

Lg (CSF): 2% (98%) 33% (98%)

L1 (K5POy): 5% (32%) 0.4% (32%)

Competition J' (analogous to Scheme 7J, main text)

OH
() _— \
Br Cul (10 mol%) : H
4a . _L@omol%) \O N
Base (2 equiv.) !

o

©/NH2 N>, 24h, 110°C, DMSO 7a
Sy ¢ eI sa ) B J
(Lo (KsPO,): 84% (99%) 0% (99%) |
6a L; (K,CO3): 26% (80%) 6% (80%)
L, (K3PO.): 24% (96%) 6% (96%)
(Lg (CSF): 2% (47%) 28% (47%) |
Lg (K2CO3): 5% (92%) 28% (92%)
Lg (CSF): 7% (89%) 26% (89%)
Lg (CSF): 7% (89%) 26% (89%) (130°C)

Bifunctional 8a (analogous to Scheme 9A, main text)

Cul (10 mol%

e o B R oot

Base (2 equiv.)
N,, 24h, 110°C, DMSO

[ Lg (K5PO,): 90% (99%) 6% (99%)]

L, (CsF): 36% (99%) 26% (99%)
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Scheme S5. Reactions with chlorobenzene (conversions are given in parenthesis).

o)

Cl
NH
- |

2a

Cl NH>
SAREN®
(@]

|
6¢c

Cl NH,
T

6d

Cul (10 mol%)
L (10 mol%)

Base (2 equiv.)
N, 24 h, 130°C, DMSO 3a

La (K3POy): 2% (27%)

syl

Lg (CSF): 0% (19%)

g @ &
Base (2 equiv.)

N, 24 h, 130°C, DMSO

Cul (10 mol%)

L (10 mol%)
R E—
Base (2 equiv.)

N,, 24 h, 130°C, DMSO

Cul (10 mol%)
L (10 mol%)

L; (CsF): 8% (35%)
Cul (10 mol%) |
L (10 mol%) NT]/
Base (2 equiv.) ©/ O

N,, 24 h, 130°C, DMSO 3h

Lq (K3PO,): 0% (29%)
Lq (K3PO4) 1% (27%)
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Scheme S6. Selected coupling reactions with significant formation of benzene via protodecupration
(conversions are given in parenthesis).
Cul (10 mol%)

H
©/'+ , ©/NH2 Lg (10 mol%) _ ©/N\© . @

CsF(2equiv.)

60% 6%
6a D'\QSON o 7 (66%) (66%)
2 equiv. 50°C, N2,
0 H
Cul (10 mol%) N

| NH, )
©/ ., /@ Lg (10 mol%) _ ©/
ON

CsF (2 equiv.)
6b DMSO
50°C, Ny, 24h

) source (10% mol)

Oy, e T @O ®

CsF (2 equiv.) 76% 49

6c Solvent (79%) (79%)
50°C, N,, 24h

I
| H Cul (10 mol%) N
©/ + /N L4 (10 mol%) ©/ TO( + ©
_—

K3POy4 (2 equiv.) 3h 91% 6%
2h N,, 24h, 130°C, DMSO (98%) (98%)
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Expanded Scheme 7G, main text

2 /N\n/

(0]

|
(Y
NH,
: IV
O

|
6¢c

Expanded Scheme 7J, main text

|
4a + ©/
NH,
(T

6a

Expanded Scheme 7L, main text

Cul (10 mol%)
L (10 mol%)

Base (2 equiv.)
N,, 24h, 130°C, DMSO Sh

L4 (K3PO4):

benzene

80% (100%) 10% (100%)

[ 3h/7cratio =8 8% (1 OO%)]

—————————————————

Cul (10 mol%)
L (10 mol%)

Base (2 equiv.)
N,, 24h, 50°C, DMSO 5a

“
e
¢
g

benzene

(5ar7aratio > 100 L (KsPOy): 99% (100%) 0% (100%)  <1% (100%))

Cul (10 mol%)
L (10 mol%)

Base (2 equiv.) |

Ny, 24h, 50°C, DMSO Benzene

[5c/3g ratio > 100 Lg (K3PO,): 94% (100%) 0% (100%) <1% (100%)}

3. Supplementary Figures (For more NMR spectra see CD-ROOM)

3.1 Supplementary Figures S3: '"H NMR, "*C{"H}NMR and ESI-TOF or GC-MS spectra
Conditions A: 10 mol% Cul, 10 mol% L, 2 eq. KsPO4, 50°C, 24h, N2, DMSO.
Conditions C: 10 mol% Cul, 10 mol% L, 2 eq. KsPO4, 130°C, 24h, N2, DMSO.
Conditions D: 10 mol% Cul, 10 mol% L, 2 eq. CsF, 50°C, 24h, N2, DMSO.
Conditions F: 10 mol% Cul, 10 mol% L, 2 eq. KsPOg4, 70°C, 24h, N2, DMSO.
Conditions G: 10 mol% Cul, 10 mol% L, 2 eq. CsF, 70°C, 24h, N2, DMSO.
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Bifunctionals Substrates

Figure S1. 7-phenoxy-1,2,3,4-tetrahydronaphthalen-2-amine (9a): synthesized using conditions
A and L as an auxiliary ligand; a) HRMS (ESI-TOF) (m/z). b) 'TH-NMR spectrum (400 MHz, CDCls,

25 °C). c¢) 3C{'H}-NMR spectrum (100 MHz, CDCls, 25 °C).

a)
: 0. : : NH,
b)
1RRRERqRECesEtstes  GARRREART 3 3% AR
Ha HdHs Hg
Hb (0] NH,
Hh
He Hi
i
HeHI” Hk'
|
I
L e J LJ
g E%t TEE T T %
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)
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c)
1 6
4 O 79 NH2
2
14 10
131
1‘90 1‘80 1‘70 1‘60 1‘50 1‘40 1‘30 1‘20 1‘10 160 9‘0 éO 7‘0 f;o 5‘:0 ‘;0 ?10 2‘0 1‘0

f1 (ppm)

Figure S2. 7-(phenylamino)-5,6,7,8-tetrahydronaphthalen-2-ol (10a): synthesized using
conditions D and 20 mol% of Lg as an auxiliary ligand; a) HRMS (ESI-TOF) (m/z). b) 'H-NMR
spectrum (400 MHz, CDCls, 25 °C). c) "3 C{'H}-NMR spectrum (100 MHz, CDCls, 25 °C).
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Figure S3. 4'-hydroxy-N-phenyl-[1,1'-biphenyl]-3-carboxamide (9b): synthesized using
conditions A and Lz as an auxiliary ligand; a) HRMS (ESI-TOF) (m/z). b) 'H-NMR spectrum (400
MHz, DMSO-d8, 25 °C). c) '3C{"H}-NMR spectrum (100 MHz, DMSO-d8, 25 °C).

a)

b)

mmmmm
IS0 Rd

1031

9.66
\ 784
784

J

11.0 105 100 9.5 9.0 8.5 8.0 7.5 7.0 6.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

__wjtﬁjpﬁ_h’g JMLJL

T T S

ooooooo

6.0 5.5
f1 (ppm)

261



Annex 4

c)
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f1 (ppm)
Figure S4. 4'-phenoxy-[1,1'-biphenyl]-3-carboxamide (10b): synthesized using conditions F and
Le¢ as an auxiliary ligand; a) HRMS (ESI-TOF) (m/z). b) "H-NMR spectrum (400 MHz, CDCls, 25 °C).
¢) BC{'H}-NMR spectrum (100 MHz, CDCls, 25 °C).
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Figure S5. 4-amino-N,N-diphenylbenzamide (9c): synthesized using conditions C and L4 as an
auxiliary ligand; a) HRMS (ESI-TOF) (m/z). b) 'H-NMR spectrum (400 MHz, CDCIs, 25 °C). c)
BC{'H}-NMR spectrum (100 MHz, CDCls, 25 °C).
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c)
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Figure S6. N-phenyl-4-(phenylamino)benzamide (10c): synthesized using conditions G and Lg as
an auxiliary ligand; a) HRMS (ESI-TOF) (m/z). b) '"H-NMR spectrum (400 MHz, CDCls, 25 °C). c)
13C{'"H}-NMR spectrum (100 MHz, CDCls, 25 °C)
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1-(allyloxy)-2-iodobenzene (rc) derivatives

Figure S7. 1-(allyloxy)-2-(4-methoxyphenoxy)benzene (rc-5c): synthesized using conditions A
and Le as an auxiliary ligand; a) HRMS (ESI-TOF) (m/z). b) '"H-NMR spectrum (300 MHz, CDCls, 25
°C). ¢) 8C{'H}-NMR spectrum (75 MHz, CDCls, 25 °C).
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Figure S8. N-(2-(allyloxy)phenyl)benzamide (rc-3a): synthesized using conditions A and L as an
auxiliary ligand; a) HRMS (ESI-TOF) (m/z). b) 'TH-NMR spectrum (300 MHz, CDCls, 25 °C). c)
3C{'H}-NMR spectrum (75 MHz, CDCls, 25 °C).
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Figure S9. 2-(allyloxy)-N-cyclohexylaniline (rc-7d): synthesized using conditions H and L7 as an
auxiliary ligand; a) HRMS (ESI-TOF) (m/z). b) 'H-NMR spectrum (400 MHz, CDCIs, 25 °C). c)
BC{'H}-NMR spectrum (100 MHz, CDCls, 25 °C).
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c)

Figure S10. 2-(allyloxy)-N-(4-methoxyphenyl)aniline (rc-7¢): synthesized using conditions H and
Lg as an auxiliary ligand; a) HRMS (ESI-TOF) (m synthesized z). b) 'H-NMR spectrum (400 MHz,
CDCls, 25 °C). c) 8C{'H}-NMR spectrum (100 MHz, CDCls, 25 °C).

a)

oy
HN

OM\

271



Annex 4

b)

272



Annex 4

Figure S11. N-(2-(allyloxy)phenyl)-N-methylacetamide (rc-3h): synthesized using conditions C
and L4 as an auxiliary ligand; a) HRMS (ESI-TOF) (m/z). b) "H-NMR spectrum (300 MHz, CDCls, 25
°C). c) BC{'H}-NMR spectrum (75 MHz, CDCls, 25 °C).
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*Minor amounts of the isomerization product (E)-N-methyl-N-(2-(prop-1-en-1-
yloxy)phenyl)acetamide, identified by 1D-2D-NMR and GC-MS, and quantified by "H-NMR.

273



Annex 4

c)

3.2. Supplementary figures S4. Auxiliary ligand L;
Figure S12. L3: N,N-dimethyl-2,6-bis(aminomethyl)pyridine; a) "H-NMR spectrum (400 MHz, CDCls,

25 °C), b) BC{'H}-NMR spectrum (100 MHz, CDCls, 25 °C), c) HRMS (ESI-TOF (m/z).
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b)

275



Annex 4

276



Annex 4

4. Supplementary Tables

Table S1. Screening of amides for N-arylation with iodobenzene.

Cul (10 mol%)
L (10 mol%) !

| . N R
©/ O K3POy4 (2 equiv.) ©/ \H/
+ )J\
R™ N-R' o

H 50°C, Ny, 24h
1 2 DMSO 3

R,R' = H-, aryl-, alkyl-

Preferred Auxiliary Ligands: L4, Lo, L3 (for primary aromatic amides)
L7 (for primary aliphatic amides)
L4/130°C (for secondary amides)

Entryf? Amides Product Ligandt  Conv. (%) Yield (%)!
1 p ©/m/§© Li,L2,Ls 100 100, 98, 75
9 ° L1,La, 91, 79, 80,
) Y, D - 90-100
T w Ls, Ls 88
3 HN ; @; L. 44 27
g 2c g 3c
(o]
4 Y@ L 62 46
oH 2d ©/ o on3d !
o] OH
5 /@*Nm g Ly, La,L 50 1,3,6
HO 2e ©/ E/g v
i e
6 @*ﬂ Y mjf LaL2 100 100, 76
0 H
7lcl )LNHZ 2g @ Tsa L7 96l 911
o] |
[d] P N
8 )ku " O Ls 98 91
gldl Hol (? L4 84 62
©/ o 2 @ o 3
1 X
[d] N N
10 - o . L 100 52

[a] Reaction conditions: 1 (0.88 mmol, 0.9 M), 2 (1.79 mmol); [b] Yield was determined by GC.
[c] Reaction temperature of 80°C. [d] Reaction temperature of 130°C. [e] 2% yield N,N-
diphenylacetamide. [f] Isolated yield. T L3 refers to the hydrochloric salt L3-(HCl)2. * 2i=3a.
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Table S2. Mild O-arylation of alcohols with iodobenzene.

Cul (10 mol%)
L (10 mol%)

©/l = OH K3PO, (2 equiv.) O/O\R
. .
50°C, Ny, 24h

1 4 DMSO 5

R = aromatic, aliphatic
Preferred auxiliary ligand: Lg

Entrylal Alcohols Product Ligand Conv. (%) Yield (%)®]

1 @Oil U0 Le 93 82
27 OO Le 98 92
?O 4 @Of Le 100 o7
4 \QM @OQ@, Le 94 94
o o - RV

0]
6 M O . Ls 50 27

7 O/f: @O\qh Ls 2 traces

[a] Reaction conditions: 1 (0.88 mmol, 0.9 M), 4 (1.79 mmol); [b] Yield was determined by GC.
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Table S3. Mild N-arylation of amines with iodobenzene.

Cul (10 mol%) R
L (10 mol%) I

| . N
CsF (2 equiv. ~
©/ + RRNH (2 equiv.) ©/ R

50°C, N,, 24h
1 6 DMSO 7

R, R' = H-, aromatic, aliphatic
Preferred auxiliary ligands: L, Lg

Entrylal Amines Product Ligand Conv (%) Yield (%)®!
H
NH, N
1 . oy 73@ Ls 66 62
R
2 J©/ o ©/ ONOZ
on 7b

6b

Ls 44 22

'

3 e U0, 79 76
Tc |

4 o ShOINE 93 89
7d

5l e o L7 100 95

7e

6 N i@ Ly 19 13

7 e @O Ls 99 86

79

H

/éN
8 L) e @(W Ly 98 96

7h

[a] Reaction conditions: 1 (0.88 mmol, 0.9 M), 6 (1.79 mmol); [b] Yield was determined by GC.
[c] Yield was determined by '"H-NMR.
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Table S4. Arylation of different nucleophiles with bromobenzene.

Br Y<
Sl o

1

Cul (10 mol%)
L (10 mol%)

K3POy4 (2 equiv.)
N,, 24 h, 110°C, DMSO

i (% b1(%.
Entry@  Nucleophile Product Ligand Conv. (%) Yield®(%)
1 H N\n/© HW/© L 7 1
2 1
O2a ©/ o 3a
O O
2 HN\):Pb @D L8 47 26
3b
9 N
3 )J\”/ oh ©/ \g/ 3h Ls 18 0
0 N
4 )LNH2 2g ©/ \(r)(:;g I-7 21 0
H |
5 (j)LNHz NoS Ls 38 0
‘N/ 2f @ o 3f
OH o
6 e 0 100 100
a
OH
0.
7 ?gc @;@LO Ls 95 88
© \
. NH, R
8 (T w o) b 85 80
NH, ¥
glel @ 6a @7:@ Ls 76 50
H
NH, N
08 e ©/ \©\O Ls 79 51
7c I

[a] Reaction conditions: 1 (0.88 mmol, 0.9 M), 6 (1.79 mmol, 1.84 M). [b] Yield was determined by

GC using 1,3,5-trimethoxybenze as an internal standard. [c] CsF was used as the base.
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5. Supplementary references
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