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Abstract

This thesis reports investigations on the use of amidic ligands, in particular picolinamide
ligands, in copper-catalysed arylation of nucleophiles with aryl halides. An introduction to the
field of copper-catalysed arylations of nucleophiles, mostly focusing on the mechanistic aspects
of these processes, from the early investigations to the most recent developments, is reported in
Chapter 1.

Following this introduction, the results of this research are presented in three chapters, each
dealing with a different topic. Chapter 2 reports on the synthesis of a range of differently
substituted picolinamide ligands and their use in the copper-catalysed arylation of phenols and
amides. The catalytic screenings reported in this chapter are the basis for the mechanistic
investigations reported in Chapter 4. A range of phenols, amides and aryl halides were tested
under optimised conditions to assess the validity of the method. All the coupling products were

isolated and characterised.

Chapter 3 describes the synthesis of copper complexes with picolinamide ligands, to be used for
mechanistic investigations. Five different types of complexes, with differently substituted
ligands, were obtained, and their structural features in the solid state are summarised in this
chapter. Discussion on the mechanism of formation of these complexes, and on the role of the

base in the process is also included.

Investigations on the mechanism of the coupling reaction between phenols and aryl halides,
facilitated by picolinamide ligands, are reported in Chapter 4. The complexes synthesised in
Chapter 3, used as pre-catalysts for the coupling process, and electrochemical measurements on
these complexes, are employed to investigate the role of the electronic properties of the ligands
in the reaction, and its influence on the metal centre. Other miscellaneous experiments, such as

radical clock experiments, are also reported.

The final two chapters of this thesis, Chapters 5 and 6, contain general conclusions and
suggestions for further investigation topics (Chapter 5), and detailed experimental procedures

and characterisation data for all of the compounds prepared in Chapters 2-4 (Chapter 6).
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Chapter 1:

| ntroduction: copper-catalysed Ullmann reactions

1.1 —Introduction

“The substitution of an aryl, vinyl, or alkyl halide or pseudohalide by a nucleophile that
takes place with catalysis by a transition metal complex is generally referred to as a cross-
coupling reaction if it follows the mechanistic course of oxidative addition, transmetalation and
reductive elimination”. This definition of cross-coupling reaction was given in the editoria
|etter of a 2008 special issue of Acc. Chem. Res. by Stephen Buchwald," even before the Nobel
Prize for chemistry was assigned to Negishi, Suzuki and Heck for their work on the field.

This definition includes many of the transformations of this type possible with transition
metals (especialy palladium-catalysed). However, since then the definition of cross-coupling
has somewhat changed to include transformations similar from the outside, but different a a
more detailed level, that have been developed over the last two decades. In part, these changes
refer to a broader range of “pseudohalides’ (electrophiles) and nucleophiles that can now be
used in cross coupling substrates, and in part to the mechanism of the process. The expansion of
the range of eectrophiles is evidenced, for example, by the use of C-O electrophiles, such as
aryl ethers and derivatives.? * The range of nucleophiles has broadened from mostly carbon-
based to heteroatom-based compounds, such as N-, O-, S-nucleophiles. Moreover, a range of
different metals can now be used for cross-coupling catalysis, and, as acknowledged in the
above editoria, first-row metals are now commonly employed along with the more popular
palladium catalysts, thanks to lower toxicity and cost. This influences the substrate range
available and the mechanism of the cross-coupling itself, which can follow an oxidative addition
mechanism, often the case with nickel,>* but aso radical pathways, as occurs with cobalt.”

Copper has long been known for its ability to form akynyl complexes, famous
applications of which being the bimetallic-catal ysed Sonogashira coupling and the cycloaddition
reaction with azides (click chemistry). Although these are still among its most common
applications in catalysis, together with conjugate addition to unsaturated organic compounds,®
Cu is aso an effective catalysts for cross coupling reactions. The most common aryl donors in
these reactions are aryl halides and boronic acids (Chan-Lam coupling), but a range of others
have been successfully used, a list of which can be found in a recent review by Thomas.” Cu
catalysis has also been recently extended to the functionalisation of unsubstituted arenes through
oxidative C-H activation, (Scheme 1.1).8%



Cross coupling reactions

X Cat: Nu
‘ \ . Cu compounds ‘ N
L +  H-Nu >
R base R
X = leaving group
C-H activation reactions
H Cat: Nu
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_ + H-Nu _
/- base, /-
R ) R
airor O,

Scheme 1.1: Cu-catalysed cross couplings and C-H activations

Despite having been known for along time, Cu-catalysed couplings have not reached yet
the high levels of prominence which characterise Pd-based catalysis, either in rate, efficiency or
scope. Moreover, Cu-based coupling reactions are still in some sense unpredictable, the
mechanism not being yet completely understood. On the other hand, Cu catalysis shows some
interesting advantages over Pd and other metals. Firstly, Cu is cheaper than many other metals
used in catalysis, and has recently attracted high interest from the industry. The range of
nucleophiles suitable for Ullmann arylations has become wider with time, and now N-, O-, S,
Se-, P- and C-aryl bond formation are easily accessible through these processes. Such bonds can

2. 2L 55 well as in materials chemistry.?? % The

be found in many bioactive organic compounds,
substrate scope of Cu-catalysed cross coupling reactions is aso increasing, and seems to be
somewhat complementary to that of Pd-based methodologies.®*? This complementarity is
shown, for example, in the chemoselectivity between the two methods in multifunctionalised
substrates, moreover, while Pd catalysis gives better results in the arylation of N-nucleophiles,
Cu is generaly preferred for O-arylations. Finadly, in many cases, Cu-catalysed reactions work
well without any ligand, and when required, the ligands are usually structurally quite simple and
inexpensive (ligands for Pd chemistry, for example, are often expensive and air-sensitive
phosphines).

This chapter contains a discussion on Cu-catalysed cross-coupling reactions between aryl
halides and carbon- or heteroatom-nucleophiles, which have been investigated during this PhD
project. These arylation reactions will be from now on referred to as “Ullmann couplings’. The
chapter focuses on the mechanistic aspects reported in the literature for these processes, which

are of interest for the topic of thisthesis.
1.2 —Thediscovery of Cu-catalysed aromatic C-C and C-heter oatom bond formation

In 1901 Fritz Ullmann observed that Cu compounds were able to catayse/mediate
(stoichiometric amounts) the formation of biaryl moieties via the coupling of two molecules of
an aryl halide.?” This reaction became what is now called the “classical Ullmann reaction”. The
mechanism now generally accepted for this reaction involves the formation of an organocopper

intermediate from a molecule of aryl halide, which then reacts with a second molecule through

2



oxidative addition, yielding the final product after reductive eimination (Scheme 1.2).% %
Detailed mechanistic investigations on this process are rare in the literature, and nowadays
heterogeneous Pd or Au catalysis is more commonly used for this process, rather than Cu

catalysis.**®

— [Cu] — —

: A
[Cul; ! _
h + reductive
' elimination

oxidative =
1)
= addtion R~y X
-

Scheme 1.2: Mechanism of the Cu-mediated synthesis of biaryls

A few years after the discovery of the classical Ullmann reaction, the same methodol ogy
was applied by Ullmann to the synthesis of N-aryl amines (stoichiometric Cu) and ethers,® ¥
and in 1906 the first Cu-catalysed synthesis of aryl amines and amides was reported by Irma
Goldberg® (Scheme 1.3a-c). The arylation of g-dicarbonyl compounds mediated by Cu bronze
or Cu(OAc), was finally reported by William Hurtley in 1929 (Scheme 1.3d).*

Cl. COOH
@LNHZ "Cu (1.1 eq.) @\ /@
’ <\ /> N

210°C COOH
a) Ullmann, 1903 90%
Br,
OH "Cu" (0.2 mol%) @\ /@
©/ - 0
210°C
b) Ullmann, 1905 90%
R . 0
o =
+ N
210°C H
c) Goldberg, 1906 50%
Q Br, COOH  Cu bronze or COMe
Cu(OAc),
* COMe
Na/EtOH
o reflux COOH

d) Hurtley, 1929
Scheme 1.3: Ullmann, Goldberg and Hurtley reactionsin early 1900s

Despite the early discovery, these Cu-mediated reactions generally required harsh
conditions (high temperature, strong bases, long reaction time and stoichiometric amounts of
copper), and electron-poor aromatic substrates and high-boiling polar solvents were often
necessary. Moreover, problems related to the solubility of many Cu compounds were evident,

hence excess amounts of Cu source had often to be used.”® Therefore, these couplings were not



extensively utilised until 50-60 years later, when interest in these processes began to re-emerge,

together with the first mechanistic studies.
1.3 - Themechanistic debate
1.3.1 - Oxidation state of the active Cu species

Many different copper sources (Cu(0), Cu(l) and Cu(ll)) have been used to catalyse
Ullmann-type reactions, and either salts and oxides seemed to work well for the arylation of
several nucleophiles since the early investigations.® This suggested that a common active
species could be formed during the reaction from the different sources. Much work has been
carried out since the early 1960s in this direction, investigating the particular electrochemical
behaviour of Cu.***® Since Cu(l) led to slightly higher reaction rates, Weingarten suggested in
1964 that Cu(l) species could have been a common intermediate.** Thus, the formation of Cu(l)
from Cu(ll) or Cu(0) became an essential part of the mechanistic study, either before and after
the introduction of exogenous ligands in the reactions.

It was soon observed that Cu(ll) species used as catalysts could be reduced to Cu(l) in the
presence of coordinating solvent/nucleophiles, and that phenoxides and amines used as
nucleophiles in the coupling could be oxidised as the redox counterpart (Scheme 1.4, aand b).*"
“2 In 2010 Jutand observed spectroscopically a [Cu(l1)(phen),]** = [Cu(l)(phen),]* (phen =
1,10-phenanthroline) transition after the addition of nucleophile (benzylalcohol or benzylamine)
and base (Cs,C0;).* This transition was suggested to occur through a two-€lectron reduction to
Cu(0) via p-hydride eimination from the nucleophile, and following comproportionation of
Cu(0) and Cu(Il) (Scheme 1.4c).*

OK

water
CuBry + ——— > CuBr (precipitate)

a) Weingarten, 1964

Ph Ph Ph
Cubr*  NLi ———= Cu0+ N-N
Ph PH Ph
b) Paine, 1987
H 2+
[©) @ [

N~ H base LoCu |
LC[E%R — | el [Licu] —=——— [L,cu|®
20U p-hydride 20U comprop.

cu(l) elimination i cu(0) cu()
fR
;

c) Jutand, 2010

Scheme 1.4: Formation of Cu(l) from Cu(ll)

The oxidation of Cu(0) to Cu(l) in a coordinating environment, occurring with the
reduction of the aryl halide used, was recently observed by Taillefer et al. through in-situ cyclic

voltammetry studies (Scheme 1.5).** In 2011, performing the coupling between aryl halides and
4



amines in water with metallic Cu powder, Wei and co-workers also proposed the oxidation of
the Cu(0) source to Cu(l) by the atmospheric oxygen in the reaction, on the basis of colour
change and the different catalytic results under different conditions.”® The contamination of
Cu(0) with Cu(l) species was also blamed for the catalytic activity of metallic copper: in 1987,
Paine found, by means of electron microscopy and X-ray powder diffraction, that Cu(0O)
particles used as catalyst were actually covered in a layer of Cu,0.* This Cu(l) species,

leaching into solution during the reaction, was considered responsible for the catalysis.”

(precursor)
Cu(0) / phenanthroline X 1/2 ArX (X=1, Br)
[Cu(l)(phen)(CH3CN)l" U2 Ar- + 12X
(catalyst)

Scheme 1.5: Formation of Cu(l) from Cu(0) by reduction of aryl halides

These and other studies (vide infra) seem to demonstrate the active catalyst to be a Cu(l)
species, but it is generaly agreed that the initial copper source is not very important for the
outcome of the reaction, due to oxidation/reduction processes always leading to Cu(l) at some
stage during the reaction.** *’ The formation of Cu(ll) or Cu(0) species during reactions where
Cu(l) isused as catalyst isinstead a far less explored field, and to date, only Lei and co-workers
have reported investigations on this aspect of the mechanism. During the coupling between aryl
halides and S-diketones, the authors observed alabile Cu(l) species, considered to be the active
species, undergoing disproportionation to Cu(ll) and Cu(0) (Scheme 1.6).*® Cu(l) species were
detected through in situ IR during the catalytic reaction, while in situ X-ray absorption
techniques showed the formation of metallic copper during the process. The disproportionation
of theinitial Cu(l) species resulted in only small amounts of active catalyst left in solution, with

the consequence of slowing down the coupling process.

Active o, .0 o, .0 . Deactivation
species | 2 Cu = Cu Cu(0 | process
cu(l) cu(ll)

Scheme 1.6: Deactivation of Cu(l) active species
1.3.2 — Different types of mechanism

Between the 1960s and the 1990s different types of mechanism, starting from a Cu(l)
active species, were proposed for the coupling processes. The most important difference in these
mechanisms is the activation of the aryl halide.* ** *“**? The mechanisms proposed until the

1990s can be conveniently divided into four main classes:



e Aromatic nucleophilic substitution, with Cu(I) n-coordinating to the aromatic ring of the
aryl halide to render the aromatic position more electrophilic and susceptible to
substitution (Scheme 1.7);

e Mechanisms via Single Electron Transfer (SET) or Halogen Atom Transfer (HAT),
involving the redox couple Cu(l)/Cu(ll) and radical intermediates (Schemes 1.10 and
1.11);

o Maetathesis mechanisms, leading to the formation of four-membered cyclic transition
states, through coordination of Cu to the halogen atom of the aryl halide, making it a
better leaving group (Figure 1.1);

e Mechanisms involving an oxidative addition/reductive elimination cycle with Cu(lll)
intermediates, either via direct oxidation Cu(l)/Cu(lll) or stepwise oxidation
Cu(D)/Cu(ID/Cu(l1l) (Scheme 1.12).

In 1964 Weingarten suggested that the rate determining step of the Cu-catalysed arylation
was the cleavage of the aryl-halogen bond.** On the basis of kinetic studies upon the coupling
between potassium phenoxide and bromobenzene, the existence of a cuprate species
[Cu(OPh),]” was hypothesised which would coordinate to the aryl halide during the reaction.
The suggested interaction was a m-coordination to the aromatic ring, the metal acting essentially
as an activating group, making the aryl halide more susceptible to nucleophilic substitution
(Scheme 1.7).**

o Ph 1O KD ph-Ocu KD oh
Ph” ‘Qu’%— Br @f
o
@6:& of ]

Rate-determining
step

Scheme 1.7: Aromatic nucleophilic substitution mechanism

This mechanism was judged attractive for two reasons: i) n°-Cu(l)-benzene complexes
had been synthesised the year before,* and ii) n°-hal oarene tricarbonylchromium(0) complexes
had been demonstrated to be very effective substrates for nucleophilic substitution (Scheme
1.8).>

<> NaOMe <—OMe

/dr\ Cr.
oC’¢ g0 MeOH, 65°C oc’¢ 0
24 h

Scheme 1.8: Aromatic nucleophilic substitution on tricarbonyl chromium compl exes

However, as Paine pointed out later,* this mechanism did not explain the accelerating
effect of an ortho carboxylate group on the aryl haide, whereas the same group in para had no

such effect. Also the analogy with the chromium n-complexes was not valid, because the order

6



of halide reactivity in the latter was CI>Br>I, opposite of that observed for copper catalysed
reactions.” Weingarten’s mechanism was reconsidered by Main 1998 to explain the coupling
between amino-acids and aryl halides (Scheme 1.9). However, no explanation for the two

problems above was supplied.®

R 0]

T wip ™,

R o X_@

HoN OH&\(U\CU

Scheme 1.9: Aromatic nucleophilic substitution mechanism with amino-acid ligands

R Q
HN._ ﬁ‘f

Some years after Weingarten's proposal, a radical type of aromatic nucleophilic
substitution, called Sgy1, was postulated by Bunnett when studying the reaction of iodoarenes
with potassium amide.”® The authors proposed a radical chain mechanism for this reaction,
involving single electron transfer (SET) as initiation step (Scheme 1.10). This type of electron
transfer is called “outer sphere” electron transfer, where the initiator does not coordinate to the

aryl halide, and only the electron is transferred to it, leading to the formation of aradical anion.

Initiator SET _ . B
F — (AX)T ——— Ar"+X
ArX =
Ar®+NH, —— (ArNHy)

(ArNH,)"™ + ArX —————  ArNH, + (ArX)™
Scheme 1.10: Single electron transfer (SET) mechanism

Although Bunnett’s studies were not based on metal-catalysed reactions, a metal that can
undergo single eectron transfer would be suitable for this process, easily furnishing the initial
aromatic radical anion. Both Cu(l) and Cu(ll) species are known to act as single electron
oxidants in many reactions, thus leading to radical cations,®” ™

single electron reductants are found in Atom Transfer Radical Polymerisation (ATRP)

whereas Cu(l) species acting as

processes.”

Another radical mechanism was proposed for the Ullmann coupling, based on Kochi’s
studies on radical reactions (Scheme 1.11).* ® In this mechanism, the aromatic radical moiety
is formed by transfer of a neutral halogen atom from the aryl halide to the Cu species (i.e. the
electron transfer occurs smultaneously to the C-X bond cleavage, leading directly to the
formation of an aromatic radical). This mechanism is called “halogen atom transfer” (HAT) or

“inner sphere” electron transfer.



ArX + Cu(lX —— > Ar® +Cu(I)X,

Ar"+Nu~ ——»  (ArNu)

(ArNu)'™ + Cu(Ih)Xy ——— >  ArNu + Cu()X + X~

Scheme 1.11: Halogen atom transfer (HAT) mechanism

A combination of a radical mechanism and a substitution reaction was proposed by
Litvak in 1974, with the Cu involved in both SET and coordination to the nucleophile. A
similar mechanism, in which the Cu species remains in its Cu(l) oxidation state, had aready
been proposed by Bacon in the mid 1960s for various nucleophiles,* and was also suggested for
amides in the 1970s.°? These mechanisms are often referred to in the literature as metathesis,

and their transition states are depicted as four-centred structures (Figure 1.1).

X . X

/N ' TN
Nu: PhO-, MeO-, PhS-, Ets-, Ar, Culn © Ar_ . Culn
CN-, I-, Br-, Cl-, amides Nu ' 8
Cu(l) ' cu(ll)
Bacon, 1964 Litvak, 1974

Figure 1.1: Metathesi s type mechanisms by Bacon and Litvak

A few researchers during this period started to suggest different types of oxidative
addition mechanisms, similar to those established today for Pd-catalysed reactions. * ® An
interesting version was suggested by van Koten and co-workers, in which the oxidative addition

occurred stepwise, via a Cu(ll) intermediate, derived from an SET process (Scheme 1.12).*

R — © N®
NaOMe ArBr <\ / Br
NaOMe + CuBr CuOMe + NaBr Na[Cu(OMe),;] —— el
cu() MeG OMe
Cu(l)
oxidative
R./= Br © a® addition SET
OMe
2 na®
Cu(lln R/ Na
(e D—Br
reductive — /—S;u
elimination MeG OMe
Cu(ll)
R~
\ / OMe -~

concerted
Scheme 1.12: Sepwise oxidative addition mechanism by Van Koten

The initial formation of a radical anion on the aryl donor via a SET process would in
theory facilitate the oxidative addition process, thus making the formation of Cu(lll)
intermediates more favoured. However, despite the existence of Cu(lll) organocopper
intermediates having been previously suggested,® the authors thought a Cu(l11) intermediate

would gtill be improbable, especialy in an environment where even Cu(l1) was reduced to Cu(l)
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(Scheme 1.4). Therefore, they suggested a concerted mechanism for the coupling.”

Recently, a halogen-bond activated oxidative addition mechanism has been proposed by
Jutand and Ciofini, on the basis of calculations upon the coupling between aryl halides and
amines, using diketones as ligands.®® The theory of halogen-bonding (XB) is based upon the fact
that halogens can, in certain cases, behave as Lewis acids, and this makes halogen atoms
potential acceptors for negative charges.®® ® In the coupling, this interaction is in theory
possible between the halogen atom of the aryl donor and the Cu/ligand/nucleophile anionic
complex, in which the negative charge is mostly localised on the nucleophilic nitrogen atom
(Figure 1.2a, A).*® The authors also calculated that the positive charge on the halogen atom
decreases from iodine to chlorine, which would explain the decreasing reactivity along this
series. They hypothesised that for aryl chlorides, which cannot be involved in such an XB
interaction, the reaction would proceed differently, with a normal oxidative addition lacking any
favourable activation, and therefore much more energy-expensive (Figure 1.2b). Calculations on
the Cu-catalysed hydroxylation of aryl halides performed by the same authors led to the

suggestion of asimilar mechanism.®

O
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] Cu(l
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Figure 1.2: Energy diagram for the coupling between amines and aryl halides; a) aryl iodide:

hal ogen bond activation; b) aryl chloride: non-activated oxidative addition mechanism



The nucleophilic substitution and the metathesis mechanisms are not considered realistic
theories anymore, and oxidative addition mechanisms and radical mechanisms are the only two
classes of mechanism till under debate. The only direct evidence of a Cu(lll) intermediate in
Ullmann-type couplings derives from a particularly stable macrocyclic system (see Section 1.6),
thus not applicable to typical reaction systems. Experimental evidence and theoretical
discusson was provided both for and against the existence of radical intermediates. For
example, van Koten argued that a radical mechanism would easily explain the formation of de-
halogenated products, which are often observed as side-products during the reaction,®® and
radical processes may account for the inhibition of the reaction from atmospheric oxygen.
Studying the reaction between hal canthraquinones and aminoethanol in the 1970s, Hida and co-
workers observed, through EPR experiments, the formation of an organic radical species and
Cu(ll) species®® ™ The radical species was suggested to be derived from the haloquinone
through an SET process. A radical mechanism was also demonstrated, through radical clock and
EPR experiments, when performing the reaction under photochemical conditions, by Fu, Peters
and co-workers in 2012."* Radical clock experiments are based upon the fact that, in radical
conditions, the formation of a methylcyclopentane moiety through a 5-exo-trig closure (Scheme
1.13) is the most kinetically favoured transformation.”® ™ The efficacy of this test is based on
the high rate of the closure reaction: in the case of radical mechanism in the Ullmann reaction,
the coupling with the nucleophile should be incredibly fast to avoid the formation of the cyclic
moi ety.

X NuH Nu
©:Y & Non-radical @Y/\/

coupling X = Leaving group

Y=CorO
Radical

activation

. Nu
. (\9 NuH
©\\) J/ _— —_— +  Other products
v 5-exo-trig Y Y

Scheme 1.13: Typical radical clock experiment

Ullmann couplings under photochemical conditions gave positive results in these
experiments, leading to the expected 5-exo-trig-derived product in good yields, indicating a
radical process (Scheme 1.14).
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Scheme 1.14: Ullmann-type couplingsin photochemical conditions

It must be noted, however, that radical processes are very common under photochemical
conditions and using quinonic substrates. This fact, added to the normal tendency of Cu itself to
undergo one-electron reductions or oxidations, make the results from Arai and Fu/Peters not at
al comparable to the typical systems used for Ullmann couplings (thermal conditions, using
normal aryl halides).

Evidence was also reported against the formation of radicals during the reaction. In a
comparative study between different Sgy1l procedures available for the synthesis of
heterocycles, Bowman found the Cu-catalysed coupling the most efficient, but at the same time,
this strategy appeared to be particularly different from other radical processes.” ™ For example,
the lack of inhibition by radical scavengers or oxygen in the reaction mixture, made the authors
think that this coupling did not occur through radical aromatic substitution.” ™ Radical clock

experiments have been performed many times under thermal conditions, %

and negative results
have always been obtained. A small amount of radical-derived product was detected only once
from these experiments, showing that radical mechanisms can actually occur in the reaction,
although to a minimal extent.®

Another series of experiments were reported in 2008 by Hartwig and co-workers using
aryl chlorides and bromides with higher reduction potentials than the corresponding aryl
iodide.” If aradical mechanism was involved, the reaction rate should increase with increasing
reduction potentials, although bromides and chlorides are known to be less effective in the
reaction. Again, the results for these experiments were negative, and higher reaction rates were
observed for the less reducible aryl iodides, making the authors exclude a radical mechanism.”®

In 2010 Buchwald contested these series of experiments by suggesting that the
intermediate aryl radical could exist not in the form of a free radical, available to reaction with
the alkene moiety in radical-clock experiments, but in the form of caged radica pairs, which
would prevent this reaction, thus invalidating the results of these tests.®® The negative results
obtained from experiments with highly reducible aryl halides were instead explained in terms of

less effective coordination properties of these substrates with the Cu atom.®
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1.4-Theroleof theligand

In 1964 Weingarten noted that some esters or ketones could accelerate the coupling
reaction between aryl halides and phenols/phenoxides,** but their role was mostly linked to the
increased solubility of the Cu catalyst, rather than to other effects. In 1997, the coupling of
phenols with o-triazene-substituted hal oarenes was reported by Nicolaou and co-workers.* The
triazene unit was proposed to act as a coordinating agent (a directing group) for the copper
atom, thus facilitating the aromatic substitution (Scheme 1.15).

. ® »! ()

N ©

N N
U | |
P O -
R N C“\O/© N ©
J R
[Cul X/ AP X

N

N*,N
= X Y ~
Y 3 O

Scheme 1.15: Triazene group-directed C-O coupling

In the same year Liebeskind and Buchwald reported the use of exogenous
(overstoichiometric) additives to facilitate the coupling, respectively, for the Cu-catalysed
synthesis of biaryls® and aryl ethers.®® Two different roles were at the time attributed to the
additives. While Liebeskind suggested that copper thiophenecarboxylate would facilitate the
oxidative addition of the aryl halide to the Cu catalyst, thus accelerating the coupling (Scheme
1.164), Buchwald proposed that the combined effect of naphthoic acid and caesium carbonate
would enhance the solubility of an intermediate cuprate species (Scheme 1.16b), similar to those
reported by Weingarten*! and van Koten® (Schemes 1.7 and 1.12).

Ar—X Ar

[\\—QO (2.5-3eq.) X-Cy =— X’C[/:] ——> Ar=Ar
S OCu X
2 Ar—X Ar=Ar 0 Ar—X 0
NP, m — D—/{ Ar —=,_ Ar—Ar
r1-70°C s o-cu s o<l
X
a) (Ar = aromatic or heteroaromatic)
COOH
ArO-Cu 4,
2eq) e
N =1 A0 P
w Cs2C0; (2€9.) 8 :Cu Cs —, Arylether
R (CuOTH); (2.5 mol%) SN 3 ArQ
N S | o ¢
/o %
R Toluene, R 1
X 110°C AI'O\ ®®
« | o Culcs
OH >—O
Np (Np = Naphthyl)

b)

Scheme 1.16: a) Liebeskind’ s mechanism for homocoupling; b) Buchwald's mechanism for C-

O coupling

Later, investigating the coupling of aryl halides with imidazoles, Buchwad used a

stoichiometric amount of phenanthroline (phen) as ligand and dibenzylideneacetone (dba) as a
12



catalytic additive (Scheme 1.17).%” The role of the ligand and the additive were not clear, and
were suggested to be involved in the stabilisation of the Cu(l) active species, the increase of

solubility, or avoidance of aggregation or multiple ligation of imidazole to the Cu species.?’

Cs,CO3(1.1€q.)
dba (0.05 eq.) R
X N
H phen (1eq.) (@
@ rN (CuOTf), (0.05 eq.) N
+ lL/)
N
R R Xylenes, @
(1eq.) (1.5eq.) 110°C R

62-99%
Scheme 1.17: Phenanthroline as exogenous ligand in the C-N coupling

In the following years, the firgt studies on different types of bidentate ligands, which
appeared to be much more efficient than monodentate ones,®® were published. The ligands used
in Ullmann-type reactions were generally N-donors or mixed N- and O-donors, while P-based
ligands were generally found to be scarcely effective.®® Some of the first successful ligands are

reported inFi gure 1'3'87, 88, 90-99

R R
Y p COOH
Y = = M ij)kR Q‘COOH N
\
H

R R
1,10-phenanthrolines 1,1"-bipyridines 1,3-diketones B-amino-acids
(phen) (bipy)
O
N Q B @ N(EY)
SN 3 pZ X 2
N 3
H HN  NH N H,N" N oH Ho >-OH
N OH
1,2-diamines 8-hydroxyquinoline 2-aminopyridine  N,N-diethylsalicylamide glycol

; 9
~OPh \ N =
N OH N-OH NN
- 4
OH @ N
proline-phosphoric acid oximes —

tetradentate iminopyridines
Figure 1.3: Examples of ligands used for Cu-catalysed couplings

The introduction of ligands in Ullmann type reactions made the use of much milder
reaction conditions possible, and temperatures <100°C (usually 80-100°C) could be used
achieving good results. An amount of Cu source and ligand in the range 5-20% relative to the
substrate were normally used.

Since 2004 much effort has been put into the discovery of the role of the ligand in these
couplings. Among major contributions is the work performed in Taillefer's and Buchwald's
groups, which focused on different aspects of the problem. Work in Taillefer's group was
mostly focused on the development and modification of new classes of imine-based ligands and
their Cu complexes for Ullmann N- and O-arylations.® %% Moreover, interesting mechanistic

investigations were performed through cyclic voltammetry experiments.*> % 10 1% |n 2007
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Taillefer et al. reported one of the first structure-activity relationship studies in the literature of
Ullmann couplings: this study allowed them to make the first hypothesis on the effect of the
ligand structure in the catalytic reactions (Scheme 1.18).'%

Cul (10%)
Ligand (10%)

OH I KsPOy4 (1.2 €q.) SEY
e 0
MeCN

80°C

Scheme 1.18: Structure-activity relationships for iminopyridine ligands

Imine ligands alone were found to be ineffective in enhancing the reaction yield (ligand 1
in Scheme 1.18). However, when an aromatic imine group was bound to a pyridine group
(ligand 5), the reaction yield was enhanced even more than with bipyridines or phenanthrolines.
A tetradentate version of this ligand (ligand 6), resulted in dightly higher yields.'® It is
important to note here that not many tetradentate ligands have been proved effective in
Ullmann-type couplings, and the efficacy of this particular ligand may be due to the fact that it
actually coordinates to two metal centresin a bidentate N,N fashion to each of them.'®

The authors also observed that an electron-withdrawing substituent on the imine moiety
and an electron-donating substituent on the pyridine nucleus of the bidentate precursor (ligand 5
in Scheme 18) led to higher yields. Based on these data, they proposed that the two different
ligand moieties could intervene in two different steps of the catalytic cycle. The electron-rich
pyridine, transferring electrons to the Cu atom, would increase its tendency to oxidative
addition, while the electron-poor imine would make the Cu centre more electrophilic, hence
more susceptible to reductive elimination.’®

A different effect was proposed by Buchwald and co-workers.™® ** On the basis of
kinetic investigations, they proposed that a series of equilibria between different Cu species was
involved in the arylation process.’® Since the concentration of Cul used was only 0.02 M, and
the reaction reached the maximum rate at a ligand concentration of ca. 0.2 M, the exclusively
solubilising effect initially supposed for the ligand was ruled out. The authors suggested that the

ligand could have the role of preventing the association of two amide molecules to the Cu atom,
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making the formation of Cu monoamidate complex more favourable, which in turn would allow
afaster reaction (Scheme 1.19).'®

Major species
at low [diamine]

O ©
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N N —\ |
N R = R Ry
( Cu-N - NN
N %R1 — %R1
1 0] o)
(o]
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concentration CLI X

Major species
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Scheme 1.19: Effect of relative concentration of ligand and nucleophile

Their hypothesis was that, at high ligand concentration, the Cu source is initialy
coordinated by the diamine ligand (A, Scheme 1.19) and then the halogen atom undergoes
substitution with the amide anion, furnishing the intermediate amidate complex C. Finaly,
complex C reacts with the aryl donor to give the coupling product. Alternatively, at low ligand
concentration, the Cu atom is coordinated to two molecules of amide (B, a bis-amidate complex,
inactive), which can still undergo substitution and formation of the intermediate C, but much
less effectively, because of its stability. The authors found that Cu bis-amidate species exist, in
the absence of the diamine ligand, as aggregated oligomers, and that the addition of the ligand
gives monomeric compounds, which reacted with the aryl halide in a quantitative, fast and mild

coupling (0°C, ty, = 3.1 min).%®

Also, the reaction rate was suppressed with increasing amide
concentration (at low ligand concentrations), thus demonstrating the inactivity of the species B,

and the role of theligand in preventing its formation.'®
1.4.1-Ligand effect on the chemoselectivity of N/O arylation

Because of the importance of the functionalised amino-alcohol motif in medicina
chemistry, the advances in Cu-catalysed arylation methods prompted the research toward the
application of this catalysis on these substrates. The arylation of amino-alcohols faces the
problem of selectivity between O- and N-arylation, which strongly depends on the reaction
conditions and the coordinating ability of the amino-al cohol itself.

Although some reports had already been published before 2000,% ™ it was only later that
some better understanding of the selectivity of the reaction was achieved. In 2002, Buchwald et
al. performed the arylation of g-amino-alcohols of the ephedrine family without additional

ligands.'®

The authors observed that changing the reaction conditions had dramatic effects on
the selectivity of the arylation. Using NaOH as a base and DM SO/H,O (or isopropanol) as

solvent, the N-arylation was highly favoured, whereas the O-arylation was favoured using
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Cs,COs in butyronitrile.’® The use of non-branched amino-alcohols required the presence of an
additional ligand for the reaction to be effective. In particular, performing the reaction with
neocuproine (L 2, Scheme 1.20) as aligand in toluene, O-arylation was favoured, while the use
of L1 in DMF favoured the N-arylation (Scheme 1.20).'® In general, acceptable selectivities
were observed for longer chain amino-alcohols, while C, and C; compounds led to poorer
results, supposedly due to their stronger coordinating ability. The coordination of both groups to
the Cu atom make them both susceptible to arylation, thus explaining the poor selectivity.'® It is
noteworthy that similar results were obtained by Chan and co-workers in 2008 using a
ligandless system: the use of DMF and Cul for the arylation of linear amino-al cohols favoured
the formation of the N-arylated product, while toluene led only to O-arylated and O,N-diarylated

products.*°

(n>2) (n>3)

5% Cul, 20% L1 HaN._;OH 5% Cul, 10% L2

Cs,CO; (2 €q.) n Cs,CO; (2 €q.)

AN DMF ) toluene Q
' . 0
HO(> n rL /©/ 90°C H2N> n
N N=
N/O = 45/1 - 50/1 29 2 ) OIN = 18/1 - 2411
iPr =

L1 L2

Scheme 1.20: Chemoselectivity in aliphatic amino-alcohols

To investigate the selectivity in short chain substrates, researchers in Buchwald's group
studied the reaction with cyclic substrates: the non chelating 4-piperidinol reacted according to
the previous results (see Scheme 1.20 for conditions), whereas 3-piperidinol performed better

without any additional ligand using different solvents/conditions (Scheme 1.21).'%®

iPr No ligand required
HO é)\ i
O . a
OH " |
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81% (16:1) 0’@/ Cul, L2 Cul o@/

toluene THF o
Q 100°C 6 52% (2
H NN WL

_ /

80% (30:1)
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Scheme 1.21: Chemoselectivity in 3- and 4-piperidinols

To explain the role of the ligand in the selectivity, it was proposed that the anionic ligand
L 1 renders the Cu(l)-ligated species less eectrophilic, so that alcohol coordination through the

hydroxyl group is disfavoured, and the amine is bound, being more nucleophilic. On the other
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hand, the neutra ligand L 2 could make the species more eectrophilic, and able, to some extent,

to coordinate to the hydroxy group, thus leading to the observed selectivity (Figure 1.4).'

e

—_—

—0 More electron rich,
§ ~>Cu-NH  O-nucleophile
: o R coordination

iPr disfavoured

More electron poor,
O-nucleophile
coordinates to Cu

L1 - Selective N-arylation L2 - Selective O-arylation

Figure 1.4: Rationale for the observed sdlectivity with L1 and L2

A few years later, Buchwald and co-workers reported a computational study to explain
the selectivity they observed with the two ligands (see Scheme 1.20). They calculated that such
selectivity could not arise during the coordination of the nucleophile to the Cu atom, because O-
coordination was always energetically preferred over N-coordination.® Instead, it could be
explained in terms of aryl halide activation. The authors calculated that the activation energies
for radica mechanisms would be much lower than those required for an oxidative
addition/reductive elimination cycle.® Using the diketone ligand L 1, the N-arylation was always
favoured over O-arylation, and the lower energy pathway resulted an outer sphere SET
mechanism. Using neocuproine (L2) as a ligand instead, the O-arylation activation energy via

inner sphere IAT was lower than for the N-arylation (Scheme 1.22).%
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Scheme 1.22: Chemoselectivity explanation through cal culations — radical mechanism

Another computational investigation was reported by Fu to explain the selectivity
observed in amino-alcohols. In this case, the calculations were undertaken using an amino-
acohol as model, which was considered a more realistic system (Scheme 1.23, notice however

that the neocuproine was substituted with the less electron rich phenanthroline).™* From their
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calculations, an oxidative addition/reductive elimination cycle (OA/RE) was suggested as the
most favourable mechanism, and the selectivity observed experimentally was explained in terms

of adifferent order of nucleophile coordination and oxidative addition.™*
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Scheme 1.23: Chemoselectivity explanation through cal culations — oxidative addition

mechanism

Because L1 (Scheme 1.23) is an anionic ligand, its Cu(l) ligated species is neutral, and
therefore more prone to oxidative addition with the aryl halide than the L2-ligated complex,
which would need to bind to the nucleophile first (note that the deprotonation occurs after
coordination in both cases, due to the weakness of the base used).™ For this reason, in the L 1-
ligated species the oxidative addition appears to be reatively easy, and the slowest step is the
coordination of the nucleophile to the Cu(lll) complex, while in the L2-ligated species the
oxidative addition is the rate determining step. Because of the energy-requiring coordination of
the nucleophile to the Cu atom in the L 1-ligated species, the amino group (more nucleophilic)
coordinates selectively, and N-arylation is obtained. The L 2-species coordinates preferentially
to the hydroxy group due to its higher acidity, which results in higher selectivity for the O-
arylation (Scheme 1.23)."*

In 2009 Buchwald's group investigated the selectivity on aminophenols, developing
conditions which led to an amost complete selectivity for the O-arylated product in 3-

aminophenols.*

The reaction with analogous 4-aminophenols, however, appeared to be more
problematic, leading to lower selectivities and yields, and being more sensitive to steric

hindrance in the substrates (Scheme 1.24).**
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Scheme 1.24: O-selectivity on aminophenols

The authors were unable to obtain any O-arylated product when using 2-aminophenols as
substrates, either in ligand free conditions and with added ligands, and only N-arylated or N,N-
diarylated products were observed.™? For these compounds, with both groups bound at the same
time to the Cu atom, the arylation would take place preferentially to the more nucleophilic
amino group.™? Despite the preference for N-arylation in these coordinating substrates, in a
competition study using one equivalent of aniline and one of phenol together, only the coupled
product for the latter was observed in most cases, and only electron-poor anilines predominated
over phenols.*? On the basis of these results they discussed the possibility of a cataytic cycle
where the deprotonation step plays a very important role (Scheme 1.25).
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(llib): Nu=ArNH

Cu(l)
Scheme 1.25: Deprotonation as selectivity-inducing step

The amino group, being more nucleophilic, binds to the Cu before deprotonation (path a),
while the more acidic phenolic group would be deprotonated at the beginning of the reaction,
and would bind to the Cu in its anionic form, faster than the amine (path b). Depending on the
nucleophilicity of the neutral amine and the deprotonation rate, a competition between the two
complexes Illa and I11b exists, and the observed selectivity depends on their relative rates of
formation and those for the following oxidative addition. When electron-poor amines are
involved, though, being more acidic, these can be deprotonated before coordination and proceed

through path b, thus being more competitive in the reaction.™
1.5—Cu(l) complexesin Ullmann couplings

Theidea of using well defined complexes as cataysts for Ullmann-type reactions was not
new, %0 98 100, 104 L3415 1t complexes Cu(l)/ligand/nucleophile in a 1/1/1 ratio such as those
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proposed by Buchwald (Scheme 19),'® had not been investigated in Ullmann-type couplings. A
notable early report had been published in 2003 by Gunnoe et al. about the synthesis of a highly
air sensitive trigonal planar diphosphine-anilido Cu(l) complex and its use as coupling partner
in a fast reaction with a stable carbocationic moiety or with alkyl halides, leading to the
corresponding C-N coupling product (Scheme 1.26)."'
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Scheme 1.26: Amination of Csp® electrophiles with a Cu(l)-amido complex

In 2008, using a series of different neutral ligands and amides/imides as nucleophiles,
Hartwig and co-workers isolated two different classes of compounds, one ionic and one
neutral.” Through NMR and conductivity studies the authors observed that for each ligand-
nucleophile system, these two forms were in equilibrium with each other, and the predominant
one in solution strongly depended on the solvent polarity (Scheme 1.27a).” The same behaviour
was observed for phenoxide complexes.” Analogously, Vicic and co-workers reported a similar
equilibrium using carbene ligands for the Cu-catalysed trifluoromethylation of aryl halides
(Scheme 1.27b),"" ™® that in the meantime had started to be investigated in Ullmann

reactions."*™*' Some of the complexes isolated by Hartwig and Vicic are reported in Figure 1.5.

@ : _ ®
(Al wp 2o b [ e
ca Cu| ———— "o ; Y CFs solvent R—NYN\R
R LN olar Nu ; Cu Cu Polar cu
: R~ ON-R CFs solvent éFs

/" "\ =neutral N,N or P,P \—/

L L bidentate ligand :
a) b)

Scheme 1.27: Equilibrium between neutral and ionic Cu(l) species
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Figure 1.5: lonic and neutral Cu(l) complexes with bidentate N,N ligands (Hartwig, a and b)"

and with carbenes (Vicic, ¢ and d)**" '

When diphenylamines were used as nucleophiles, the same influence of the solvent in
stabilising different forms of the complex was not observed, and the complex obtained remained
in the ionic form both in very polar and less polar solvents.”” When, instead of amines, their
potassium or lithium salts were used in the formation of complexes, a completely different
species was obtained, an ionic complex composed of a bis-amide Cu(l) anion, and aligated K or
Li cation (Figure 1.6). Whereas these complexes were active in catalytic arylation reactions,
similar complexes without added ligands were reported to be much less effective.”” The same

complex with a ligated sodium cation was obtained in Shyu’s group in 2011.'%

Figure 1.6: Cu(l)-amido ionic complex from KNPh,'’



Neutral complexes were obtained using sulphur nucleophiles, in both a dimeric® and a
monomeric’?® form (Figure 1.7). Interestingly, conductivity studies on the dimeric thiolate
complex in Figure 1.7a did not reveal any solvent dependent equilibria between neutral and
ionic species,® contrarily to what observed for phenoxide and amide ligands (Scheme 1.27).

studies on the Again, these complexes were very reactive in the coupling with aryl donors.

,,71 7 \.

Mf/& Vf‘f @
"’:r/f“ ’}4 d

a) ‘i Q/J b)

Figure 1.7: Dimeric and monomeric complexes with sul phur nucleophiles® %

Similar  monomeric and dimeric complexes were obtained for Cu(l)-
trifluoromethyl sel enates," while similar synthetic procedures using trifluoroethoxides led to a
[Cu(ligand),] (OCH,CF;) complex, where the nucleophile is a simple counterion, non-
coordinated to the metal centre.*”

The existence of an ionic complex for thiophenols, analogous to the complex reported in
Figure 1.5a, has been suggested, on the basis of in-situ ESI-MS studies, by Shyu in 2011.*%
Through ESI-MS, Shyu’s group also confirmed the existence in solution of potassium/sodium-
phenanthroline complexes anal ogous to that reported in Figure 1.5, which were observed during
the arylation of thiols and anilines.’?> *® Based on the species observed during the reaction,
Shyu proposed that cuprate species such as [Cu(SAr),] or [Cu(NHAr),] play a centra rolein
the catalytic reaction, and the counter cation notably influences the yield. It is interesting to note
thisis similar to the theory proposed by Buchwald in 1997 to explain the importance of Cs" as
counter cation in the stabilisation of Cu(l) intermediates (Scheme 1.16b).2° On the other hand,
thisisin contrast with what is showed in Scheme 1.19, where the diamidate complex is actually
considered an inactive species.'®

A different equilibrium than the one in Scheme 1.27 was recently observed by Davies and
co-workers, during an investigation on the use of polynuclear Cu(l)-amide complexes in the
coupling with aryl halides.”®” Upon addition of phenanthroline to the Cu(l)-amide complexes in
an apolar solvent, the neutral 1/1/1 ligand/Cu/nucleophile complex was not observed, while in a
polar solvent an ionic complex analogous to Hartwig's and Vicic’'s could be identified (Scheme
1.28). The lack of reactivity of these polynuclear species upon addition of ligand in apolar
solvents again somewhat disagree with the oligomer-breaking role of the ligand postulated by
Buchwald (Scheme 1.19).
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Scheme 1.28: Equilibrium observed with tetrameric Cu(l)-amide species

All these equilibria demonstrate at least two interesting points: i) the possibility of
different active/resting species in different solvents, and thus different overall mechanisms for
the same reaction, and; ii) the possible role of the inorganic base in furnishing coordinated

counter ions which istoo often not accounted for.
1.6 — Cu(lI1) complexesin Ullmann couplings

In 2008 Stahl and co-workers reported for the first time the use of Cu(lll) organo-
macrocyclic complexes for Ullmann type couplings in particular to the arylation of amides.'®
This report was soon followed by another from Wang's group, about the use of a different
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Cu(l1) speciesfor the coupling of different nucleophiles (Scheme 1.29).
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Scheme 1.29: Use of Cu(l11) complexesin cross-couplings

Stahl and Ribas later reported the feasibility (under acidic conditions) of a reductive
elimination reaction from penta-coordinated Cu(l11) complexes to furnish the coupling product
(Nu = halogen) and Cu(l) salts. This reaction could be reversed with the addition of a base to the
solution, reforming the initia Cu(lll) species. (Scheme 1.30)."% 3! After the reductive
eimination step, the addition of a nucleophile furnished the substituted macrocyclic ligand
(Scheme 1.30).

+
X
Acid NuH
HN-Cu—NH Prot HN X NH ——————— HN Nu NH
N roton ( @ > N
\\—) sponge ’TIH \ 25 ;
cu(ll) + Cu(l)

Scheme 1.30: Oxidative addition-reductive elimination processes in macrocyclic Cu(lll)

organometallic systems

The isolation of the analogous penta-coordinate Cu(lll) complexes with N- and O-

nucleophiles proved difficult, but their existence was suggested by in-situ UV-Vis anayses.'*
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On this basis, Stahl and Ribas proposed, for the Ullmann-type coupling of several O-
nucleophiles (carboxylic acids, alcohols and phenols), a mechanism anal ogous to that observed
for halides, suggesting that the acetonitrile (used as solvent) acted as a base to deprotonate the
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nucleophiles (Scheme 1.31).
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Scheme 1.31: Mechanism of the C-O coupling using carboxylates as nucleophiles

To explain the different reactivity/acidity relationship observed for different classes of
nucleophiles (more acidic amides and phenols reacted faster, while the trend was opposite for
carboxylic acids), the authors suggested a difference in the rate determining step of the process:
whereas for amides and phenols the deprotonation is a slow step (no base was added in these
reactions), carboxylic acids are deprotonated more easily, and the reductive elimination is
supposed to be the slowest step instead (notice however that the reductive elimination step in
hal ogenated complexes was actually favoured in acidic conditions, Scheme 28).%*

Stahl-Ribas system was successively applied to the coupling with different species,
including S, Se and P nucleophiles,™ and to halide exchange reactions.™ Wang's Cu(lll)

system also proved affective in the coupling with many different nucleophiles, including

137,138 139, 140

azide,™® alcohols,™* alkyllithium reagents, and halogens.

1.7 -Summary

From the analysis of the literature it is clear that the mechanism of Ullmann-type
reactions is till uncertain. It is probable that the mechanism actually varies depending on the
substrates (some substrates tend more than others to undergo radical transformations), the
ligands (neutral or anionic ligands can influence in many ways the initial Cu speciesin solution)
and conditions, since Cu compounds are able to promote both radical and non-radical
transformations. The (now) generally accepted mechanism involves an oxidative
addition/reductive elimination cycle after coordination of the nucleophile to the copper centre.
This is because Cu(lll) intermediates are not very stable, and an increased electron density on
the Cu atom would increase its tendency to undergo the troublesome oxidative addition step.
The opposite reaction order has also been proposed, and the deprotonation of the nucleophile
can occur before or after coordination to the Cu, depending on the nucleophilicity and acidity of
the nucleophile. It is noteworthy that the tri-coordinated Cu(l) species reported in Section 1.5
were only obtained with neutral ligands. Similar complexes with anionic ligands would have to
be anionic, and the role of the counter-cation (and thus the inorganic base used) might be very

important. These complexes are supposed to have a central role in the reaction mechanism.
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It is also evident that the outcome of the reaction depends on many different variables,
and their relationship has not yet been identified. Below are listed the variables mostly

influencing the reaction.

o Copper amount: copper amounts are usualy in the range of 5-10 mol% relative to the
substrate, but as a general rule higher amounts of copper lead to higher reaction
yields/rates; lower amounts are generally used in heterogeneous reactions;

o Ligand structure: bidentate ligands are the most commonly used, and the pyridine

nucleus, secondary or tertiary amines, carbonyl groups and imino-groups are generaly
good-working ligand moieties; phosphines and sulphur-based ligands are generally not
very effective;

o Ligand amount: bidentate ligands are used on average in aratio 1/1 or 2/1 to copper, but
in many cases a higher ratio leads to better results;

o Base: organic bases such as amines do not work well with Ullmann couplings, whereas
inorganic bases such as potassium phosphate and carbonate and caesium carbonate are
the most effective; 2 equivalents of base are generally used;

o Solvent: depending on the reaction, polar or non-polar solvents produce the best results;
DMF, DM SO, dioxane and toluene are among the most used; NMP is commonly used for
microwave reactions;

o Temperature: it is now usualy in the range 80-120°C, but there are aso examples of r.t.
reactions (20-25°C);

o Aryl halide: the reactivity of the aryl halide follows the sequence: 1>Br>Cl; the reactivity
of aryl chlorides can be increased through strong electron withdrawing substituents, ortho
coordinating substituents or adding a source of I” in the reaction (halide-exchange
reactions are catalysed by Cu); aryl chlorides are a'so more susceptible of reaction when
heterogeneous catal ytic systems are used (generally nanoparticles');

) Nucleophile: better nucleophiles (e.g. with el ectron-donating substituents) generally give
better results; C-, N-, O-, S, or P-nucleophiles can al be coupled through Cu-catalysed
arylations;

o Steric hindrance: a noticeable sensitivity is usually observed, both on the aryl halide and

the nucleophile (sometimes even a methyl group ortho to the nucleophilic site or on the
halide can dramatically reduce the yield); good tolerance to steric hindrance can
sometimes be obtained on phenol nucleophiles (see Chapter 2);

) Group tolerance: potentialy chelating substrates are rarely coupled under Cu cataysis

conditions, or react without chemoselectivity; heterocycles where the heteroatom is close
to the reactive site are also generaly problematic; common electron-withdrawing or

€l ectron-donating substituents on the coupling partners are generally tolerated;
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Atmosphere: usually a nitrogen or argon atmosphere leads to better results in Cu-
catalysed couplings.

Although some generalisations can be made to predict the general outcome of Ullmann-

type reactions, there is still much uncertainty about the actual intermediates involved and the
oxidation state of the metal during the reaction. This is the major limitation of Cu-catalysed

couplings; an understanding of the effect of neutral and anionic ligands, of oxygen and moisture

on the reaction is therefore needed to increase the potentially great applications of these

strategies on a large industrial scale.
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Chapter 2:

Applications of picolinamide ligands in Cu-catalysed C-O and

C-N bond formation

2.1 — Introduction

Much investigation has been performed on Cu-catalysed Ullmann type couplings, and
many ligands have been used and proved effective. However, despite the fact that some families
of ligands can now be considered as privileged for these types of couplings (such as S-diamines,
fS-diketones and phenanthroline derivatives), some trial and error screening still needs to be
performed before finding the right ligand for a specific transformation. This is due to the fact
that the role of the ligand in the catalysis is not totally understood in most of the cases, as
discussed in the previous chapter. Structure-activity relationship studies have been undertaken
only occasionally in the past 10-15 years, with Taillefer’s example in 2007 being so far almost
the only comparison of a range of different ligands of the same family (iminopyridine), which
allowed proposing a role for the different parts of the ligand in the catalytic mechanism (see
Chapter 1)." Symmetric ligands are most commonly employed in Ullmann-type couplings, but
with asymmetric ligands more complicated effects may arise, as demonstrated by Taillefer’s
ligands. Asymmetric ligands are therefore interesting from a mechanistic perspective.

The design of new ligands is based on investigations of the effect of structural variations
of the ligand backbone, and is a common strategy to improve the performance of transition
metal catalysts,”* but little effort has been put into this field for Ullmann-type couplings. For
instance, more investigation in this direction is required, aiming to transfer this knowledge to

different classes of ligands.
2.2 — Picolinamide ligands in transition metal catalysis

Amides of 2-picolinic acid (referred to as “picolinamides” from now on) have been
known and used for a long time as ligands in different transition metal-catalysed reactions. This
may be attributed to several reasons: i) the easy synthesis and handling; ii) the low cost and
commercial availability of the necessary starting materials; iii) the possibility for wide structural
modification; iv) the presence of different coordinating atoms, which allows different
coordination modes; and v) the ubiquity of nitrogen donor ligands in transition metal catalysis.
These compounds, in either bidentate, tridentate or tetradentate variants, chiral or achiral, have
been used as ligands for the catalysis of various types of organic reactions. In Scheme 2.1 are

reported examples of Claisen rearrangements,” Mannich reactions,® ” allylic alkylations,®™° cross

' 12 reductive amination®® and lactide polymerisation,'* the latter reported from our

couplings,
group. Among those not depicted, worth noting are Ni-catalysed Kumada-type couplings,™ Co-
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catalysed oxidation reactions,'® and Co-Zn-catalysed Beckmann rearrangements,'’ employing
bidentate or tridentate picolinamide ligands. More recently, while the research reported in this
thesis was undertaken, picolinamide ligands were also utilised for the Cu-catalysed synthesis of

H 18
biphenyls.
Claisen rearrangement CpRu(MeCN)3PFg, 5% Ligand: o
Ligand, 5% (0]
o R B(OPh);, 5% @-\‘R N
\ H
V\Ar MeCN, 20% Ny ©
THF, 4A MS, r.t. NMe,
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0 Cu(OTf),, 10% o Ligand: \/M
Ph,P. CN Ligand, 10% Ph F|’| 2N N
‘N + ( Cs,CO03, 20% 2SN FoN : H
CO,Me Ry N s
R R, THF, 5A MS, -20°C 24 o
1 CO,Me N
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OCO,Me
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Scheme 2.1: Examples of metal-catalysed processes using picolinamide ligands®**

Being an excellent coordinating moiety, picolinamide derivatives are also commonly used
as substrates in C-H activation processes, where the picolinamide moiety acts as a directing
group, allowing selective functionalisation of carbon atoms spatially close to it."* Using this
strategy, functionalisation of an aliphatic or aromatic carbon up to the 3 position (to the amidic
NH group) can be achieved, generally with Pd or Cu catalysts. An important advantage of these
substrates in this process is the easy cleavage of the amidic bond when the directing group is not
required anymore, leaving a widely functionalisable amino group. This cleavage is not possible

20, 21

with other, non-removable directing groups, such as 2-pyridyl groups, which contributed to

the diffusion of amidic groups in C-H activation processes. Different types of functionalisation
can be performed using this technique: C-C bond formation can be achieved through coupling

22-26

with organic halides, while C-heteroatom bond formation occurs with the addition of
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phenols, amines or other nucleophiles to the reaction.?”** Halogenation is also possible, using
different halogen-containing salts.** A survey of functionalisable sites available in picolinamide-
directed C-H activation are summarised in Scheme 2.2.

C-C bond formation Coordination
R. ‘ X, Pdor Cu catalyst (aryl, alkyl, alkenyl, alkynyl halides) to the catalyst:

N
H ~
N~ C-heteroatom bond formation s ‘ﬁN ‘ N
(alcohols, amines, thiols, halogens) L\\\\ /1 l\‘/I“’N P

% Qo Gy TR €

Scheme 2.2: C-H bonds available to functionalisation using the picolinamide directing group

The parent picolinic acid has been reported as an effective ligand in Cu-catalysed

couplings,®

thus its derivatives, largely functionalisable, can be an effective and tunable
alternative. The structural variation possible and the possibility for different coordination

modes® (Figure 2.1) make these ligands very suitable for structure activity relationship studies.

Anionic forms: Neutral form:
D€ y
: M— el —o0
e 2 R (R O
E N\ ° ‘\ N ‘\ H
N H ‘/ = %

7
‘ /\ H % Mixed form:
{!

- electronic effects ! =

. - coordination
- electronic effects

- sterics
- coordination

- sterics : oA
- coordination . coordination : N
- ligand charge :

Figure 2.1: Possible ligand modifications and coordination modes

Furthermore, their anionic nature (upon addition of a base) is another interesting aspect of
the investigation. In fact, different anionic ligands have been used in Ullmann-type couplings
(mostly diketones and amino-acids), but most of the mechanistic investigations so far have been

carried out using neutral ligands,™ **

which can lead to completely different intermediates and
transition states in the catalytic process. The rare investigations on anionic ligands were reported
by Taillefer and Jutand, who investigated the process computationally and electrochemically,*®
*8 and by Lei and co-workers, using operando spectroscopic techniques.*® *® The results of these
investigations suggest notable differences from the use of neutral ligands, in particular, changes
in oxidation state of the copper centre are generally involved, as will be discussed more in detail
in Chapter 4. The anionic nature of the picolinamide ligands is, therefore, an additional point of
interest for this research. In the rest of this chapter, the synthesis of picolinamide ligands,
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comparison with other ligand classes in a model reaction, and their use in copper catalysed

synthesis of aryl ethers will be reported.
2.3 — Synthesis of bidentate amidic ligands

Different picolinamide ligands were synthesised to be screened in catalysis; in particular,
different substituents on the N-phenyl ring and variation of the heterocyclic group were
investigated. Related amidic ligands were also synthesised to investigate the importance of the
picolinamide coordinating moiety in the catalysis; examples are N-phenylsalicylamide (N,N-
diethylsalicylamide was reported as a successful ligand for C-N bond formation®') and N-(8-

quinoline)benzamide (used in C-H functionalisation reactions®* >

). The synthesis of the ligands
was performed via a modified literature procedure,> starting from the corresponding carboxylic
acids and amines, and using triphenyl phosphite as coupling agent and pyridine as base (Scheme
2.3, €. 1). This method proved to be easy and useful for syntheses on a multi-gram scale with
good vyields (the reaction was performed on a scale of 10 g of starting material in most cases),
often without the requirement of chromatographic purification. The use of POCI; in DCM
(Scheme 2.3, eq. 2)* was used as an alternative for ligand L52. No attempts were made to
optimise the synthesis of the amidic ligands. The bidentate ligands utilised for catalytic
screenings are shown in Scheme 2.3. The ligands in the scheme reported without yield were
previously prepared in the group, and were only recrystallised before use. Ligands L11-L50
were used in experiments reported in this chapter, while ligands L51-L52, substituted on the
pyridine ring, were prepared subsequently and used for the synthesis of complexes and for
mechanistic investigations, reported in Chapters 3 and 4. Ligands L1-L10 are commercially

available compounds, and are introduced in Figure 2.2.
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Scheme 2.3: Bidentate amidic ligands referred to in this thesis
2.4 — Picolinamide ligands in Cu-catalysed aryl ether synthesis
2.4.1 — Comparison with common ligands / effect of reaction conditions

The model reaction chosen to investigate the use of picolinamide ligands was the
coupling between 3,5-dimethylphenol (1) and 4-iodoanisole (2), leading to aryl ether 3. Cul,
Cs,COs and acetonitrile were chosen as copper source, base and solvent on the basis of previous
literature reports (Scheme 2.4). This reaction would be relatively challenging, due to the
electron-donating nature of the substituent on the aryl halide involved, making it less reactive.
The use of this substrate was mainly chosen to better observe the differences in efficacy of the

different ligands, which would have gone unnoticed using a more reactive substrate.

Cul (10%)
OH | Ligand (10%)
OMe MeCN (2 mL) OMe
{¢]
1(1.2mmol) 2 (1.0 mmol) 90°C, 24 h 3

Scheme 2.4: Model reaction for the synthesis of aryl ethers
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To test the effectiveness of the parent picolinamide ligand L11 in the catalytic reaction,
this was first compared with other common bidentate ligands, including phenanthroline,
bipyridine, S-diketones, S-diamines and S-amino-acids. Picolinic acid and 8-hydroxyquinoline
were also tested in the reaction. For each of the ligands in the initial screening, different reaction
conditions were studied. On the basis of previous literature reports, the effect of the reaction
conditions seems to be dependent on many different factors, and reactions performed under air,
under nitrogen/argon, under dry conditions or in water can all be found in the literature for Cu-
catalysed couplings. Although in many cases Ullmann-type couplings are performed under air-
free conditions, the reaction often proceeds well even under aerobic conditions,”® °" depending
on the system under investigation. The importance of moisture in these reactions, considering
the hygroscopicity of some of the chemicals involved, can also be suggested on the basis of
previous literature reports. In particular, studies on the effect of added water to caesium bases
utilised in transition metal cross-couplings showed that reaction yields were strongly dependent
on this parameter.58’ % Thus, three different reaction conditions, Methods A, B, and C, designed
to investigate the general effect of moisture and atmospheric oxygen on the catalytic

performance, were employed. The three methods are described below:

e Method A: reactions in air, using shelf chemicals and non-treated solvent (aerobic, non-
anhydrous);

e Method B: reactions in air using dry reaction components (aerobic, anhydrous);

e Method C: reactions under a nitrogen atmosphere, using anhydrous solvent and dry

chemicals (anaerobic, anhydrous).

The results of the preliminary screening are reported in Figure 2.2.
55 o X
u VethodA = Method B Method C 4 \ N
=N W 7 =y N7 N OH

L1 L2 L3

o] o o 6 o
~N  OH M ij)K

\
L4 L5 L6

Yield (%)

OH
L7 Ls Lo
N._COOH Q /@
X N
\ SN
> | H
=
L10 L11

Figure 2.2: Comparison of picolinamide ligand L11 with other common bidentate ligands (GC

yields)

As can be seen from Figure 2.2, the reaction outcome is strongly dependent on the ligand

used, underlining the importance of structural factors in the ligand. Moreover, the effect of the
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experimental conditions is also dependent on the ligand employed, with some of the ligands not
being affected by the different conditions, and others showing considerable differences.
Notably, the use of anaerobic conditions (Method C) in combination with ligands L4-L6, L9
and L11 resulted in significantly better yields of aryl ether 3 (> 10% increase), while the
influence on the other ligands is insignificant. The use of dry chemicals in an aerobic
environment, (Method B) did not influence considerably the reaction outcome, with a decrease
or increase in yields only for L5 and L10 respectively. It is worth noting that a somewhat higher
average amount of the side product anisole, obtained from dehalogenation of iodoanisole 2, was
obtained under anaerobic conditions, although still remaining a minor side product (a maximum
of 13% vyield of anisole was observed by GC with ligand L6 with Method A). The reduction of
the aryl halide to the dehalogenated product is known to be a side-reaction in Cu-catalysed

arylation processes,” and the reduced product is observed in small amounts.
2.4.2 — Structure-activity relationships — bidentate picolinamide ligands

The parent picolinamide L11 appears as a competitive ligand for the synthesis of aryl
ether 3, its activity in the reaction being comparable only to ligands L5 and L9 under the
different conditions. The screening of different amidic and substituted picolinamide ligands was
therefore undertaken, trying to improve the catalytic performance. To start with, the effect of
different  heterocyclic groups was studied. For this, N-phenyl-substituted 2-
thiophenecarboxamide, 2-furancarboxamide and 2-quinolinecarboxamide (ligands L13, L15
and L17) were tested in the reaction, together with the corresponding carboxylic acids (L12,
L14 and L16). The interest in the carboxylic acid ligands derives from their previous
employment in Cu-catalysed couplings, for example 2-picolinic acid was reported as an

% while Cu-

effective ligand for C-O couplings by Buchwald and co-workers,®*
thiophencarboxylate for C-C couplings by Liebeskind.®* These reactions were performed using

Method A; the results are reported in Figure 2.3.

— M Carb. acid

7 HN-phenylamide

Yield %

Ligand:

NN oN/©
O o SO “

Hetrocycle

Figure 2.3: Comparison of different heterocyclic rings in amidic ligands (GC yields)
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The poor results obtained with either the carboxylic acid or the corresponding amide for
the three heterocyclic donors denotes a strong influence of the pyridyl ring in the ligand. Even
the quinolinic ligands, structurally similar to the picolinic relatives, did not show any
considerable improvement from their thiophene or furan analogues.

The study of the effect of the substituent on the phenyl ring of the picolinamide was then
undertaken. Differently substituted ligands with electron-donating groups (EDG) and electron-
withdrawing groups (EWG) were tested in the catalysis (Method A). The graph in Figure 2.4
shows how electron-donating substituents on the phenyl ring led to poorer yields than the parent
ligand L11, while EWG-substituted ligands generally resulted in higher yields. The effect of
electron-withdrawing substituents is obvious from the results of ligands L20 and L21: the
substitution of one of the two methoxy groups of L20 with a nitro group in L21 gave a 15%

higher yield of 3.

Ligand:
80 - LI,
-0 o 67 o4 65 " (0] = ‘
A\
— a8 /
& 50 4 45 =
3 R=H (L11)
2 a0 - 2,4,6-triMe (L18)
30 | 2-OMe (L19)
2,4-diOMe (L20)
20 - 2-OMe-4-NO, (L21)
10 | 2-Cl-6-Me (L22)
3-NO, (L23)
’ L11 I I L18 I L19 I L20 I L21 I L22 I 123 I L24 I 125 I 126 I 4-NO, (L24)
) 4-Ac (L25)
Ligand

3,5-diCF (L26)

Figure 2.4: EDG- and EWG- substituted picolinamide ligands (GC yields)

Ligand L22, substituted with a methyl and a chlorine in the two ortho positions of the
phenyl ring, led to slightly better results than the other ligands in the series. Despite the
minimum difference, which can be attributed to experimental error, the presence of a methyl
group, supposed to reduce the ligand efficacy, seems to be counter-balanced in this ligand by
the presence of the chlorine substituent, leading to a higher yield than the unsubstituted ligand
L11. This reasoning suggested that halogens could be effective substituents in the picolinamide
ligands. This hypothesis resulted in the investigation of a range of different halogen-substituted
ligands to be tested in the catalysis. The results of the catalytic screening using these ligands,

ordered by substitution position, are shown in Figure 2.5.
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Figure 2.5: Screening of halogenated ligands in catalysis (GC yields)

The use of these ligands proved interesting for their efficacy in the catalytic process, and
for the understanding of possible roles of the ligand in the reaction. Several of the halogenated
ligands proved more effective than other EWG-substituted ligands in Figure 2.4, in particular N-
(2-fluorophenyl)picolinamide L27 furnished an excellent 84% yield of 3 in air. The best ligand
in each series (L27, L32, L36, L40 and L43) was further tested with Methods B and C for
comparison. As in Figure 2.2, Method B did not considerably influence the reaction outcome,
and even under anaerobic conditions (Method C) similar yields were obtained, showing a much
lower sensitivity to atmospheric oxygen than the parent L11.

The efficacy of halogenated ligands in the catalysis strongly depends on the halogen and
the substitution position, as is partially to be expected on the basis of the different electronic
effects involved. However, electronic effects are not the only factors affecting their behaviour in
catalysis, these ligands being themselves potential substrates for a coupling reaction. Ortho-
substituted ligands, for example, resulted in a gradual decrease in yield of aryl ether 3 when
going from fluorine to bromine and iodine substituents. This order also represents the reactivity
of the halides in coupling reaction. It has been reported that similar substrates [N-(o-
halophenyl)benzamides] under Cu-catalysis can undergo intramolecular coupling, leading to the
formation of benzoxazoles (Scheme 2.5).°2% This transformation would make the picolinamide
ligand unavailable for the catalytic process. However, despite this process being known and
exploited since long time on different substrates, Glorius reported that this specific reaction did
not take place on picolinamide substrates,”® which is probably due to the stable bidentate

coordination in which the Cu centre would be found using these compounds, and the
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benzoxazole product was not noted during our experiments. Nonetheless, Cu-catalysed
couplings of a different type were indeed observed at this position using these ligands in similar
conditions, which may have some role in determining their scarce efficacy in the catalytic
process. Discussion on these reactions is reported in Chapter 3.

HJQ - NJ© — NQ e DT

Scheme 2.5: Formation of benzoxazoles from halogenated amidic ligands

Interestingly, the yield decreased from ortho- to para-substituted ligands with fluorine,
but increases again when a second fluorine atom is inserted in the ortho position (L39 and L42),
which confirms the importance of the ortho fluorine atom.

None of the other amidic ligands, structurally related to the picolinamide backbone (L45-
L50) resulted in yields comparable to picolinamide ligands. Yields between 7% and 41% were
obtained in all cases with Method A, except for L47, which resulted in a 66% yield of aryl ether
3 (Table 2.1).

Table 2.1: Performance of other amidic ligands in the synthesis of aryl ether 3 (GC yields)

Ligand Yield of 3
L45 11%
L46 41%
L47 66%
L48 40%
L49 7%
L50 14%

2.4.3 — Structure-activity relationships — tetradentate ligands

Although bidentate ligands are the most commonly used in Ullmann-type couplings,
sporadic reports on the use of tetradentate ligands are found in the literature of the past decade.”

L7072 and salen type

%72 In particular, the already mentioned Taillefer’s iminopyridine ligands
ligands®"® have been used successfully in several coupling reactions. Due to the good results
obtained in the screening of bidentate ligands, several tetradentate ligands were also screened in
the model reaction. More specifically, a comparison between tetradentate iminopyridine (L53),
picolinamide (L54), salen (L55), and bis(hydroxyl-benzamido) (L56) ligands was envisaged.
The first three types were synthesised by the author, while bis(hydroxy-benzamido) ligands
were synthesised by Miss Jessica Lamb during a summer project in the McGowan group. These

ligands were synthesised according to the procedures reported in Scheme 2.6.>* 7
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Scheme 2.6: Synthesis of tetradentate ligands

The relative similarity of these families of ligands makes them interesting to investigate
the effect of the different moieties in the reaction. In particular, the charge of the ligands can be
varied from neutral to di-anionic to tetra-anionic, thus potentially stabilising completely
different oxidation states of the metal centre. Both picolinamide and salen ligands are di-
anionic, but differ in the position of the acidic sites in the ligand, thus potentially influencing
ligand exchange properties of the corresponding Cu complexes. Bis(hydroxy-benzamido)
ligands are a combination of picolinamide and salen ligands, and were studied to test the effect
of the extra two negative charges on the behaviour of the catalyst. For each class of ligands,
three different amines were used, from the flexible ethylenediamine to the rigid ortho-
phenilenediamine; these changes would also influence the ligand exchange properties, as well as
the stabilisation of mononuclear or dinuclear Cu species, which have been reported, for
example, with neutral ligands.** ®

All of the tetradentate ligands synthesised were tested in the synthesis of aryl ether 3,
under the conditions used for the bidentate ligands (i.e. Method A described above). The results

are shown in Figure 2.6.
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Figure 2.6: Catalytic results with tetradentate ligands (GC yields)

In general the tetradentate ligands tested did not lead to very high yields of aryl ether 3,
but interesting trends in the efficacy of the ligands were observed. Iminopyridine ligands L53a-
c resulted in average yields (30-50%) with the three different amines used, and did not appear
very dependent on the amine used. The di-anionic picolinamide and salen-type ligands,
however, showed to be strongly dependent on it, but opposite trends were observed for the two
ligand families: while the activity decreased from L54a to L54c for picolinamide ligands, for
salen ligands it increases from L55a to L55c¢. This denotes that completely different parameters
influence the ligand behaviour in the two types of ligands. For picolinamide ligands there are
indications that the lability of the ligand might be crucial in determining the catalytic
performance, for example the rigid L54c forms a very stable Cu(ll) complex, which can be
detected through LC-MS, contrarily to the others in the series, which undergo ligand
dissociation. Moreover, the catalytic reaction performed with this ligand resulted in a light
brown solution (same colour as the corresponding Cu(ll) complex) that remains stable for all the
reaction time, while generally colour changes are observed during the reaction (see Chapter 4).
This suggests that ligand exchange might be particularly hindered in this case, while ligands
L54a and L54b, more flexible, gave better yields. The same effect is probably not valid for
Salen ligands L55. The tetra-anionic bis(hydroxy-benzamido) ligands L56a-c only gave very
low vyields, possibly because of the stability of the complexes formed with the Cu, due to the
four anionic sites.

Due to the lower yields obtained with these ligands, studies about this effect were not
undertaken, and bidentate ligands were prioritised for the rest of the work reported in this thesis.
Initial investigations on the behaviour of these ligands in complexation with Cu sources were

undertaken by the author and by Miss Jessica Lamb,’® but were not concluded, and will not be
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reported, but these data suggest that important information for further structure-activity

relationship studies might be obtained from the study of these systems.
2.4.4 — Optimisation and substrate scope with ligand L27

Having identified N-(2-fluorophenyl)picolinamide L27 as the best ligand among those
tested for the synthesis of aryl ether 3, a screening of solvents, bases, and copper sources was

performed to optimise the process using Method A (Table 2.2).

Table 2.2: Screening of solvents, bases and Cu sources®

Cu source (10%)
OH L27 (10%)

| Base (2 eq.) @\
/©\+ \©\0Me Solvent (2 mL) \Q/ Me
1 2 90°C, 24 h
Entry Solvent Base Cu source Yield % ™
1 MeCN Cs,CO3 Cul 84
2 DMSO Cs,CO3 Cul 43
3 DMF Cs,CO3 Cul 61
4 NMP Cs,CO4 Cul 48
5 Dioxane Cs,CO4 Cul 59
6 Toluene Cs,CO; Cul 17
7 MeCN K.CO3 Cul 32
8 MeCN Na,COs Cul 8
9 MeCN t-BuOK Cul 22
10 MeCN KsPO, Cul 70
11 MeCN Cs,CO3 Cu(0) powder 76
12 MeCN Cs,CO4 CuBr 78
13 MeCN Cs,CO; Cucl 72 (70) @
14 MeCN Cs,CO; CuCl, 81

[a] Conditions: 3,5-dimethylphenol (1.2 mmol), 4-iodoanisole (1.0 mmol), base (2.0 mmol), Cu source,
(0.1 mmol), ligand L27 (0.1 mmol), solvent (2 mL); 90°C, 24 h, under air. [b] GC yields using p-cymene
as internal standard. [c] 4 mL of solvent were used. [d] Anhydrous.

Other polar solvents used as reaction media did not result in any improvement in the
reaction outcome (Table 2.2, entries 2-5, yield 43-61%), while the use of toluene resulted in a
very poor yield (entry 6, 17%). Since DMSO is a common solvent for Cu-catalysed cross
couplings, ligands L1-L11 were also tested in this solvent, looking for specific ligand-solvent
interplays. Similar trends, however, were observed in acetonitrile and DMSO, and none of the
ligands showed improved results in the latter solvent (Figure 2.7). The use of other bases
commonly employed in cross couplings also resulted in poorer yields (entries 7-9), with only
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K3PO, affording a good 70% vyield (entry 10). Notably, the use of other carbonates, such as
K,CO; and Na,COs, resulted, as expected, in much poorer yields (32% and 8% respectively,
entries 7-8). On the contrary, no great differences with different Cu sources were observed, and
Cu(l), Cu(ll) and Cu(0) all resulted in similar yields (entries 11-14). This effect is widely
reported in the literature (see Chapter 1). Further optimisation experiments focused on different
amounts of base and catalysts, reaction time and temperature (Table 2.3).

EDMSO mMeCN

L8 g

L10 111
Ligand

Figure 2.7: Comparison MeCN/DMSO for ligands L1-L11 (GC yields)

Table 2.3: Optimisation of the reaction for ligand L27

Cul
OH L27

| Cs,CO4 o©\
/©\+ \©\0Me MeCN (2 mL) \Q/ OMe
1 2 T, time 3
Entry Equiv. Cs,CO;4 Cul/L27 (mol %) Time (h) T (°C) Yield % [
1 3.0 10/10 24 90 77
2 1.5 10/10 24 90 73
3 1.0 10/10 24 90 52
4 2.0 5/5 24 90 66
5 2.0 5/10 24 90 71
6 2.0 10/20 24 90 78
7 2.0 10/10 18 90 77
8 2.0 10/10 12 90 62
9 2.0 10/10 24 80 68

[a] Conditions: 3,5-dimethylphenol (1.2 mmol), 4-iodoanisole (1.0 mmol), Cs,CQs, Cul, ligand L27,
MeCN (2 mL), under air. [b] GC yields using p-cymene as internal standard.

While at least two equivalents (to the aryl halide) of base were necessary for the reaction
to occur with good yields, further increases did not furnish any better yields (Table 2.3, entries
1-3). Amounts of copper catalysts lower that 10% resulted in poorer yields, and the increase of

the ratio Cul/ligand did not appear beneficial to the reaction (entries 4-6; for a deeper
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investigation on this aspect see Chapter 4). Finally, a decrease in temperature or time also

afforded lower yields (entries 7-9).

The initial conditions were therefore used to assess the substrate scope available to the C-

O coupling with ligand L27 using phenols as nucleophiles. A range of substrates proved active

under these conditions (Scheme 2.7). Among standard substituted substrates, good yields were

generally obtained with either EDG-substituted and EWG-substituted aryl iodides when

electron-rich phenols were used (compounds 3-7). Reducing the electron-richness of the phenol,

the sensitivity on the electronic properties of the aryl iodide increased, and considerably better

yields were obtained with electron-poor iodides (for example, comparison of compounds 8-10

and 11-13).
Cul (10%)
L27 (10%)
©/OH X\© Cs,CO3 (2 eq.) (o)
2 * X MeCN (2 mL)
R R
R 90°C, 24 h Ri
under air
o. o)
. ROV ¥S] L
)LN R
H R
R = OMe 3 (80%) 5 (76%) R = Me 6 (54%) R = OMe 8 (56%)
(X = Br: 20%) R=H 7 (58%) (X = Br: 0%)
R=Ac 4 (78%) R=H 9 (40%)

R=Ac 10 (80%)

o, 00, or@ pj\@@

R = OMe 11 (21%) 14 (32%) 5 (71%) =H 16 (89%)
(X = Br: 10%) (no Cullig.: 31%) R C 7 (89%)
R=H 12(36%)
R =NO, 13 (73%)
(no Cullig.: 77%)

saeslicneriihen cHERC Rt

18 (63%) Cl 19 (75%) R=H 20 (4%) R=H 22(37%)
& R =NO, 21 (51%) R =NO, 23 (65%)
(no Cullig.: 0%) (no Cullig.: 16%)
R=Me (30%) 26 (43%) 7 (42%) R = OMe 28 (74%) (74%)
R = 3-butenyl 25( 0%) (X = Br: traces)

R=Ac 29 (84%)
R =NO, 30 (90%)
(no Cullig.: 94%)

50 oo, 5°@Q~ | 5 sqol

R =tBu 32 (52%) R = Allyl 34 (83%) 36 (91%) 36 (X-ray struct.) R=H 37 (57%)
R =t-Am 33 (81%) R =t-Bu 35 (73%) R = OMe 38 (53%)

(X = Br: traces)

(X = Br: 22%)

Scheme 2.7: Substrate scope for the synthesis of aryl ethers in MeCN (isolated yields)
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The use of heterocyclic substrates, in particular nitrogen heterocycles, is of high
importance due to the recurrence of these rings in natural and biologically active compounds,
and much effort has been put into the use of Cu catalysts for coupling reactions involving these
substrates.”” The coupling with novel indazolic substrates to give compounds 16-19 occurred
with good yields, and no cross-coupling with the chlorine atoms were observed. The indazolic
precursors used were tested due to their importance as pharmaceutical ingredients in

glucocorticoid receptor modulators’®®

(for the synthesis of the indazolic precursors see the
experimental section, Chapter 6). In other cases the coupling with heterocyclic compounds
occurs with poor results or with poor selectivity for the desired product. 2-Hydroxypyridine, for
example, is a challenging substrate from this point of view, and the C-N coupling product is
obtained most often in preference to the C-O product.” 8% Under our conditions, this substrate
remained unreacted when the coupling with 4-iodoanisole 2 was tried, and reacted at the N site
with EWG-substituted aryl halides (see Section 2.5). The use of the 6-methyl substituted
analogue resulted in the formation of the C-O product, although in very small yield (20, 4%),
unless a EWG-substituted aryl halide was used (21, 51%). The use of 6-substituted-2-
hydroxypyridines has been previously reported to furnish the C-O coupling selectively, due to
the steric hindrance close to the nitrogen site, which inhibits couplings at this position.?> 8 In
the case of 8-hydroxyquinoline, which also remained unaffected under our conditions, a few
reports can be found in the literature about successful couplings at generally higher
temperatures or using microwave techniques.®® ® # Since this compound is a good bidentate
ligand for copper, contemporaneous coordination to the hydroxyl group and the pyridyl nucleus
seems to inhibit the coupling by reducing the amount of catalyst available.®? Again, the methyl
substituent in 8-quinaldine (2-methyl-8-hydroxyquinoline) somewhat reduced this effect,
allowing the coupling in milder conditions (22-23, 37% and 65% respectively).

Other generally difficult substrates are those bearing sterically hindered groups in the
position ortho to the coupling site. In particular, intermolecular versions of these couplings are
relatively rare in the literature.>* " 8% Good results were obtained under our conditions using
hindered substrates. In particular, the phenol substrates seem not to be affected at all by the
steric hindrance, and groups from methyl to tert-amyl are well tolerated in the reaction,
producing yields up to 91% for ether 36. Only a couple of examples from Hsieh and Beller were
found in the literature about the successful use of such hindered (ortho tert-butyl substituted)
phenols.® ¥ Even the coupling with the electron-donating 4-iodoanisole 2 led to yields of 73%
to 83% (28, 34-35). The doubly substituted 2,6-dimethylphenol is considerably less reactive, but
similar yields were obtained for the coupling with iodobenzene and 4-iodoanisole (37-38, 57
and 53% respectively). Similar or even lower yields for couplings with this substrate were

87, 88, 90, 92

reported by Buchwald, Yu, Qian, and Beller, while better results were successively
reported by Buchwald using 2-picolinic acid (L10) as ligand.** Considerably lower tolerance for

steric hindrance on the aryl halide was observed: ortho-methyl or ortho-methoxy substituted
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aryl iodides as substrates resulted in 30-43% vyield of the corresponding ether (24, 26-27), but
the use of larger groups does not seem to affect the yield further, as suggested by the use of 2-
(3-butenyl)iodobenzene (25, 40% yield). Interestingly, sensitivity to steric hindrance on the aryl
halide, but not on the phenol was also noticed by Ma and Hsieh using different catalytic
systems.® °* Considering the completely different results generally obtained depending on the
conditions in Cu-catalysed couplings, this fact is noteworthy, in that it demonstrates similarities
between different catalytic methods, and general reproducibility of the results.

Although aryl iodides are generally unreactive in catalyst-free aromatic nucleophilic
substitution (SyAr), EWG-substituted compounds can undergo substitution reaction in the
absence of any catalyst, only using Cs,CO; as a base, as recently reported by Taillefer.”® This
proved to be the case for some of the nitro-substituted substrates: the synthesis of ethers 13, 14,
and 30 without the addition of Cul and ligand, afforded yields comparable to those obtained
with the addition of the Cu catalysts (Scheme 2.7). In contrast, compound 21 was not obtained
under Cu-free conditions, and 23 was isolated in only 16% yield, versus 65% with the addition
of Cul/ligand, confirming the different general reactivity of these heteroaromatic substrates.

The use of aryl bromides rather than aryl iodides resulted in much lower yields for
compounds 3, 8, 11, 28, 35, and 38 in these conditions, but the fact that some product was

formed even with sterically hindered phenols is encouraging.
2.5 — Coupling between 2-hydroxypyridine and 4-iodoacetophenone

As reported in the previous section, the O-arylation of substrates such as 2-
hydroxypyridine 39 did not occur under our catalytic conditions. Due to the importance of these
substrates and the difficulty in their synthesis, further attempts were made to try to shed some
light on the process. The results will be briefly reported in this section.

Arylation of 2-hydroxypyridine 39 can occur either at the nitrogen or at the oxygen site.
This compound can act as a bidentate ligand for copper (although the coordination depends on

the presence of other ligands and substituents on the ring),**®

and this fact alone poses an
intrinsic selectivity problem for the reaction, being both sites simultaneously available for
functionalisation. Moreover, despite the two tautomers that describe this compound (Scheme
2.8), the prevalent structure in the solid state is the amido form B, as demonstrated by

crystallographic and IR data,””

while in solution the prevalent structure depends on the
solvent, the imido form A being prevalent in non-polar solvents, and the amido form B in polar
ones.” ® The sensitivity to the solvent used may add to selectivity issues, especially when a
range of solvents can be effective for the general catalytic process.

The electronic properties of the ligand may also influence the selectivity of the reaction,
favouring the attack of the more nucleophilic N- site or the less nucleophilic O- site, as

suggested to explain the selectivity in amino-alcohols (see Chapter 1, Figure 1.4).*%
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Scheme 2.8: Tautomers of 2-hydroxypyridine 39

With the effects of solvent and ligand in mind, the possibility of a specific combination
ligand/solvent allowing the desired O-arylation could be envisaged, and a screening of solvents
of different polarity and differently substituted amidic ligands was performed. Solvents of
boiling points >100°C were used, to allow the use of reaction temperatures somewhat higher
than in our previous experiments, possibly favouring the arylation process. Moreover, the
reactions were performed under nitrogen, which was also supposed to give better results. Six
solvents were chosen for the screening; in order of increasing dielectric constant: 1,4-dioxane
(2.2), toluene (2.4), butyronitrile (PrCN, for its similarity to acetonitrile, 20.3), N-
methylpyrrolidinone (NMP, 32.0), DMF (38.3) and DMSO (47.0).* *2 Picolinamide ligands
substituted with electron-donationg to electron-withdrawing groups were selected (L45, L20,
L11, L27, L26), together with N-(8-quinoline)benzamide L50 and N-phenylsalicylamide L49.

The screening with these solvents and ligands invariably resulted in the formation of the
N-arylated product 41, identified by NMR and crystal structure analysis (Scheme 2.9). In Figure

2.8 are reported the results for the screening in the different solvents.

Cul (10%)
Ligand (10%)

‘ NG OH I Cs,CO05 (2 eq) o /@/Lo |

A N P c2

Solvent (2 mL) | '

o) reflux, 24 h, Z M 1 ¢
under N, w c3

Scheme 2.9: Synthesis and crystal structure of 1-(4-acetylphenyl)pyridin-2-one 41

It is clear from Figures 2.8a that in solvents such as PrCN, NMP and DMF, which have

an intermediate dielectric constant (between 20 and 38),"* %2

similar yields were obtained using
the different ligands, while in other solvents, with a higher or lower dielectric constant, the
reaction outcome was more strongly dependent on the ligand, although no definite trends

appear.
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Figure 2.8: Results for the synthesis of compound 41 according to: a) the ligand, and b) the

solvent employed (GC yields; values for dielectric constants are reported in parentheses)
2.6 — Synthesis of aryl ethers in green organic solvents

The typical reaction media employed for Cu-catalysed couplings are traditionally
represented by solvents like toluene, 1,4-dioxane, MeCN, DMF, DMSO or NMP. In the last
decade, investigations on the use of greener solvents has been published in many research
articles, and reviews on the topic are now also available.'® ** For Ullmann-type couplings,
however, the term “greener solvents” used above almost exclusively refers to aqueous solvents,

105 or jonic

while very few reports are available on other green media, such as alcohols
liquids.’®'% Although the investigation of aqueous solvents is undoubtedly important and
fashionable, other green solvents exist, sometimes even more practically important than water,
which are not much investigated.

Several pharmaceutical companies have published tables of solvent data and listed them
according to their chemical physical, health and safety, and energy/life-cycle assessment (LCA)
properties, leading to banned, dangerous, or recommended classes of solvents for industrial
processes.'®™* The ACS Green Chemistry Institute-Pharmaceutical Roundtable (GCI-PR) has
also compiled a more general list, developed collaboratively by the members of different
companies.”® Moreover, a comparison between the different solvent guides has also been
published, which is helpful for research purposes.™* Water is the top green solvent in all of the
lists published, for obvious reasons, including the easier separation of products and recycling of
catalysts, but this does not imply that water is necessarily the best solvent from a practical point

of view. From a process point of view, the physical chemical properties of water may not be the
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best,"*! and the disposal of large quantities of aqueous waste also poses problems.**> Another
problem is the low solubility of organic compounds in water, which is compensated through the
use of additives in the reaction. In Cu-catalysed couplings, the use of water is often found as

mixtures with other solvents, such as DMSO, and in the cases in which it is the only solvent, the

117 118

use of polymers,*'® surfactants™’ or phase transfer catalysts (PTCs)™® is often required. Finally,

water is known to react with aryl halides under catalytic conditions, leading to the formation of
phenols as side products.**® %

As a consequence, the use of organic solvents is still preferred for these reactions, but
greener replacements of the traditional non-green solvents need to be investigated. In all of the
green solvents lists, water is followed by organic solvents such as alcohols and esters,
particularly acetates, both cheap and easy to obtain from natural products. The range of
polarities and boiling points also make these compounds good alternatives to traditional
solvents, and preferred from a process point of view. Alcohols present obvious problems in
applications such as C-O cross couplings, being able to act as nucleophiles in the reaction,'*
although Buchwald reported the use of isopropanol for the coupling of aryl bromides with

aliphatic amines using ethylene glycol as excess ligand.®®

Arylation of isopropanol was not
mentioned, but some arylated glycol was observed, depending on the base used.’® On the other
hand, esters, although potentially able to undergo trans-esterification reactions with the phenolic
nucleophile, may be valid alternatives to be tested in the catalytic process. Other solvents of
interest (which are not usually mentioned in green solvent tables because less established), are
those derived from other renewable sources. For example, glycerol and its derivatives
(esters/ethers) have been found as good alternatives to other organic solvents in several

122126 ‘and used in agrochemical formulations;**” derivatives of isosorbide, another

processes,
naturally-derived compound, have been used as co-solvents or carriers in many pharmaceutical
and cosmetic formulations,”®® '*° thanks to their non-toxicity and favourable chemical
properties; organic carbonates have also attracted much attention, due to their low cost and
complete biodegradability, together with their remarkable properties as polar aprotic solvents;**

finally, ethyl lactate is also an increasingly common solvent in several type of processes.™

2.6.1 — Screening of green organic solvents in the synthesis of aryl ethers

To investigate the possible use of green organic solvent in the cross-coupling process, a
series of acetate solvents were selected to be tested in the catalytic synthesis or aryl ethers, as
well as glycerol triacetate (triacetin), isosorbide dimethyl ether (DMI), diethyl carbonate and
ethyl lactate. As for the arylation of 2-hydroxypyridine 39, a selection of four ligands (this time
only picolinamides) was used for the screening in each solvent. Furthermore, two bases were
selected to expand the screening, namely Cs,CO; and K3PO,, which resulted in the best yields

for the catalysis in MeCN (see Table 2.2). The same model reaction used for the investigation in
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MeCN was also used for these experiments, to allow a better comparison of the results (Scheme
2.10).

All of the reactions were run under reflux conditions, apart from those in triacetin,
because the boiling point (259°C) was deemed too high compared to the typical temperature
range used for these reactions. Reactions in this solvent were carried out at 150°C. Although
reactions in ethyl lactate were also performed, these resulted in all cases in a sticky gel-like
solid (unidentified products), insoluble in different solvents, leading to difficult workup and
non-reliable results. The results of the screening with the other solvents are reported in Figure
2.9. The catalytic results obtained in MeCN with Cs,CO; as base are also reported in Figure

2.9a for comparison.

Base:
Solvent / b.p. (°C): Cs,CO;
K3PO4
Cul (10%) - methyl acetate (MeOAc) / 57
ngand (10%) - ethyl acetate (EtOAc) / 77 i

/@\ \@\ Base (2 eq - propyl acetate (n-PrOAc) / 101 Ligand:
@\ - isopropyl acetate (i-PrOAc) / 89 o

- butyl acetate (n-BuOAc) / 125 N

one S ) - isobutyl acetate (i-BUOAC) / 116 N YR
1 (1.2 mmol) (1.0 mmol) - tertbutyl acetate (t-BuOAc) / 97 _—

under air

- pentyl acetate (n-AmOAc) / 149

- isopentyl acetate (i-AmOAc) / 142

- glyceryl triacetate (triacetin) / 150*
- isosorbide dimethyl ether (DMI) / 94
- diethyl carbonate (Et,CO3) / 127

R: 2,4-diOMe (L20)
H (L11)
2-F (L27)
3,5-diCF3 (L26)

* Reaction temperature

Scheme 2.10: Screening of green organic solvents for the synthesis of aryl ether 3

As expected, the use of Cs,COj; resulted in generally better yields than K;PO,. As in
acetonitrile, the catalytic activity increased using ligands bearing electron-withdrawing
substituents on the phenyl ring. The use of ligands L26 or L27, substituted with electron-
withdrawing groups were generally more effective than the unsubstituted L11, which was in
turn generally slightly better than the electron-donating L20. This was true using either base, but
the difference between the ligands was considerably accentuated using KsPO, (Figure 2.9b). In
this case, ligand L20 was always considerably less effective than the others, while with Cs,CO;
its efficacy was sometimes only a little inferior (Figure 2.9a). The better activity of the 2-
fluoropicolinamide ligand L27 in comparison to L26, observed in MeCN, is not generally
observed in these solvents, and results with these two ligands are similar, or slightly better with

L26.
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Figure 2.9: Catalytic results for the screenings of green solvents in the synthesis of 3 (GC

yields)

A number of the solvents tested resulted in much better results than MeCN with all the
ligands. i-PrOAc and i-BuOAc proved the best in the acetate series, followed by BuOAc,
AmOAC and i-AmOACc, although these showed a somewhat higher ligand dependence. Among
the other solvents, DMI and Et,CO; resulted in excellent yields, showing them to be interesting
alternatives to acetates. The use of PrOAc and t-BuOAc, EtOAc and MeOAc, as well as
triacetin, resulted instead in lower yields (Figure 2.9a).

Correlation of the product yields with parameters such as reflux temperature and
dielectric constants'™™ % for the solvents were checked as a preliminary explanation of these
results (dielectric constant values could not be found in the literature for i-PrOAc, DMI and t-
BuOAc). While no obvious correlation was observed with the reflux temperature of the solvents
(Figure 2.10), a general decrease in yields is noted with the increase of the dielectric constant of
the reaction solvent (Figure 2.11).
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Figure 2.10: Correlation of the catalytic yield of 3 with the solvent’s boiling points (the value
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Yield%

a) Base used: Cs,CO;

b) Base used: K;PO,

Figure 2.11: Correlation of the catalytic yield of 3 with the solvent’s dielectric constants

2.6.2 — Substrate scope in i-PrOAc

A substrate screening was performed to compare the results with those obtained in

MeCN. The reactions were performed using ligand L26 and Cs,COj; in i-PrOAc. This solvent

was chosen over the other good solvents due to its lower boiling point and consequently milder

conditions. The results are reported in Scheme 2.11.
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Cul (10%)
L26 (10%)

‘ N OH X ‘ N Cs,CO3 (2 eq.) ©/0 ‘ N
P " X i-PrOAc (2 mL) X X

R R R
Ri 110°C, 24 h !
under air
(0] R
o0, O, O SR
R R R OMe
R = OMe 3 (90%; 80%) R = OMe 8 (79%; 56%) R = OMe 11 (59%; 21%) R=Me 28 (85%; 74%)
(X = Br, 40%; 20%) (X = Br, 14%; 0%) (X = Br, traces; 10%) (X = Br, 37%; traces)
H 42 (99%) H 9 (39%; 40%) H 12 (84%; 36%) i-Pr 44 (72%)
Ac 4 (93%; 78%) Ac 10 (97%; 80%) Ac 43 (90%) t Bu 35 (75%; 73%)
45 (69%)
R=Me 46 (24%) 38 (37%; 53%) 50 (22%) o o para 51 (79%)

i-Pr 47 (15°/) (X = Br, 19%; 22%) 24 (45%: 30%) ortho 52 (71°/)
t-Bu 48 (17%)

Ph 49 (13%)

)
N O. O.
‘ N
AORS |®
20 (17%; 4%) 22 (21%; 37%)

Scheme 2.11: Substrate scope in i-PrOAc (isolated yields, values reported in italics are yields
obtained in MeCN, see Scheme 2.7)

Isolated yields obtained under these conditions with general electron-donating and
electron-withdrawing groups are considerably higher than those obtained in MeCN. Compounds
3-4, 8-12, 42-43, with EDG and EWG substituents on the phenol, were obtained in very good
yields, even when electron-rich aryl halides were used. These yields are approx. 20% higher
than in MeCN. Compound 9 was obtained in 39% yield, much lower than expected from the
general trend. This anomalous behaviour was also observed in MeCN (Scheme 2.7). Reactions
with hindered substrates were also performed. As expected from our previous study, good
results were obtained using increasingly bulky substituents on the phenol moiety in the coupling
with 4-iodoanisole (compounds 28, 35, 44-45), comparable with those in MeCN. Steric
hindrance on both coupling partners, however, resulted in yields of approx. 20% (compounds
46-49). As observed before, the use of 2,6-dimethylphenol, hindered at both sides, considerably
reduces the reactivity, and coupling products with 4-iodoanisole and 2-iodotoluene were
obtained in 37% and 22% vyield respectively (38, 50, the yield for 38 is lower than in MeCN).
The coupling of 3,5-dimethylphenol with 2-iodotoluene furnished 24 in 45% yield, but the
reaction with 4-iodoaniline or 2-iodoaniline afforded 79% and 71% yield respectively (51-52).
No competing arylation of the amino group was observed in these cases. Unfortunately, no
coupling product was detected using unsubstituted 2-, 3-, or 4-hydroxypyridines, but 17% of the
6-methyl substituted compound 20 was obtained, while arylation of 8-hydroxyquinaldine (22)

occurred in 21% vyield (in MeCN: 4% and 37% respectively). Reactions with 4-bromoanisole
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resulted in max. 40% yield, considerably lower than the corresponding iodide (compounds 3, 8,

11, 28, 38). No side products derived from the solvent were observed for these couplings.
2.7 — Arylation of amides in green organic solvents

The good results obtained with these solvents in the arylation of phenols suggested their
possible utilisation in the arylation of other nucleophiles through copper catalysis. Thus, the
model reaction between benzamide and 4-iodoanisole was subjected to screening of the same
solvents with picolinamide ligands (Scheme 2.12). Also in this case, the reactions were

performed under reflux temperature.

Solvent / b.p. (°C): - Cs,CO3

Cul (10%) - methyl acetate (MeOAc) / 57
Ligand (10%) - ethyl acetate (EtOAc) / 77

o .
! Base (2 eq.) Q/ - propyl acetate (n-PrOAc) / 101 Ligand:
NH, - isopropyl acetate (i-PrOAc) / 89 o = ‘
- butyl acetate (n-BuOAc) / 125 N N\

OMe Solvent (2 mL) ! >
reflux, 24 h - isobutyl acetate (i-BuOAc) / 116 ‘ A H R

53 (1.2 mmol) 2 (1.0 mmol) under air - tertbutyl acetate (t-BuOAc) / 97 =

- pentyl acetate (n-AmOAc) / 149

- isopentyl acetate (i-AmOAc) / 142 R: 2,4-diOMe (L20)

- isosorbide dimethyl ether (DMI) / 94 H (L11)

- diethyl carbonate (Et,CO3) / 127 2-F (L27)
3,5-diCF (L26)

Scheme 2.12: Screening of green organic solvents for the synthesis of amide 54

In this case, the use of Cs,CO; as base resulted in generally poor results, and no definite
ligand effect could be clearly distinguished (Figure 2.12a). KsPO, resulted instead in much
better performances, generally cleaner reactions and more sensible ligand effect. Again, EWG-
substituted ligands resulted in better yields, with L27 slightly better than L26 (Figure 2.12b). n-
and i-Butyl and pentyl acetates resulted the best solvents among those tested, while DMI and
diethyl carbonate did not prove effective solvent for this reaction. The use of triacetin resulted in
the formation a dark, dense, semi-solid slurry during the reaction, leading to unreliable stirring.
A similar effect was observed using n-PrOAc with Cs,COa. Interestingly, no correlation was
observed between the catalytic results and boiling point or dielectric constant’® % of the

solvent used (Figure 2.13).
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b) Base: KsPO,
Figure 2.12: Catalytic results for the screenings of green solvents in the synthesis of 54 (‘H-
NMR yields)

—4—120 ——L11 ——L27 —=—L26 —4—120 ——Ll11 —4—L27 —=—126

Yield %

Yield %
w
(=]
-~

a) Correlation with boiling point b) Correlation with dielectric constant

Figure 2.13: Correlation of the catalytic yield of 54 (base = K3PO,) with: a) the solvent’s

boiling point, and b) the solvent’s dielectric constant
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Iso-butyl acetate and L27, which furnished the best results in the screening, were chosen
to investigate the substrate scope of this methodology (Scheme 2.13). A range of amides,
including aromatic, aliphatic and cyclic amides were explored, resulting in good to excellent
yields of the arylated products. The reaction of benzamide, 4-methoxy benzamide and 3-
(trifluoromethyl)benzamide with electron-donating to electron-withdrawing aryl iodides
occurred with good yields (54-61, 56% to 91% yields). These yields compare well with previous
reports in the literature.™ ***** Arylation of cyclohexanecarboxamide gave products 62-64 with
yields between 71% and 78%, while cyclic amides such as 2-pyrrolidinone and 2-
hydroxypyridine gave excellent results, with yields of 87-98% (65-69). Arylation of
nicotinamide with iodobenzene afforded 61% yield of amide 70, while compound 71 was
obtained in modest yield (31%). The addition of a methyl group in ortho on the halide resulted
in lower yields, especially for aromatic amides (products 72-74, 36-57% yields). The coupling
with cyclohexylcarboxamide and 2-pyrrolidinone resulted in 63% and 81% vyields respectively

for 75 and 76, only about 10% lower than the corresponding unsubstituted products 63 and 66.

Cul 10%
L27 10%
o] | N K3PO4 (2 mmol) (o] = ‘

R)LNHZ * ‘/\/ -BUOAC (2mL) RN \\R
Ry reflux, 24h H 1
(1.2 mmol) (1.0 mmol) under air
R
R R R
s L A LY 2 9 LT
N N N N
SaagNes .t o adie
MeO
R = OMe 54 (83%) R = OMe 57 (67%) CFs R=0OMe59(66%) R=OMe62(71%) R =OMe 65 (97%)
H 55 (85%) H 58 (92%) H 60 (81%) H 63 (78%) H 66 (97%)
Ac 56 (59%) Ac 61 (56%) Ac 64 (72%) Ac 67 (87%)
R = OMe 68 (95%) 70 (61%) ‘2 -
H 69 (98%) 71 (31%) 71 (X-ray
struct.)
R= 4OMe 72 (55%) 75 (63%) 76 (81%)

( 7%)
3 -CF, 74 (36%)

Scheme 2.13: Substrate scope for the arylation of amides in i-BuOAc (isolated yields)

The reaction between benzamide 53 and 2-iodobenzylbromide resulted in the formation
of compound 77, substituted at both halogenated sites, suggesting a good reactivity of bromides
in these conditions (Scheme 2.14). In fact, the coupling with benzyl bromide occurred with 52%
yield, and even benzyl chloride reacted with 33% yield (78). However, other aliphatic bromides

tested in the reaction did not appear reactive.
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Scheme 2.14: Benzylation of benzamide (isolated yields)

- ©*<E 1.

77 (30%

— O

78 (X = Br, 52%)
(X = Cl, 33%)

Contrarily to the arylation of phenols, where no side reactions were observed, the

arylation of aromatic amides was accompanied by the formation of a side-product derived by

the reaction of the starting amide with the solvent to form the corresponding isobutyl ester. The

likely mechanism for the formation of this product involves the hydrolysis of the ester solvent

first, followed by the alcoholysis of the benzamides (Scheme 2.15). This side-product was

obtained from all the reactions with aromatic amides, and was isolated in few cases; the yields

are reported in Table 2.4.

cyclohexanecarboxamide.

Ao —
/Y Cu-catalysed

(e}

hydrolysis

HO/Y ~

O/Y
Cu-catalysed

alcoholysis

Are @%MGO Q’a @A’ @‘e
CF3

79 80 81 82

Scheme 2.15: Cu-catalysed alcoholysis of benzamides

Table 2.4: Isolated yields for side-products 79-82

Entry Amide Side-product (yield)
1 54 79 (22%)
2 55 79 (15%)
3 56 79 (9%)
4 59 81 (18%)
5 60 81 (19%)
6 70 82 (6%)
7 72 80 (44%)
8 73 79 (22%)

It is noteworthy that this process did not occur with
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The involvement of copper catalysis in the hydrolysis of the acetate was demonstrated by
the absence of any isobutanol in the commercial solvent used (*H-NMR). Copper sources have
been previously used to catalyse the hydrolysis of carboxylic esters.”***® On the other hand, the
alcoholysis of amides is a thermodynamically difficult process, and is generally performed with
metal catalysis. Examples of this process have been reported using zZn,**® Sc,*** **! or Hf**?
triflates, or with CeO,,'* but no reports were found in the literature on Cu-catalysed amide
alcoholysis.

2.8 — Summary

A series of picolinamides have been synthesised and tested as new ligands in the copper-
catalysed synthesis of aryl ethers, and some structure activity relationships have been observed.
In particular, the electronic effect of the substituents on the phenyl ring of the ligand proved
crucial in determining the efficacy in catalysis. Electron-withdrawing substituents on the ligand
result in higher catalytic activity, while the presence of electron-donating groups inhibits the
reaction. The results reported in this chapter demonstrate that EWG-substituted picolinamides
are effective ligands for the synthesis of aryl ethers, even under aerobic conditions. In particular,
sterically encumbered phenols, relatively rarely tolerated substrates in these reactions, could be
utilised as coupling partners with aryl iodides without any reduction in yield. Limitations on
specific substrates were observed, notably sterically hindered aryl halides and heterocyclic
substrates showing chelating properties. Furthermore, the use of aryl bromides as starting
materials resulted in considerably poorer yields of aryl ether products. Investigations on green
organic solvents as good alternatives to commonly used reaction media proved that alkyl acetate
may be safely employed for the synthesis of aryl ethers and the arylation of amides. These

solvents had not been investigated before in copper-catalysed processes.
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Chapter 3:

Synthesis of Cu-picolinamide complexes

3.1—Introduction —recovery of Cu(ll) speciesafter the catalytic reaction

The catalytic synthesis of aryl ethers often proceeds, under optimised conditions, with the
formation of some blue-green solid during the process (even for reactions performed under N,),
and in some cases the resultant solution, after filtration through celite, appears of a green colour.
Although the colours of the solid or the solution at the end of the reaction vary considerably
with the substrates and solvents used (this was observed, for example, during the screening of
green solvents reported in the previous chapter), Cu(ll) compounds are likely to be formed
under aerobic conditions, and at least part of the colour observed is likely due to these
compounds.

For the synthesis of aryl ether 3 (see Chapter 2), the solid and the solution obtained after
the reaction are generally of adark colour, particularly in acetonitrile, but the recovery of Cu(ll)
complexes from these reactions was actually achieved with several of the ligands tested. After
filtration of the crude reaction mixture, if the filtrate is left to slowly evaporate in air, and the
solid is successively washed with water and diethyl ether to wash away the residual base and the
organic products, in several cases, a green powder or small green crystals can be collected from
the bottom of the flask (Scheme 3.1).

i) filtration
ii) evaporation
Catalytic ii) washing
—_—
reaction

Small green
crystals recovered

Scheme 3.1: Recovery of Cu(ll) species at the end of the catalytic reaction

Cu(ll) species were recovered from reactions with some of the anionic ligands tested in
the catalysis, namely L5, L9, L24, L26 and L 32. Only afew crystals could be obtained directly
from the crude reaction mixture with L5 and L 9, and a somewhat higher amount was recovered
for picolinamide ligands L24, L26 and L32 (ca. 10-15 mg). Recrystallisation of these
compounds (only necessary for the picolinamide complexes) resulted in the collection of single
crystals suitable for X-ray analysis, from which al of the complexes were identified as
Cu(ligand), complexes (with L 26 the complex Cu(L 26),(H-0) was formed, Figure 3.1).
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CU(L 26)2(H20) CU(L32)2

Figure 3.1: Crystal structures of complexes recovered at the end of the catalysis

The recovery of Cu species at the end of the reaction is important, in that it gives useful
information for the investigation of the mechanism of the catalytic process, and it raises the
question of what their role is in the catalytic process. In fact, these Cu(ll) complexes may
potentially be either catalytically inactive decomposition products, or possible resting states or
pre catalysts in the reaction. Investigation on the use of these complexes in the catalysis was
therefore pursued as part of the mechanistic investigations on the catalytic reaction, described in
Chapter 4. Because of the small amounts recovered from the catalyss, investigations using
these species necessarily required the synthesis of these compounds on a larger scale. Moreover,
attempts to isolate ligated Cu(l) species were also performed.

The rest of this chapter will describe the synthesis of Cu complexes with picolinamide
ligands, and the diversity of the complexes obtained, summarising their structural features in the
solid state.
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3.2 - Synthesis of Cu(picolinamide), complexes

Despite much research being carried out on tridentate™ and tetradentate'™®™ N-
phenylpicolinamide ligands with copper sources, relatively few reports have been published
regarding complexes with simple bidentate picolinamide ligands.*®

In al of the complexes reported in the literature obtained with bidentate picolinamide
ligands, the copper centre is in the +2 oxidation state, and the complexes are prepared through
the reaction of a Cu(l1) salt, such as Cu(OAc), or CuSO,, with the ligand in water or other protic
solvents.’*?! Using these procedures, the typical compounds obtained are Cu(picolinamide),
complexes, with the two ligands coordinating through the pyridinic and amidic nitrogens in a
trans geometry, which is to be expected on the basis of the steric hindrance of the two phenyl
rings.® The basic counterions makes the addition of a base to deprotonate the ligand
unnecessary, but coordination of these counterions to the metal centre can sometimes be
observed, leading to different types of complexes, where one picolinamide acts as a neutral

ligand with an N,O coordination mode,” rather than an anionic ligand (Scheme 3.2).

0 Q Q
N Y 4 euihent —— e a N C“
+ Cu(ll) salt Cu~ =
O)J\H R udln H,O / protic solvent N/ N g N
P r.t., under air C
(2eq.) (1eq.) =

X= coordinating anion

Scheme 3.2: General literature procedure for the synthesis of Cu(l1)-picolinamide complexes

The isolation of Cu(ll) complexes from a Cu(l) source after the catalytic process
prompted us to perform the synthesis of complexes under similar conditions to those used in
catalysis, and in particular the use of the same base, solvent and copper source. The reactions
were, however, performed under nitrogen, to try to avoid the formation of Cu(ll) species. This
procedure was chosen to investigate potential interplays between the reagents involved in the
catalysis, and the formation of complexes likely to be formed under the catalytic conditions.
Thus, the formation of the complexes was studied through reactions between the picolinamide
ligands and Cul, using Cs,CO; as base.

Reactions without base did not result in any isolable complex, while, with a base, even
under anhydrous and anaerobic conditions, Cu(ll) complexes were obtained in al cases.
Reactions under nitrogen, however, were somewhat cleaner than the reactions under air,
furnishing considerably smaller amounts of an unidentified side product, which was obtained as
a blue powder from reactions performed in air. A nitrogen atmosphere was thus used for the
successive syntheses. The use of only one equivalent of ligand, asin the catalysis, also resulted
in the Cu(picolinamide), species, therefore two equivalents were used to maximise the yield.
Control reactions showed that the same complexes could be obtained using triethylamine as a

base, but the possibility of the co-crystallisation of triethylammonium salts encouraged the use
69



of Cs,CO; for al the successive syntheses. The optimised procedure is reported in Scheme 3.3.
The detailed procedure for the synthesis of complexesis reported in Chapter 6.

_,, 1 R Ry~ OH,
— | R
Cs,CO3 (1 eq. i~ Cu
/O + cul —>52 2 (1eq) (e] PU*N b N( N o
MeCN /= @
(2 . e rt, 15-20n — / -
q.) q.) N, R; R R
Type | Type Il Type I

Scheme 3.3: Synthesis of Cu(l1)-picolinamide complexes, type | -111

Using the same procedure, different types of complexes were obtained, depending on the
ligand used. In complexes of type I-111, the copper centre is coordinated to two molecules of the
ligand, through the pyridinic and amidic nitrogens, positioned either in a trans or cis fashion.
The trans coordination in these complexes (type |) is generaly expected on the basis of the
steric hindrance due to the substituted phenyl rings,*® and is almost the only coordination mode
reported in the literature for these complexes (vide infra). The cis coordination in complexes of
types Il and |1l seems to be somewhat stabilised over the trans by an intramolecular 7-nt
stacking interaction between the two subgtituted phenyl rings, and was observed in some of the
complexes with electron-withdrawing substituents. A list of complexes of type I-111 is reported
in Table 3.1. The numbering of the complexes follows the one for the ligands reported in
Chapter 2, Scheme 2.3 (e.g. C11 isthe complex obtained with L 11).

Table 3.1: List of synthesised complexes of type |-111 (isolated yields)

Complex R Ry Type Yied | Complex R R, Type Yidd
C11 H H I 75% C35 4-F H | 55%
C20 2,4-OMe H I 36% C36 4-Cl H | 60%
Cc22 2-Cl-6-Me H [ 67% C38 4-1 H | 71%
Cc23 3-NO; H I 48% C39 2,4-F H | 80%
C25 4-Ac H I 81% C42 2,5-F H [ 87%
C26 3,5-CF; H [l 79% C43 2,5-Cl H | 51%
c27 2-F H I 83% C44 25Br H [ 81%
C31 3-F H I 44% C51 H OMe | 67%
C32 3-Cl H [ 60% C52 H Cl | 26%
C34 3 H I 33%

Type I-111 complexes are generaly light or dark green coloured in the solid state, air

stable, with good solubility in DCM, methanol, and DMF, whereas a lower solubility is
observed in acetone and acetonitrile. The complexes are insoluble in water, hexane and related

solvents, and in diethyl ether. They were purified by recrystallisation through vapour diffusion
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of diethyl ether into a solution of the complex in DCM or methanol, while the same process for
a solution in acetonitrile often resulted in sticky semi-solid products, and in the co-
crystalisation of unreacted ligand. In several cases, the use of acetonitrile solution is adequate
for cold (-25°C) recrystallisation, but this method does not allow the crystallisation of the entire
product. Typical crystal shapes for these complexes obtained from the above crystallisation
methods are needles or plates, athough, in some cases, large, regularly shaped crystals can be
obtained (C26). These complexes crystalise generaly in the monoclinic or orthorhombic
systems (see Appendix for further information on the crysta features). Severa of these
complexes show solvatochromic properties, with a shift in colour from green to brown when
moving from methanol to DCM. The structure of these complexes in solution has not been
studied in detail.

3.2.1—-Cu(l)-Cu(ll) oxidation in acetonitrile

The oxidation of Cu(l) to Cu(ll) was always observed during the synthesis of the
complexes, even performing the reaction under anhydrous and anaerobic conditions (i.e. using
dry solvents and chemicals, performing the reaction under a nitrogen flow). This process has
been reported before in the literature, although no studies on the mechanism have been
reported.”

As a general feature of the reaction, the addition of the copper iodide to the ligand/base
solution, generally results in the immediate change in colour from colourless to bright yellow,
which gradually turns to green, through an orange-brown colour, during a period of 10 to 30
minutes from the addition (Scheme 3.4).

o] = |

N 2\

~ N
| H R

(2eq) :

R1 + Cul(leq) 10-30 min. Cu(ll) complexes

MeCN, r.t., Np (green)
Cs,CO;3 (1 €q.)

Scheme 3.4: Yellow intermediate in the synthesis of Cu(ll) complexes

The colour change suggested the formation of a Cu(l) intermediate in the reaction, which
is then slowly oxidised to Cu(ll). This presumed Cu(l) species would demonstrate that such a
species might be formed during the catalytic reaction, therefore a series of experiments to try to

isolate and characterise this species was undertaken (Scheme 3.5).
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0 Cul (0.5eq.)
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2 F
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0] [ ]
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= F
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0]
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= F

MeCN, r.t.

Scheme 3.5: Attempts to stabilise the Cu(l) intermediate

Performing the reaction at 0°C rather than at room temperature, the formation of the
green solution was delayed considerably, and the bright yellow solution remained stable for
more than 30 minutes, with no sign of darkening after that time. Filtering the mixture and
storing it at -25°C to recrystallise, however, did not result in any precipitation of the product,
and a green colour eventually developed. Another attempt was made through the addition of a
reducing agent in the reaction. Reaction with L-ascorbic acid, commonly used for the reduction
of Cu(ll) to Cu(0)® ?* or Cu(l),”* aso resulted in the formation of the Cu(ll) species.
Reactions with Mg, intended as a sacrificia anode, resulted in the formation of a brown
solution, rather than green, but the product could not be isolated. Speculating about a possible
anionic Cu(l) complex, arising from the Cu(l) being coordinated by two anionic ligands, another
experiment was performed adding the crown ether 18-crown-6 to the reaction mixture, to
stabilise the ionic structure through stabilisation of the necessary Cs" counter-cation. However,
even in this case, the Cu(Il) complex was eventually obtained.

Performing the reaction in DMF with severa picolinamide ligands, the Cu(ll) complex
was also observed, but in this case the formation of a copper mirror at the bottom of the Schlenk
tube demonstrated a disproportionation mechanism. This suggested that the solvent could be
involved in the oxidation process. Searching the literature for such a phenomenon gave a
number of cases in which acetonitrile or other organic nitriles could be reduced to the
corresponding imine or amine, when coordinated to a metal centre.®®* This process is known
for a variety of transition metals across the periodic table (although not for copper specificaly),

and occurs with two different mechanisms: i) nucleophilic attack of a hydride to a coordinated

38-40 29-32, 34-37

molecule of nitrile; and ii) eectrophilic attack of a proton to the coordinated nitrile.
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In afew cases, both a source of electrophilic proton and nucleophilic hydride were added to the
process, leading to contributions from the two mechanisms.®* ** In the case of nucleophilic
attack, the hydride is to be considered the reducing agent responsible for the reduction of the
nitrile, and oxidation of the metal does not occur, unless other processes are involved. In the
case of electrophilic attack, a proton is added to the nitrile molecule, leading to its formal

reduction, and to the consequent oxidation of the meta centre (Scheme 3.6).

Nucleophilic attack mechanism Electrophilic attack mechanism
o ®
H
( 5 H & 5+
il M-N=C-R M-N=C-R M=N=C-R ~ M-N=C-R
o © 8 &* ©
M(n) M(n) M(n) M(n+2)
or or
© 5+ ® S+
H o ¢ 3
G s U T 0 ;
- M-N=C-R M-N=C-R NEC-R " M-N=C—
M-N=C-R 7ot o M-N=C-R M-NZC-R M-N=C—R
o 5- Q
M(n) M(n) M(n) M(n+2) M(n+2)

Scheme 3.6: Reduction of transition metal-coordinated nitriles (oxidation states and charges

are only indicative)

In the case of Cu(picolinamide), complexes, although no definitive proof has been
obtained so far that demonstrates the reduction of the acetonitrile solvent, an e ectrophilic attack
of a proton from the ligand to a molecule of a coordinated acetonitrile may be suggested to
explain the formation of Cu(ll) compounds. This would also explain why the Cu(ll) species are

obtained in DMF through disproportionation, rather than oxidation.
3.3—-Typel complexes

As expected, the coordination type | is the most common among the complexes
synthesised, due to steric hindrance. Complexes of type | show the two picolinamide ligands
coordinated in a trans fashion, in a distorted square planar geometry. The distortion is evident
from the angle between the two ligand planes (in Figure 3.2 these are the N1-Cul-N2 and N3-
Cul-N4 planes), which is always less than 45°. The Cu-N distances are about 2 A, with the
pyridine nitrogen generally about 0.04-0.05 A closer than the amide nitrogen, and the angles
between the two nitrogens trans to each other are in the range 145-168°. Selected bond lengths
and angles for al of the type | complexes are reported in Table 3.2 at the end of this section

(atom numbering scheme is given in Figure 3.2a).
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a) Front view

& b c) Planes N1-Cu1-N2 (red) and N3-Cul-N4 (blue)

b) Side view aong the O1-Cul-O2 axis
Figure 3.2: Distortion around the copper atomin type | complexes

In some of the complexes of this type the metal centre shows the tendency to fill afifth
coordination position, through weak coordination to an oxygen donor, either from a carbonyl
oxygen of another Cu(picolinamide), unit or a water molecule. Complexes with ligands L 35,
L 36 and L 38, substituted in para with a halogen atom, all show a similar packing arrangement
in the solid state. Weakly coordinated chains of individual Cu(picolinamide), units are observed
that run paralel to the c axis of the unit cell. (Figure 3.3). The distances between the copper
centre in one unit and the closest carbonyl oxygen in the unit immediately above are about 2.5
A, which is considerably longer than the typical distance observed in O-coordinated Cu(ll)

complexes (around 1.9 A),* thus indicating a weak interaction.
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a) C35 (R = 4-F) b) C36 (R = 4-Cl) ¢) C38 (R = 4-1)

N ‘N \\Q
RN Complex (R) Cu-O bond length
=R {4
VN o]

\N¢%N\ C35 (4-F) 2.55A
N LD C36 (4-Cl) 255 A

Sy C38 (4-1) 248 A

(0] N/, r" \ /

NGy

A\ wo

Figure 3.3: Weak intermolecular Cu-O interaction in complexes with para-halogenated ligands

These polymeric “chains’ are spatially close to each other, and observed along the ¢ axis
they appear organised in layers, in which every chain has an opposite orientation to the next.
This is similar for all the three complexes described, however, the relative orientation of the
layersisthe same for complexes C35 and C36, but different in complex C38, where the packing
results in much larger solvent voids. The packing diagrams for these complexes are depicted in

Figure 3.4.
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c) C38 (R =4-)

Figure 3.4: Packing diagrams for complexes C35, C36 and C38 —view along the c axis

In complex C31 (R = 3-F), a weak Cu-O interaction between the Cu centre and a water
molecule is observed, with a Cu-O distance of 2.70 A (Cul-O3W, Figure 3.58). The water
molecule is involved in hydrogen-bonding with the carbonyl oxygens of other two
Cu(picolinamide), units, leading to alayered packing diagram (Figure 3.5b).
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a) b)
Figure 3.5: a) Detail of the hydrogen-bonding water molecule in C31 (R= 3-F); b) structure of

the layers paralléel to the ac face of the unit cell

A weak coordination to an oxygen donor in an axial position is a common feature for
Cu(l1) complexes, and Cu-O bond distances up to 2.8 A are commonly observed.? ** This
may, in some cases, result in some difficulties in attributing a geometry to the copper centre,
often found in very distorted environments.* Strong distortion from typical tetra-coordinated
geometries are generally observed for Cu-O distances of 1.9-2.2 A, with the geometry
effectively changing to trigonal bipyramidal or square pyramidal; these bond distances are
associated to a real Cu-O coordination.™® *** In the cases reported above the distortion around
the copper centre in not enough to suggest an actual coordination of the axial oxygen donor, and
is similar to the other type | complexes, as shown by the similar bond distances and angles
(Table 3.2).
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Table 3.2: Sdected bond lengths and angles for type | complexes®

Complex (R)

Cl11(H) C20(24-OMe) C23(3-NO, C24(4-NO)™ C25(4-Ac) C27(2-F) C28,(2-C)**¥ C31(3-F) C34(3-)

Cul-N1 1.9952(16) 2.020(3) 1.994(3) 1.998(5) 1.987(5) 2.002(4) 2.003(6) 2.0002(19)  2.003(3)
Cul-N2 1.9403(16) 1.941(3) 1.951(3) 1.950(6) 1.968(6) 1.944(4) 1.936(6) 1.9825(18)  1.935(3)
Cul-N3 2.0155(16) 2.024(3) 1.994(3) 1.995(5) 1.971(6) 2.018(4) 2.018(6) 1.9991(19)  1.988(3)
Cul-N4 1.9316(16) 1.936(3) 1.951(3) 1.951(6) 1.947(6) 1.935(4) 1.941(6) 1.9779(18)  1.944(3)
N1-Cul-N2 83.10(7) 82.62(12) 83.59(11) 83.3(2) 83.2(2) 83.12(16) 83.6(2) 83.31(7)  82.59(12)
N3-Cul-N4 82.88(7) 82.44(12) 83.59(11) 82.9(2) 83.4(2) 82.80(16) 83.5(2) 83.29(7)  84.05(12)
N1-Cul-N3 151.67(6) 144.88(11) 147.88(16) 151.7(2) 153.7(2)  150.60(15) 149.0(2) 153.63(8)  144.48(12)
N2-Cul-N4  158.16(7) 168.64(12) 157.36(16) 158.8(2) 151.6(2)  160.05(16) 159.2(3) 151.43(8)  159.66(12)
N1-Cul-N4 99.17(7) 102.85(12) 102.73(11) 102.2(2) 104.5(2) 99.08(16) 100.5(2) 103.16(8)  102.04(12)
N2-Cul-N3 105.45(6) 98.89(12) 102.73(11) 102.0(2) 101.9(2)  105.06(16) 103.5(2) 103.34(8)  103.81(12)

[a] N3 = N1" and N4 = N2* for complexes C23 and C51 (half molecule in the asymmetric unit)

[b] Complex recovered from the catalytic reaction (see section 3.1)

[c] Synthesised using Na,CO; as base (see section 3.7)

[d] One and a half Cu(ligand), molecules in the asymmetric unit, only data for the full molecule are reported
[e] Crystallised with Nals: data for the Nal; salt are not reported (see section 3.7)
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Table 3.2: Sdected bond lengths and angles for type | complexes® (continued)

Complex (R) Complex (Ry)
C35 (4-F) C36 (4-Cl) C38 (4-1) C39(2,4-F) C43(2,5-Cl) C51 (R;=OMe) C52 (R,=Cl)

Cul-N1 2.001(10) 2.016(6) 2.007(8) 1.999(3) 2.001(4) 1.987(2) 2.021(2)

Cul-N2 1.951(9) 1.969(6) 1.961(7) 1.948(3) 1.948(4) 1.938(2) 1.939(2)

Cul-N3 1.990(11) 2.036(5) 2.018(8) 2.010(3) 2.031(3) 1.986(2) 2.024(2)

Cul-N4 1.944(11) 1.974(5) 1.961(8) 1.932(3) 1.951(4) 1.938(2) 1.933(2)
N1-Cul-N2 82.7(4) 82.4(2) 82.4(3) 82.85(13) 82.58(15) 83.53(10) 83.28(8)
N3-Cul-N4 82.7(5) 82.4(2) 82.1(3) 82.69(13) 82.39(15) 83.53(10) 82.50(9)
N1-Cul-N3 156.7(4) 158.1(2) 160.7(3) 151.63(13) 155.29(17) 143.99(14) 146.24(9)
N2-Cul-N4 157.1(4) 157.8(2) 156.7(3) 159.11(14) 163.20(18) 156.12(16) 162.02(10)
N1-Cul-N4 103.3(5) 101.1(2) 102.9(3) 98.64(13) 99.55(15) 103.92(9) 100.15(9)
N2-Cul-N3 100.6(4) 102.5(2) 100.4(3) 105.91(13) 102.69(14) 103.93(9) 104.54(9)

[a] N3 = N1" and N4 = N2* for complexes C23 and C51 (half molecule in the asymmetric unit)

[b] Complex recovered from the catalytic reaction (see section 3.1)

[c] Synthesised using Na,CO; as base (see section 3.7)

[d] One and a half Cu(ligand), molecules in the asymmetric unit, only data for the full molecule are reported
[e] Crystallised with Nal3; data for the Nal; molecule are not reported (see section 3.7)
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3.4-Typell complexes

Complexes with L22, L32, L42 and L44 al show coordination of type I1, with the two
ligands in a cis arrangement. This type of complex has not been reported before with bidentate
picolinamide ligands. The overall geometry around the copper centreis not strongly affected by
the cis stereochemistry, and the structures are only dightly more distorted from the ideal square
planar than in type | complexes. The cis arrangement of the ligands around the metd is
stabilised in these complexes by an intramolecular m-stacking interaction between the two
EWG-substituted phenyl rings.

Different types of n-stacking are observed in these complexes, either a sandwich-type or a
parallel displaced stacking.”” *® For example, complex C32 (R = 3-Cl) gives rise to a sandwich-
type m-stacking, with a centroid distance between the phenyl rings of 3.494 A, while C44 (R =
2,5-diBr) shows a parallel displaced n-stacking with one carbon atom of one ring directly above
the centre of the other ring. The C-centroid distance in this case is 3.256 A. The two complexes
are depicted in Figure 3.6. Centroid-centroid and C-centroid distances for all of the type 11
complexes are reported in Table 3.3 (these include complexes C40y, and C4ly,, See section
3.7). The atom numbering scheme for type Il complexes follows the one used for type |

complexes, reported in Figure 3.2a.

@ Ol

C44 (R =2,5-Br, parallel-displaced m-stacking)

Figure 3.6: Examples of type || complexes with different z-stacking interactions: side (left) and

top (right) views
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Table 3.3: z-Stacking interactions in type |1 complexes

Complex R Centroid-centroid  Shortest C-centroid  a-Stacking type
distance (A) distance (A)
C22  2-Cl-6-Me 3.640 3.385[C20-(C7-C12)] Paralle-displaced
C32 3-Cl 3.494 3.578 [C7-(C7-C12Y)] Sandwich
C40y,™ 2,4-Cl 3.555 3.648 [C19-(C7-C12)] Sandwich
C41*"  2,4-Br 3.433 3.347 [C8-(C19-C24)] Paralle-displaced
C42 25-F 3.616 3.507 [C8-(C7"-C12")] Pardlel-displaced
C44 2,5-Br 3.541 3.256 [C8-(C19-C24)] Parallel-displaced

[a] Synthesised using Na,CO; as base (see section 3.7)
[b] Two molecules in the asymmetric unit, only data for one molecule are reported; the other molecule is

comparable

The Cu(ll) complex C22 (R = 2-Cl-6-Me), here obtained as a type Il complex (Figure
3.7b), has been reported in the literature with the ligands in the trans configuration, and a
molecule of water coordinated at the axia position (Cu-O bond length = 2.27A, Figure 3.7a),
giving a (mostly) trigona bipyramidal coordination environment to the Cu centre.® This
structure is the trans equivalent to the type 111 cis complex C26 (see section 3.5), a coordination
that was not observed for any complex reported in this thesis. The two structures are shown in
Figure 3.7. It is important to point out that no mixtures of isomers in the solid state were
observed for the complexes synthesised, as demonstrated by the homogenous aspect of the
crystaline samples, and by the identity of crystal structures/ unit cells for different crystals of
the same complex, from the same batch or from different batches (for example, complexes C32
and C26, synthesised and recovered from the catalytic reaction). Thus, the different geometry
may be due to the different synthetic procedures or different crystallisation conditions.

a) Trans geometry (Mukherjee, 1999)" b) Cis geometry
Figure 3.7: Different structures for complex C22

Selected bond distances and angles for type || complexes are reported in Table 3.4.
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Table 3.4: Sdected bond lengths and angles for type |1 complexes®

Complex (R)
C22 (2-Cl-6-Me) C32 (3-ch® C40ya (2,4-CH C4ly, (2,4-Br)ed C42 (2,5-F) C44 (2,5-Br)

Cul-N1 1.998(6) 1.986(2) 1.981(10) 2.003(11) 1.983(3) 1.993(3)

Cul-N2 1.944(6) 1.947(2) 1.936(9) 1.953(11) 1.939(3) 1.951(3)

Cul-N3 1.989(6) 1.986(2) 1.975(11) 1.993(10) 1.983(3) 1.991(3)

Cul-N4 1.951(6) 1.947(2) 1.958(10) 1.930(11) 1.939(3) 1.941(3)
N1-Cul-N2 82.7(2) 83.70(9) 83.0(4) 84.8(4) 84.00(11) 82.95(12)
N3-Cul-N4 83.5(2) 83.70(9) 82.9(4) 83.9(5) 84.00(11) 82.79(13)
N1-Cul-N3 102.0(2) 100.84(14) 98.1(4) 99.9(5) 103.29(15) 102.10(13)
N2-Cul-N4 104.2(3) 104.48(13) 108.0(4) 103.7(4) 101.73(16) 103.39(13)
N1-Cul-N4 153.5(3) 152.88(9) 153.6(4) 155.6(5) 152.60(11) 150.21(13)
N2-Cul-N3 152.8(2) 152.88(9) 152.8(4) 150.6(5) 152.60(11) 158.35(14)

[a] N3 = N1" and N4 = N2* for complexes C32 and C42 (half molecule in the asymmetric unit)
[b] Bond lengths and angles for complex C32 recovered from the catal ytic reaction are comparable, and are not reported
[c] Synthesised using Na,CO; as base (see section 3.7)

[d] Two Cu(ligand), molecules in the asymmetric unit, only data for one molecule are reported
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3.5-Typelll complexes

A type 11 complex was only formed with ligand L 26 (R = 3,5-CF3). In complex C26 a
water molecule occupies a fifth coordination position around the copper centre, with a Cu-O
bond distance of 2.131 A, much shorter than the Cu-O bond length observed in type |
complexes (ca. 2.5 A, see section 3.3). The coordination is aso evident by the strongly distorted
geometry around the metal centre, which is between trigonal bipyramidal and square pyramidal.
The distortion is caused by the constrained N,N coordination of the ligands and the stabilisation
due to the m-stacking interaction. The structures of the synthesised complex and that recovered
from the catalysis (see section 3.1) are similar, but because of the different crystallisation
solvents (acetone for the recovered complex, DCM for the synthesised complex), which are
present in the solid state structure, slight differences are observed in the two cases. In the
recovered complex a sandwich-type m-stacking is observed, with a distance between the
centroids of 3.636A, while in the synthesised complex the same interaction is of 3.855 A,
considerably longer, denoting an offset-type n-stacking (shortest C-centroid distance = 3.496 A,
Figure 3.8ab). The differences in the structure are aso visible from the comparison of bond
angles for the two complexes (Table 3.5). In particular, the angles N2-Cul-N3 and N2-Cul-N4
(numbering scheme in Figure 3.8a and 3.8b) differ in the two structures by ca. 5°, and the same
isvalid for the angles N2-Cul-O3w and N4-Cul-O3w, showing a considerable differencein the
geometry around the metal centre.

The distinction between the sguare pyramidal and trigonal bipyramidal geometry in
penta-coordinated structures, where the distortion makes it difficult to assign a proper geometry
to the metal centre, is the structural index t, defined in 1984 by Addison et al. as: t = (B — )/60,
where B is the largest of the angles between the ligands, and a is the second largest.* In a
perfect square pyramidal complex, the largest angles are the basal angles, and o = f = 180°,
therefore (B — a) = 0, and t = 0. In contrast, in a perfect trigonal bipyramidal complex,  and a
are 180° and 120°, corresponding respectively to the angles between the two axial ligands, and
between two of the equatorial ligands. In such case, (B — o) = 60, and T = 1. Using this
parameter it is possible to easily discern if a distorted structure should be described as mostly
square pyramidal or trigona bipyramidal. In the case of the two forms of complex C26, the
different distortion results in values of T of 0.717 and 0.656 respectively for the recovered and
the synthesised complex. Both of them are therefore mostly trigonal bipyramidal in character
(with the N2-Cul1-N3 as the principal axis), but more strongly so for the recovered complex, due
to the sandwich-type m-stacking interaction, which results in a more compact structure and a
smaller N2-Cul-N4 angle than in the second form (101.35° and 105.52° respectively, Table
3.5).

The difference between the two structures extends to the crystal packing; while in the
recovered complex the Cu(ll) units are packed in a hexagona arrangement, with the pyridyl

rings of the ligand ordered around narrow solvent-filled voids (Figure 3.8c, solvent molecules
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not shown), in the synthesised complex the Cu(ll) units are arranged in layers, kept together by
hydrogen bonding between the coordinated water molecule and the carbonyl oxygens of other
units (Figure 3.8d,e). This interaction is similar to the one described for complex C31 (Figure
3.5).

Recovered complex Synthesised complex

¢) Packing along the ¢ axis

€) H-bonding detail (CF; groups omitted)

Figure 3.8: Comparison of the recovered and synthesi sed forms of complex C26



Table 3.5: Sdected bond lengths and angles for type 111 complex C26 (two forms)

Complex
C26 (Recovered) C26 (Synthesised)

Cul-N1 2.081(2) 2.071(3)

Cul-N2 1.975(2) 1.992(3)

Cul-N3 2.005(3) 1.986(3)

Cul-N4 2.010(3) 2.020(3)
Cul-O3w 2.156(2) 2.131(3)
N1-Cul-N2 82.30(10) 82.06(13)
N3-Cul-N4 81.32(11) 81.51(13)
N1-Cul-N3 97.28(11) 94.37(13)
N2-Cul-N4 101.35(10) 106.52(13)
N1-Cul-N4 131.10(10) 132.24(13)
N2-Cul-N3 176.83(11) 171.61(13)
N1-Cu-O3w 94.25(9) 98.11(14)
N2-Cu-O3w 91.76(9) 85.97(12)
N3-Cu-O3w 85.13(10) 87.01(13)
N4-Cu-O3w 133.82(9) 128.85(14)

3.6 —TypelV complexes
Apart from type |-l111 complexes, other types were obtained when using different

picolinamide ligands; these will be discussed in this and the next section. The reaction of N-

mesitylpicolinamide L 18 with Cul and Cs,CO; resulted in atype IV complex, the only one in

the series of complexes reported in this thesis (Scheme 3.7). This unusual type of complex can

be seen as an adduct including a Cu(picolinamide), unit, in which the two ligands are arranged

in a trans fashion, and a Csl molecule, obtained as a side product from the complexation

reaction. The asymmetric unit of this complex is shown in Figure 3.9a.

e Cs,C03(2€eq.) 2 Q
d” +  Cul MeCN

r.t., 15-20h

(2eq) (1eq) N;

C18 (Type IV)

Scheme 3.7: Synthesis of type IV complex C18
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Figure 3.9: @ Asymmetric unit of complex C18; b) coordination around the Csion

The environment around the Cu centre in complex C18 can be described as intermediate
between a square pyramidal and a trigonal bipyramidal geometry, with T = 0.583, only slightly
shifted toward a trigonal bipyramida environment with N1-Cul-N3 as the principa axis (the
N1-Cul-N3 angleis 178.91°). Bond distances and angles for complex C18 are reported in Table
3.6.

The iodide ligand is coordinated to the Cu centre with a Cu-I bond length of 2.6565 A, a
value considerably shorter than the theoretical sum of the Van der Waals radii of Cu and I,
reported to be of 3.38 A.* An interesting feature of the complex is the bridging role of the
iodide between the Cu unit and the Csion, to which it is coordinated with a Cs-1 bond length of
3.711 A. The dmost linear angle of this bridging interaction (the Cul-11-Csl angle is 167.34°)
has not been reported before in the literature, and is of interest in view of the (relatively) long
Cu-l distance (i.e. whether the iodide is more part of the Cu unit or of a Csl molecule, vide
infra). Apart from the iodide, the coordination around the Cs ion consists of two picolinamide
ligands (from two separate Cu(picolinamide), units), each of which coordinates to the cation
through the mesityl ring and the carbonyl oxygen, giving the Cs ion a geometry describable as
distorted sguare pyramidal (tr = 0.18, the mesityl ring is considered as occupying a single
coordination position, Figure 3.9b). The amost linear Cu-1-Cs linkage in this complex resultsin
avery ordered bi-dimensional structure in the solid state, which develops to form layers parallel
to the ab plane of the cell, where the Cu-1-Cs connection is responsible for the propagation
along the b direction, while the Cs-n interactions with the mesityl rings develop along a (Figure
3.104). The relatively low coordination number of the Csion allows for moderately open space
within each layer (5.26 A). However, adjacent layers are oriented in opposite directions, not

allowing for the formation of channels or other tri-dimensional empty spaces (Figure 3.10b).
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a) Single layer b) Layers packing
Figure 3.10: Bi-dimensional arrangement of complex C18

Table 3.6: Sdected bond lengths and angles for type IV complex C18

Cul-N1 2.004(4) Cul-l1 2.9565(8)
Cul-N2 2.012(4) Csl-I11 3.7107(5)
Cul-N3 2.010(4) Csl-01 2.973(4)
Cul-N4 1.997(4) Csl-02 2.940(4)
N1-Cul-N2 81.29(17) N2-Cul-11 109.12(13)
N3-Cul-N4 81.59(17) N3-Cul-11 90.30(12)
N1-Cul-N3 178.91(18) N4-Cul-11 106.95(13)
N2-Cul-N4 143.92(18) Cul-11-Csl 167.344(17)
N1-Cul-N4 98.93(17) 11-Cs1-01 125.50(8)
N2-Cu1-N3 98.85(17) 11-Cs1-02 107.07(8)
N1-Cul-l1 88.63(13) 01-Cs1-02 127.12(9)

The incorporation of the Csl molecule in the complex is a unique feature in the series of
complexes reported, and may be due to a particular stabilisation effect that the mesityl ring has
on the Cs ion. A search of the literature revealed that in the majority of the organocaesium
compounds where Cs-arene interactions are involved, these are represented by sterically
hindered phenyl rings, generally mesityl or diisopropylphenyl groups, or other 2,6-akyl/aryl-
substituted rings. This is observed for example in caesum phenoxides, which form bi-
dimensiona or tri-dimensional arrangements kept together by Cs coordination to the oxygen

%31 the same is valid for caesium phosphanes.® *® Therefore, the

atoms and the phenyl rings;
mesityl substituent in complex C18 may be the reason why this interaction has not been
observed in other complexes (including complexes with other EDG-substituted ligands, such as

C20). Without the aid of electron-rich phenyl rings, the other way to stabilise the large Csionin
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the solid state is the introduction of macrocycles, often crown ethers,>* but also thia-crown
ethers,®® ® arsoxane,® and tetrasilazane rings.*®

Caesium bases are commonly used in a range of organic reactions, such as nucleophilic

64-66 67-70 S71—74 75-77

substitutions, esterifications, cross-coupling and C-H activation processes, and
are generally known to furnish much better results than other similar inorganic bases. This
effect is known as * caesium effect”, and can be related to a number of properties of the caesium
bases, such as higher solubility and basicity in organic solvents.® ®” ™ ™ Ultimately, these
effects are thought to be due to the larger size and polarizability of the Cs ion compared to the
other alkali metals, which make its anionic counterpart more nucleophilic, and therefore more
reactive. These effects, together with, possibly, a template effect for the synthesis of

macrocyclic compounds,®”®°

are likely to be the only effects involved in organic reactions not
involving transition metals. For transition metal -catalysed reactions, however, other effects may
be involved when using Cs bases. This was evidenced only recently from computational studies
on C-H activation and CO, activation reactions (Scheme 3.8).2°% A brief description of these

resultsisreported here.
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Shaefer 111 and Sunoj reported that, in amide-directed Pd(OAc),-catalysed Csp*H
activation processes, the inclusion of CsF and AgOAc (used in an investigation by Yu®) in
models of transition states, resulted in lower energies for the activation process.®® CsF acted
primarily as a base, but aso facilitated the overall process, leading to lower energy transition
states (Scheme 3.8a).%

Other insight was given by Musaev and Yu for a similar amide-directed Csp*-H
activation process (Scheme 3.8b).” ® They found that two possible mechanistic pathways could
be envisaged. In the first one, the CsF had an important role: i) as a base to deprotonate the
amidic directing group, and ii) in facilitating the exchange of the iodide ligand on the Pd with a
fluoride ligand, after the oxidative addition of the aryl iodide this exchange was
thermodynamically favoured for the coupling with the Csp® atom. CsF again acted as a base in
the second mechanism (energetically less expensive that the first), but no iodide-to-fluoride
exchange was involved: this was substituted by the concerted Csp®-H activation and the removal
of the iodide ligand from the Pd centre (Scheme 3.8b). In both cases, a Cs-I-Pd interaction was
crucial in the removal of the iodide ligand from the metal centre.®* From calculations on a Ni-
catalysed Csp®H activation reaction (Scheme 3.8¢), a similar process emerged in a subsequent
study from Musaev and Itami.?? Here the Cs base (Cs,CO3) proved important in removing the
pivaloyl anion from the metal centre after oxidative addition of the naphthyl pivaloate, and in
the activation of the C-H bond, acting in this step as a base.® Thus, in these two processes, the
CsF has the double role of a base and a Lewis acid to remove a soft counter-anion from the
metal centre (iodide and pivaloyl).

In a study of the Agl-catalysed carboxylation of alkynes with CO,, the removal of the
iodide from the catalyst resulted in a high energy process, and the Cs ion, despite being
involved in a stabilising interaction with the Ag catalyst, mostly appeared to be acting as a base
and as a counter-cation for ionic species (Scheme 3.8d), and no other particular role was
attributed to it.*

The Cs-I-Pd interactions calculated by Musaev and Yu are similar to the Cs-I-Cu
interaction in complex C18, and the role of Cs in facilitating ligand exchange processes
suggests that the Cs base may have a similar effect on the formation of the Cu(picolinamide),
complexes. Thus, it is possible that complex C18 represents a “frozen” intermediate for the
formation of the complexes (intermediate B in Scheme 3.9), its stability only due to the
coordination to the mesityl rings. The ionic iodide-coordinated intermediate A (or a similar
ionic structure) may then represent the yellow Cu(l) intermediate observed during the synthesis
of the complexes (Scheme 3.4).
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intermediate

Scheme 3.9: Possible mechanismfor the formation of Cu(l1)-picolinamide complexes

13Cs-NMR spectra of the complex were recorded to investigate the possible dissociation
of Csl in solution (MeCN). The spectra were recorded by Mr Grant Sherborne and Mr Simon
Barrett. Interestingly, comparison of the **Cs-NMR of complex C18 in acetonitrile with pure
Csl shows that no dissociation of Csl is obtained in solution, and a single peak is observed,
falling at considerably different chemical shift from the Csl (39.82 ppm and 48.69 ppm
respectively, Figure 3.11). Although this does not prove that the structure remains asin the solid
state, it suggests that an interaction between the Cu(picolinamide), complex and the Csl
molecule is conserved in solution, either in an ionic form or in a neutral form. This may have
importance in determining the role of the base in the synthesis of the Cu(ll) complexes, and for

the use of complex C18 as a catalyst for the arylation of aryl ethers (see Chapter 4).

Csl: 48.69

Complex C18: 39.82

R TR VRO TT WP IRYRPRTTINY ™ " P ™ b Ao
3 W

96 88 80 72 64 56 48 40 32 24 16 8 0 -8 -16 -24
Chemical Shift (ppm)

Figure 3.11: **Cs-NMR of pure Csl (red) and complex C18 (blue)
3.7-TypeV complexes

Ligands substituted on the phenyl ring with halogens can in theory be involved in Cu-
catalysed couplings, and in particular ligands substituted in the position 2 of the phenyl ring,
due to the closeness to the metal centre, which is at the base of group-directed C-H activation

processes (see Scheme 2.2 in Chapter 2). Fluorinated ligands should not present reactivity of
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this kind, as they are not commonly involved in cross-coupling reactions, but chlorinated,
brominated and iodinated ligands can potentially show a C-halogen bond activation.

As reported above, the complexation reaction of picolinamide ligands mono-substituted
with halogens in positions 3 or 4 of the phenyl ring, and di-substituted in the 2,5 positions,
resulted in the formation of complexes of type | or 1. For fluorine-substituted ligands, type |
complexes are also obtained for N-(2-fluorophenyl) and N-(2,4-difluorophenyl) substituted
ligands L 27 and L 39. However, when other N-(2-halophenyl) and N-(2,4-dihalophenyl) ligands
were used (halogen = Cl, Br, 1), a new type of complex was obtained. In type V complexes, two
ligand molecules are coupled together through a new C-C bond, formed from the homocoupling
of the 2-halogenated position of the phenyl rings. Interestingly, either an intramolecular version
of this coupling, leading to the formation of a Cu mononuclear complex (C28), or an
intermolecular version occurred, furnishing dinuclear (C40 and C41) or trinuclear (C30)
complexes, depending on the ligand used. Here “intramolecular” is used to indicate the coupling
between two ligands around the same copper centre, while “intermolecular” refers to the

coupling of two ligands attached to two different copper centresin the complex (Scheme 3.10).

Intramolecular coupling

Q)
|
N o\ Cs,CO; (1 eq.) pr py
O)LH R+ cd N ’C”\
= MeCN

(2eq) (1eq) r-t, 15-20n <:' C-C bond formation
N2

C28 (L28, R =2-Cl
or L29, R =2-Br)

Intermolecular coupling

Npy pyr> N p?)
Cu Py’
CNam( \N CN (CU\
C40 (L40, R = 2,4-Cl) am — /= am
C41 (L41, R = 2,4-Br) { — o= \ |/ = C30 (L30, R = 2-])
(va“- N P@ R R Ney”., NPV
Nam Y, It C-C bond formation Nam(
N,, = pyridine PY( py
Nam = amide Nam

Scheme 3.10: Synthesis of type V complexes

The crystal structures of type V complexes are reported in Figure 3.12. The geometry
around the metal centre in these complexes is not strongly influenced by the coupling between
the two ligands, and the similarity to type | or Il is reflected in the bond lengths and angles
(Tables 3.7 and 3.8), comparable to those reported in Tables 3.2 and 3.4. The structure of
dinuclear and trinuclear complexes is stabilised by internal n-m stacking interactions between
the various aromatic rings of the ligands. An exampleis given in Figure 3.13, where at least two

series of m-w stacking interactions can be observed in the spacefill model for complex C41 (R =
2,4-Br).
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a) Complex C28 (R=2-Cl / 2-Br)  b) Complex C40 (R = 2,4-Cl)

b) Complex C41 (R = 2,4-Br) a) Complex C30 (R=2-I)

Figure 3.12: Crystal structures of type V complexes

ring: C7-cCl12

ring: Cl9-Cc24

ring: C43-C48 ring: NT,C37-C41

Figure 3.13: n-Stacking interactions in complex CA1 (spacefill models)
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Table 3.7: Sdected bond lengths for type V complexes™

Complex (R)
C28 (2-Cl / 2-Br)
C40 (2,4-C)) C41 (2,4-Br) C30 (2-)
Solvated (DCM)™ Hydrated

Cul-N1 1.999(4) 1.983(3) 1.984(8) 1.977(5) 1.983(11)
Cul-N2 1.922(4) 1.938(3) 1.950(6) 1.951(5) 1.976(10)
Cul-N3 1.940(4) 1.931(3) 1.981(8) 1.982(6) 1.984(11)
Cul-N4 1.982(4) 1.987(3) 1.922(6) 1.922(5) 1.944(11)
Cu2-N5 / / 1.942(6) 1.944(6) 1.940(10)
Cu2-N6 / / 1.988(7) 1.987(6) 1.982(10)
Cu2-N7 / / 1.983(6) 1.991(6) 1.982(10)
Cu2-N8 / / 1.935(6) 1.957(6) 1.940(10)

[a] Cu2 refersto the second Cu centre in di- or trinuclear complexes, not a second molecule in the asymmetric unit
[b] Two Cu(ligand) units in the asymmetric unit, only data for one molecule are reported
[c] N7 = N6'and N8 = N5 for complex C30 (half molecule in the asymmetric unit)
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Table 3.8: Sdected bond angles for type V complexes®

Complex (R)
C28 (2-Cl / 2-Br)
C40 (2,4-C)) C41 (2,4-Br) C30 (2-)
Solvated (DCM)™ Hydrated

N1-Cul-N2 83.48(16) 83.80(14) 84.1(3) 84.2(2) 84.1(4)
N3-Cul-N4 83.84(16) 83.78(14) 83.2(3) 83.2(2) 83.8(5)
N1-Cul-N3 152.32(16) 151.99(14) 104.0(4) 103.0(2) 104.0(5)
N2-Cul-N4 153.27(16) 151.43(14) 103.6(3) 104.6(2) 104.2(5)
N1-Cul-N4 105.11(16) 103.92(13) 152.0(3) 152.2(2) 152.5(4)
N2-Cul-N3 100.32(16) 102.38(14) 149.4(3) 149.1(2) 146.4(4)
N5-Cu2-N6 / / 82.8(3) 83.5(3) 84.2(4)
N7-Cu2-N8 / / 83.0(3) 82.6(3) 84.2(4)
N5-Cu2-N7 / / 153.0(3) 152.7(3) 149.3(4)
N6-Cu2-N8 / / 148.3(3) 148.8(3) 149.3(4)
N5-Cu2-N8 / / 103.4(3) 103.0(2) 106.5(6)
N6-Cu2-N7 / / 105.6(3) 105.6(3) 101.4(6)

[a] Cu2 refersto the second Cu centre in di- or trinuclear complexes, not a second molecule in the asymmetric unit
[b] Two Cu(ligand) units in the asymmetric unit, only data for one molecule are reported
[c] N7 = N6'and N8 = N5 for complex C30 (half molecule in the asymmetric unit)



Despite the potential theoretical reactivity of the 2-halogenated picolinamide ligands
discussed above, the formation of these complexes was completely unexpected for severa
reasons: i) 2,5-dihalogenated ligands did not form these type of complexes, athough, from a
steric hindrance point of view, no obvious limitations can be observed (from the analysis of the
crystal structure) to the formation of the same type of complexes; ii) the complexation reactions
were performed at room temperature, at which a coupling process mediated by Cu is generally
ineffective. The reasons for the formation of these compounds are being investigated through
computational studies, but this unusual reactivity prompted some control experiments aimed to
identify a possible mechanistic pathway.

The formation of biaryls mediated or catalysed by Cu sources has been a known process
for more than a century, as described in Chapter 1 of this thesis, but historicaly it required
temperatures as high as 200°C, and generally strong electron-withdrawing substituents on the
phenyl rings to be coupled.*® Room temperature reactions have been reported in the last
decades,®® but these are still relatively rare exceptions. The mechanism for this coupling is
generally thought to involve at least one oxidative addition process from Cu(l) to Cu(111).5# In
the case of type V complexes, the coordination of the copper to at least one molecule of ligand
has to be assumed before the formation of the C-C bond, to explain the directing-group effect on
the ortho halogen. Therefore, the Cu(l1) intermediate derived from an oxidative addition would
be a negatively charged species, and would require a suitable counter-cation, such as the large
Csion from the base, possibly coordinating through a Cu-X-Cs bridge as in type 1V complex
(Scheme 3.11).

R X T XUk
i A m
i) oxidative addition - : N

ii) reductive elimination : Cu(l) 1 reductive

: . elimination N :
\l ' : ~Cu-
oxidative _ ¢ =\ X CS!’ ,@
— i \ .
/ addition _ Va [Cu]
. Q

Scheme 3.11: Hypothesised mechanism and Cu(l11) intermediate for the formation of type V

complexes

This reasoning suggested the modification of the synthetic procedure for these complexes
into that reported in Scheme 3.12, utilising Na,CO; (with a considerably smaller cation) as base.
Interestingly, the use of this base resulted in the formation of type | or type Il complexes
(Scheme 3.12), as identified by X-ray crystallography (complexes C28y,, C40y, and C4ly,,
Figure 3.14). Crystal structures for the corresponding complexes with 2-Br and 2-1 ligands (L 29
and L 30) could not be obtained. Bond distances and angles for these complexes are reported in
Tables 3.2 and 3.4, together with the other type | and type |1 complexes.
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o] = ‘ Type | or Type Il

N L\ Na;CO;3 (1 eq.) complexes
‘ A H R + Cul
F MeCN R=2-Cl (Typel)
(2eq) (1ea) 1t or70°C, 15-20h R=24-Cl (Typell)

N, R=24-Br (Typell)

Scheme 3.12: Inhibition of the C-halogen bond activation by the use of Na,CO3

a) Complex C28y, b) Complex C40y, b) Complex C4ly,
(R=2-Cl) (R=24-Cl) (R=2,4-Br)

Figure 3.14: Structures of type | and |1 complexes with ortho-hal ogenated ligands

Interestingly, complex C28y, crystallises with Nalz (ratio Cu(picolinamide), / Nal; =
3/1), evidently formed during the reaction. The coordination of the Na ion to six
Cu(picolinamide), units (Figure 3.15) results in and extended tridimensiona structure at the
solid state. The formation of the |5 ion is not clear in these conditions, and it was not observed

in other cases.

Figure 3.15: Octahedral structure around Na in complex C28y,

The effect of N&,CO; in inhibiting the activation of the C-halogen bond demonstrates the

crucid role of the Csion (and therefore of the base used) in this process. Moreover, given that
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the activation of the aryl halide is supposed to be the rate-determining step in other Cu-catalysed
cross couplings (such as C-O and C-N bond formation) as well, it might be possible to envisage
the same role of the base in these processes. The development of these results may thus be very
important in determining some of the causes of the “caesium effect” in Cu-catalysed processes,

which have not, until now, been investigated.
3.8—Summary

The results of an investigation upon complexation of Cul with picolinamide ligands,
under conditions similar to those employed for catalysis, have been reported in this chapter. The
interaction between ligand, Cul and Cs,COs in acetonitrile gave rise to Cu(ll) complexes,
possibly through oxidation by the solvent. Five different types of complexes were obtained,
where the copper centre coordinates to two ligand molecules. Types | and 11 only differ by the
stereochemical arrangement of the ligands, respectively trans or cis, in a distorted square planar
geometry. Type 111 complex C26 shows additional coordination of a water molecule to the
metal centre, while type 1V complex C18 shows an unusual Cu-I-Cs bridging interaction,
probably stabilised by the coordination of the Csion to the mesityl rings. No dissociation of Csl
was detected in solution for this complex, so this interaction may be present during the catalytic
process when using ligand L18. Finally, type V complexes were obtained with ligands N-(2-
hal ophenyl) or N-(2,4-dihalophenyl)picolinamide ligands (halogen = ClI, Br, 1). The ortho C-
hal ogen bonds in these complexes are activated by the caesium base, and C-C bonds are formed
between ligands, leading to mononuclear, dinuclear or trinuclear new species. C-halogen bond
activation did not occur using Na,CO; as base, proving the important role of the caesium basein

the process. Type |1-V complexes with picolinamide ligands have not been reported before.
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Chapter 4:

Mechanistic investigations

4.1 —Introduction

Once determined that picolinamides are effective ligands in copper-catalysed arylation
reactions (Chapter 2), mechanistic investigations were undertaken. Anionic ligands have not
been commonly explored from the mechanistic point of view; only Lei*  and Taillefer/Jutand® *
have reported experimental studies on this field. Anionic ligands can behave in a very different
way than the classical neutral ligands such as phenanthroline and neutral bidentate amines, for a
number of reasons. Firstly, the addition of a negative charge in the catalytic species due to the
ligand would result in an extra counter-cation, if an active species similar to those with neutral
ligands is to be assumed (see Chapter 1, section 1.5). Positively charged species, able to act as
counter-cations in copper catalysed couplings, can be other copper species, such as those
reported by Hartwig and Davies,”® or can be derived from the inorganic base, as observed by
Hartwig and Shyu.”® In the latter case, the role of the base would be even more important in the
reaction when using anionic ligands, rather than neutral. Secondly, when Cu(l) salts react with
neutral ligands in conditions similar to those employed for catalysis, Cu(l) complexes are
obtained (e.g. Cu(l)-phenanthroline, Cu(l)-bipyridine or Cu(l)-diamine are common
complexes), while with anionic ligands, Cu(ll) complexes are easily formed (e.g. Cu(ll)-amino-
acid or Cu(ll)-diketone complexes), and Cu(l) complexes with anionic ligands are generaly
obtained only when a second, neutra ligand is added.’®™ This may occur through
disproportionation or oxidation processes. The case of picolinamides has been discussed in
Chapter 3, and the same behaviour was observed with aryl-substituted S-diketonate ligands in
acetonitrile, during investigations performed by Mr. Elliot Steeples (Master’s project,
McGowan group, Leeds, 2013).

The formation of Cu(ll) species with these ligands may suggest that completely different
species are present at the beginning of the catalytic process, and may result in a different
mechanism than the one typicaly accepted. Thus, mechanistic investigations on these ligands
are important to improve the general knowledge of the transformations involved in the coupling
process. The results of the investigations undertaken with this purpose, for the arylation of

phenols in acetonitrile with picolinamide ligands, will be reported and discussed in this chapter.
4.2 — Reproducibility of the reaction

Not much information is found on the literature on reproducibility issues of copper-
catalysed arylation reactions. Nonetheless, the author has been in contact, during these studies,
with other researchers involved in the field, who reported serious irreproducibility problems,

even using the same reaction conditions throughout their studies. In particular, Mr. Robert Cox
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(PhD candidate, Lloyd-Jones group, Edinburgh), reported general irreproducibility for the
arylation of potassium phenoxide, that could be solved by the addition of small amounts of
phenol into the reaction; Dr. Matthew Scott (PhD, Spring group, Cambridge) reported that a
phenol arylation process was dependent on the stirring rate used during the reaction, and on the
different physical properties (such as particle size) of the base used, in that case Cs,CO3; Mr.
Grant Sherborne (PhD candidate, Nguyen group, Leeds) reported irreproducibility issuesin the
arylation of pyrrolidinone under a nitrogen atmosphere.

In the latter case, the irreproducibility was due to a non-adequate sampling method: no
irreproducibility was observed after a more efficient method was developed. In the case of the
dependence on dtirring rate and base properties observed by Dr. Scott, this is explainable
considering that the use of inorganic bases often results in heterogeneous systems, due to low
solubility in the organic solvents used in the reaction.* It is thus clear that slow stirring or
different surface area of the particles of the base may strongly influence the reaction outcome.
These problems can be easily avoided by being consistent with the stirring rate and the
chemicals employed for the reactions, in particular for the base, used in these reaction in large
excess (even the hygroscopicity isimportant in this case). Many examples have been reported in
the literature about the different performance of bases with different properties and from
different commercial sources.”>*® Similar effects have been also observed for the catalyst
employed, due to impurities.® In the case of a heterogeneous system, even the shape and size of
the reaction vessel and the stir bar used may influence the reaction.

For the reactions reported in this thesis, the same commercial sources of chemicals and
solvent were always used (these are reported in experimental section, Chapter 6), and the
reactions were always performed in carousel tubes of the same size and shape, and using the
same type of stir bars, at a stirring rate of 1000 rpm, so to avoid irreproducibility issues related
to physical variables. At the end, the reaction mixture can be sonicated for a few seconds, and
the tube walls can be scratched with a spatula, which helps breaking possible chunks of solid
formed during the cooling, and recovering al the product eventually deposited on the tube
walls, further reducing the sources of irreproducibility. Furthermore, al the tubes used were,
after the reaction, washed rigorously to remove any trace of chemicals left and possible metallic
copper formed during the reaction (vide infra). The accurate cleaning procedure is reported in
the experimental section.

During these PhD studies, some investigations on the reproducibility of the reaction have
been undertaken to ascertain that the data were reliable. Some of the early experiments involved
repeats with different ligands, chosen randomly among the picolinamide ligands synthesised, for

the synthesis of aryl ether 3 (Scheme 4.1); these results are reported in Figures 4.1-4.3.
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Cul (10%)

Ligand (10%
A T — PO

MeCN (2 mL)
(]
1(12mmol) 2(1.0mmol)  °0°C.24h
Ligands:
)
NH HN
| H N NN
\ _
R = 4-Cl (L36) L54a
2-OMe (L19)

Scheme 4.1: Synthesis of aryl ether 3
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| Yield 61|62 64|61 6454|6961 56|70 |62.2(4.98

MW Conversion| 84 | 86 |91 | 84 | 85 | 85 | 86 | 89 | 92 | 84 |86.6/2.99

Figure4.1: Synthesis of 3: reproducibility with L36 (*H-NMRyields)
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M Conversion| 66 | 75 | 64 | 57 | 63 | 65 |6.52 W Conversion| 74 | 76 | 70 | 71 | 75 |73.2|2.59

Figure4.2: Synthesis of 3: reproducibility

Figure 4.3: Synthesis of 3: reproducibility with
with L19 (*H-NMR yields)

L54a (*H-NMRyyields)

The results of 5 or 10 repeats with the three ligands do not show large differences in
either yields or conversions (yields refer to the amount of aryl ether formed, conversions refer to

the amount of aryl halide reacted), although differences of about 10% were observed (N.B.: a
minimum of +2% error on the *"H-NMR is assumed).
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Reaction profiles were also recorded to investigate the reproducibility (N.B.: all reaction
profiles reported in this chapter were recorded through GC measurements, for which a minimum
of +5% error is assumed). In Figure 4.4 are reported the results for three parallel runs of the
synthesis of aryl ether 10 (Scheme 4.2), while Figure 4.5 reports two repeats of the competition
experiments for the formation of aryl ethers 8 and 10 (Scheme 4.3) with two ligands.

Cul (10%)

Ligand (10%) Ligand: L27
©/°H : Cs,C0; (2 eq.) 0o o
O (0] N
MeCN (4 mL) ‘ X H
(1.2mmol) (1.0 mmol) 90°C, 24 h 10 = F
Scheme 4.2: Synthesis of aryl ether 10
100 /’/__.
20 ; - =
80 W
70 Ar
e 60 "/—
2 50 y
— E
> 40 —/
30 |
20 —;";’
10 ]!
0 B T T T : : :
0 200 400 600 800 1000 1200 1400
Time (min.)

Figure4.4: Three parallel reaction profiles for the synthesis of aryl ether 10

0]
0 ©/ o]
Cul (10%)
Ligand (10%)
©/OH (0.5 mmol) Cs,C0, (2 €q.) 10
| MeCN (4 mL) 0}
(1.2 mmol) \©\ S0°C, 24h ©/ ©\
OMe OMe
8

(0.5 mmol)

Scheme 4.3: Competing formation of aryl ether 8 and 10
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Figure 4.5: Profiles for competition experiments (esters 8 and 10) with L27 and L11

Although the profiles are not perfectly overlapping in the graphs reported, it is clear that
in general the reproducibility of the reaction in these conditions is not an issue, and the results
for parallel runs are comparable. The similar trends observed during the optimisation screenings
in acetonitrile and in green solvents reported in Chapter 2 also demonstrate that no relevant
irreproducibility issues arise in the experimental conditions explored. This is important in view
of the experiments that will be reported later in this chapter.

4.3 — General observations from the catalytic reactions

As described in Chapter 1, the mechanism for copper-catalysed arylations has not been
completely understood, and different mechanisms are actually possible depending on the
catalytic system and the experimental conditions employed. At this point, it is useful to
summarise some the typical features of the formation of aryl ethers under the optimised
conditions reported in Chapter 2:

e The reactions can be performed in air, but depending on the ligand employed, air-free
conditions result in better results or in very similar results (solvent: MeCN, see Chapter 2,
Figures 2.2 and 2.5);
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o At the end of the reactions, Cu(ll)-picolinamide complexes can be recovered from the
crude mixture of reactions under air, either using MeCN or i-PrOAc as solvent; a green
colour is also observed at the beginning of these reactions;

¢ Although the reactions performed under air-free conditions remained generally of a
clearer colour than the reactions under air (dark / brown at the end), some blue-green
solid was aso formed in these conditions, suggesting the formation of Cu(ll) compounds
under anaerobic conditions too;

¢ Although it was not generally observed in acetonitrile, the reactionsin i-PrOAc under air

often resulted in the formation of acopper mirror at the bottom of the tube.

These observations seem to suggest that Cu(0), Cu(l) and Cu(ll) species could all be
involved in the reaction, and, while atmospheric oxygen may play an important role in oxidation
processes, other oxidation or reduction processes may be involved, derived from interna

interactions (e.g. disproportionations and comproportionations).
4.4 — Radical trap / clock experimentson the aryl halide

Cu(ll) species can be formed from Cu(l) during reaction occurring via radica
mechanisms (see Chapter 1). The formation of (supposedly) Cu(ll) species at the beginning of
the reaction, and their recovery at the end of the catalysis, therefore, might be considered as an
indication of aradical mechanism. Moreover, as radical reactions are known to be inhibited by
molecular oxygen naturally present in the air, the different effect of air-free conditions
depending on the ligand (Chapter 2, Figures 2.5), could in theory be associated to different
degrees of radical mechanism in reactions with different ligands.

Radical clock experiments (Chapter 1, Scheme 1.13) are often performed as control
reactions in Cu-catalysed couplings to ascertain the formation of free radicals from the aryl
halide, according to the SET mechanism.”" ?° Positive results were only obtained for reactions
under photochemical conditions,** and a small amount (5%, accounting for a fourth of the
converted starting material) of radical product was observed during a C-F coupling.® The
reaction of 2-(3-butenyl)iodobenzene (the most common radical clock for these couplings) with
3,5-dimethylphenol 1 was thus performed either with unsubstituted ligand L11 and 2-
fluoropicolinamide L 27, to investigate the possibility of a different mechanism with the two
ligands. However, only the coupling product 25 could be obtained from these experiments,

together with the recovery of theinitial iodobenzene (Scheme 4.4).
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X A X Q/
Cul (10%) d
Ligand (10%)
MeCN (2 mL)

90°C, 24 h

1 25 83 84
Ligand: Ligand: L11 (R=H)  25% 50% notobserved  not observed
o
N\ N/© L27 (R=F) 40% 40% not observed not observed
| J H &

Scheme 4.4: Radical clock experiments on the aryl iodide (isolated yields)

The coupling product and the starting material recovered for the two reactions account for
75-80% of the aryl iodide precursor, and the bicyclic products 83 and 84, which are supposed to
be formed under radical conditions, were not recovered or observed in the crude *H-NMR
spectrum, where only the starting material and product 25 could be detected (Figure 4.6). Peaks

characteristic of the radical derived product would fall between 1.2 and 1.7 ppm, and at 3.2
27

ppm.

LA

8.0 7.5 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 2.0 1.5 1.0 0.
Chemical Shift (ppm) 5

Figure 4.6: Comparison of *H-NMR spectra of: butenyl-iodobenzene (blue), aryl ether 25 (red)

and crude mixture (green)

It has been suggested by different authors that, as the two reactions are competitive, after
the formation of the radical derived from the SET activation of the aryl iodide, the coupling
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with the nucleophile may actually take place more quickly than the radical closure (Scheme
45)7 %

=
‘ ‘ ?asxe‘ Nu
| /
[Cu] .
SET

Scheme 4.5: Competing coupling reaction and radical closure

However, this radical cyclisation has been calculated to be very fast (the rate constant at
room temperature is in the range of 10% — 10° %), and no proof supporting the hypothesis of a
faster coupling has been presented. Therefore, an experiment was undertaken without the
addition of phenol (Scheme 4.6). Even in this case, the radical closure product was not
observed, and 72% and 81% of the starting material was recovered respectively with L11 and
L27.

A X
Cul (10%)
| Ligand (10%) I
Cs,CO3 (2 eq.) .
MeCN (2 mL)
90°C, 24 h 83
Ligand: Ligand: L11 (R = H) 72% not observed

0]
N\ N@ L27 (R=F) 81% not observed
Rk

Scheme 4.6: Radical clock experiments, no nucleophile added (isolated yields)

Two similar series of reactions were performed with the radical trap TEMPO (Scheme
4.7). Adding 1 eg. of TEMPO to the reaction between 3,5-dimethylphenol (1) and 4-iodoanisole
(2), the aryl ether 3 was obtained in similar yields than those in the standard conditions (i.e.
without TEMPO). Interestingly, however, when only 10% of TEMPO was added, a
considerable inhibition was observed with both ligands L 11 and L 27.
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Cul (10%) >[j<
Ligand (10%) '\\l
OH | CspCO;3 (2€q.) o) o)
0, .|
OMe  MeCN (2 mL) OMe OMe
1 2 90°C, 24 h 3 or other TEMPO-
derived products
”93”‘*0 Ligand: L11 (R = H)
N Standard (no TEMPO) 40% /
T N 1 eq. TEMPO 41% not observed
= R 0.1 eq. TEMPO 21% not observed

Ligand: L27 (R = F)

Standard (no TEMPO) 87% )
1eq. TEMPO 76% not observed
0.1 eq. TEMPO 51% not observed

Scheme 4.7: Radical trap experiments (GC yields)

When one equivalent of TEMPO was used with the iodoanisole aone in the reaction
conditions, all the starting material was detected after 24h (Scheme 4.8).

Cul (10%) >(Nj<

Ligand (10%) )
Cs,CO; (2 eq.)

I | o
\©\ TEMPO (1 eq.) \©\ .
OMe OMe OMe

MeCN (2 mL)
90°C, 24 h or other TEMPO-
derived products

Ligand: Ligand: L11 (R = H) >99% not observed

0]
N\ N /© Ligand: L27 (R=F) >99% not observed
| = H R

Scheme 4.8: Radical trap experiments, no nucleophile added (GC yields)

These results suggest that no free radicals from the aryl halide are formed in the reaction
(Schemes 4.4, 4.6-4.8) athough the inhibition of the reaction with catalytic amounts of TEMPO
is not easily explainable without a deeper investigation (the oxidising properties of TEMPO also
need to be considered). However, the results of these experiments do not exclude the possibility
of a different mechanism, such as an inner-sphere electron transfer (Halogen Atom Transfer,
HAT, Scheme 4.9), where the nucleophile-bound Cu catalyst would be connected to the aryl
halide, and a concerted coupling with the nucleophile could be possible (a). If the C-O coupling
did not occur through a concerted mechanism, a free radica would be formed through HAT,

and the radical closure would become competitive (b).
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- Cu(ll) intermediates
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- Competitive radical closure
+  [Cul—I +  [Cul—I

cu(l) cu(l)

Scheme 4.9: Possible Halogen Atom Transfer (HAT) mechanisms
4.5 - Ligand effect on the Cu(l1) / Cu(l) reduction

Ligands L11 and L27 showed the same behaviour toward the radica clock/trap
experiments, suggesting that the different results obtained from the reaction under air (Chapter
2, Figure 2.5) are not due to differences in the mechanism. Therefore, the reason must be found
in other properties of the ligand. The most obvious difference in the two ligands is the different
electronic effect of the substituent on the phenyl ring. Hence, the question was if this effect
could be enough to account for this difference, and how this variable could enter in the
mechanistic process. Experiments were performed as a proof of concept.

A reductant and an oxidant were added to the reaction with the two ligands, under air. L-
ascorbic acid and DDQ (2,3-dichloro-5,6-dicyanobenzoquinone) were chosen respectively,
being commonly used in transition metal-catalysed transformations.*** The results are reported
in Scheme 4.10.
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Cul (10%)
Ligand (10%)

OH | Cs,CO3(2eq.) fo)
. \©\ Additive @\
OMe  MeCN (2 mL) OMe
0,
1 2 90°C, 24 h 3
| Additive: ascorbic acid | 3 Additive: DDQ
Ligand:
o) Ligand: L11 (R = H) ! Ligand: L11 (R = H)
AN N Standard (no additive) 40% Standard (no additive) 40%
\ JoH & 0.1 eq. asc. acid 7% 0.1 eq. DDQ 39%
1 eq. asc. acid 68% : 1eq. DDQ 2%
Ligand: L27 (R = F) ! Ligand: L27 (R=F)
Standard (no additive) 87% Standard (no additive) 87%
0.1 eq. asc. acid 77% ' 0.1 eq. DDQ 48%
1 eq. asc. acid 85% . 1eq. DDQ 9%

Scheme 4.10:; Effect of reductant and oxidant in the reaction

The addition of areducing agent in the reaction with L 11 resulted in a notable increase in
the yield of product 3, while the same addition has amost no effect on the reaction with L 27.
On the contrary, the addition of a cataytic amount of oxidant (DDQ) in the reaction results in
no inhibition using L11, while a considerable inhibition is observed with L27. Findly, the
addition of afull equivalent of DDQ completely inhibits the reaction with both ligands. These
results show that the two ligands strongly influence the redox properties of the catalytic system,
suggesting in practise contrasting behaviour. Hypothesising that Cu(ll) complexes such as those
recovered from the catalytic reaction (see Chapter 3) may be formed during catalysis, and
actually involved in the process, a possible step of the mechanism might be the reduction of the
Cu(picolinamide), complexes to the active Cu(l) species. On the basis of the results above, the
different substituents on the ligand may have important repercussions on the reduction of the
Cu(picolinamide), complex to form the active Cu(l) species, thus influencing the reactivity by
controlling the amount of active species present during the reaction. EWG-substituted
picolinamide ligands make the reduction favoured, so the addition of a reductant in the reaction
is not necessary, and has no effect on the coupling (Scheme 4.10, ligand L27). On the other
hand, with less electron-withdrawing ligands, the formation of the Cu(ll) species is more
favoured, and the addition of a reductant is therefore required to form the active species and
make the reaction work better (Scheme 4.10, ligand L 11). This effect is summarised in Scheme
4.11. The process in Scheme 4.11 would aso explain the effect of an oxidant in the reaction: the
addition of DDQ in the reaction with EWG-substituted ligand shifts the equilibrium
Cu(l)/Cu(ll) toward the oxidised species, while with L 11, being the Cu(ll) already preferred, a
catalytic amount of DDQ has almost no effect.
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Scheme 4.11: Possible effect of the substituents on the reduction of Cu(ll) complexes

To verify the hypothesis of such an effect on the reduction of Cu(picolinamide),
complexes, the redox behaviour of type I-111 complexes was studied through cyclic
voltammetry experiments. These measurements were performed in acetonitrile using
[NBu,][BF4] as supporting electrolyte (0.1 M), at scan rates of 100, 500 and 1000 mV/s,
between a potential window from 0 V to -2 V. The voltammograms for complexes of type I-111
are reported in Table 4.1 (see Chapter 3 for complex types). Cyclic voltammetry for complexes
C23 (R =3-NO,) and C34 (R = 3-1) could not be performed due to the low solubility of these

complexes in acetonitrile under the experimental conditions.
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Table 4.1: Cyclic voltammograms of type I-111 complexes

Current (A)

Current (A)

1.0x10°
5.0x10° —50mV/s
—100mV/s
00d |——500mVis|
-5.0x10° - Cu(llyCcu(l)
-048V
-1.0x10°
Cu(l)/Cu(0)
-1.5x10° -1.25V
LR R . . SR . S . . L S i
22 20 -18 16 -14 -1.2 -10 -08 -06 -04 -02 00
Potential (V)
Cl11 (R=H)
1x10° ——50mV/s
——100mV/s
1 ——500mV/s
04
]
1x10°
Cu(ll)y/Cu(l)
1 031V
-2x10°
-3x10°

T T T T T T T T T T T T
22 20 -18 -16 -14 -12 -10 -08 -06 -04 -02 00
Potential (V)

C25 (R = 4-Ac)

Current (A)

Current (A)

1.0x10° 1
5.0x10° ——50mV/s
——100mV/s
0.0 —— 500mV/s
-5.0x10° Cu(ll)/Cu(l)
077V
-1.0x10°
. Cu(l)/Cu(0)
-1.5x10™ A21V
20:10  H————r————————r—— 7
22 20 -18 -18 -14 -1.2 -1.0 -08 -06 -04 02 00
Potential (V)
C20 (R =2,4-OMe)
1.0x10° 4
50x10° | 50mVis
—— 100mV/s
——500mV/s
0.0+
-5.0x10°
-1.0x10° 4
Cu(l)/Cu(0)
-1.5x10° -0.28V

T T T T T T T T T T T T
22 20 18 16 -14 1.2 1.0 08 -06 -04 -02 00
Potential (V)

C26 (R = 3,5-CF3)

Current (A)

Current (A)

6.0x10° A

—— 50mVis
—— 100mV/s
—— 500mV/s

3.0x10° A

0.0+

-3.0x10°

-6.0x10° Cu(llyCu(l)

051V
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T T T T T T T T T T T T
22 -20 -18 16 -1.4 -1.2 1.0 -08 -06 -04 -02 00
Potential (V)
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2x10°
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L —— 100mV/s|
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[) -
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22 20 18 16 14 1.2 1.0 08 06 -04 02 00
Potential (V)

C27 (R=2-F)
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As can be seen in the voltammograms, a reversible reduction peak,* which can be
attributed to the reduction to Cu(l),** was observed for all of the complexes, with considerably
different reduction potentials, depending on the substituents on the ligand. Electron-
withdrawing substituents on the ligand resulted in higher reduction potentials (favoured
reduction), whereas with EDG-substituted ligands the reduction potential decreased
substantialy. Potential values range from from -0.77 V for complex C20 (R = 2,4-OMe) to -
0.28V for complex C26 (R = 3,5-CF3). The Cu(ll) / Cu(l) reduction potentials for all complexes
are summarised in Table 4.2.

Table4.2: Cu(ll) / Cu(l) reduction potentials for type|-111 complexes

Cu(l) / Cu(l) Cu(ll) / Cu(l)

Complex (R) Potential (V) Complex (R) Potential (V)
C11 (H) -0.48 C36 (4-Cl) -0.38
C20 (2,4-OMe) -0.77 C38 (4-1) -0.36
C22 (2-Cl-6-Me) -0.51 C39 (2,4-F) -0.45
C25 (4-Ac) -0.31 C42 (2,5-F) -0.44
C26 (3,5-CF) -0.28 C43 (2,5-Cl) -0.44
C27 (2-F) -0.50 C44 (2,5-Br) -0.60
C31(3-F) -0.37 C51 (R=H, R;=0OMe) -0.58
C32(3-Cl) -0.36 C52(R=H,R;=Cl) -0.39

C35 (4-F) -0.43

The correlation with Hammett o values* with the reduction potential for complexes with
meta- and para-substituted picolinamide ligands (substituents on the phenyl ring, R) shows that
the more electron-withdrawing the substituent, the more favoured is the reduction potential
(Figure 4.7a), in agreement with Scheme 4.11. The same correlation is observed for the

substituents on the pyridine ring (Ry, Figure 4.7b).
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Figure4.7: Correlation Hammett value (o) / reduction potential: @) for meta- and para-
substituents R, and b) for substituents R; on the pyridine (R, = H: complex C11)
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Interestingly, complexes C11 and C27 show a similar reduction potential (Table 4.2, -
0.48 V and -0.50 V respectively), despite the effect of oxidisng and reducing agents in the
catalytic reactions with these ligands being quite different (see Scheme 4.10). Hammett ¢ values
cannot be used for ortho-substituents, due to the steric effects these might provide, so their
electronic properties cannot be directly compared in this case. Moreover, the formation of
complexes of type V with other ortho-substituted ligands demonstrates that the ortho halogen is
close enough to the copper centre to interact with it (see Chapter 3, section 3.7). The ortho-
fluorine substituent is not involved in the activation process resulting from this closeness, but
other factors may well be operating in this complex, so to explain the different activity.

Apart from the Cu(ll) / Cu(l) reduction potentia, other differences are observed between
the cyclic voltammograms. For example, an irreversible reduction peak at ca. -1.2 V to -1.3 V
appears at high scan rates (500 mV/s, Table 4.1) for some of the complexes. This irreversible
reduction peak might be attributed to the further reduction of the Cu(l) formed to Cu(0). The
appearance of this peak only at higher scan rateis explainable in that, as cyclic voltammetry isa

diffusion-controlled technique,* **

a high scan rate the newly formed Cu(l) species during the
reduction sweep does not have enough time to diffuse far from the electrode, and a further
reduction of this species occur. This peak, however, does not appear in other complexes under
the same conditions, even increasing the scan rate to 1000 mV/s, or it appears at different
potentials, such as in C51 at -0.93 V. This might suggests that, in such complexes, the Cu(l)
species derived from the reduction of the Cu(ll) complex is somehow stabilised or destabilised
against further reduction. Thus, these results suggest that at least two redox processes are
affected by the ligand properties: i) the reduction of the Cu(ll) species to Cu(l); and ii) the
stabilisation of the Cu(l) species over further reduction to Cu(0), or possbly over
disproportionation (Scheme 4.12).

-€ -€

= Cu(l)

]

Ligand Effect

Cu(0) Cu(ll)

Scheme 4.12: Ligand effects on the redox properties of the metal centre

Another feature of the voltammograms is the presence of a second oxidation peak after
the re-oxidation to Cu(ll) at ca. -0.2 V, which is clearly visible in the CV graph of complex
C27, with a high intensity. This peak is observed in other complexes as well, athough with a
much lower intensity (C11, C20, C43, Table 4.1). The characteristic of this peak is its
disappearance at higher scan rate, opposite to the Cu(l) / Cu(0) reduction peak. This effect could
be explained as a competitive oxidation of the Cu(l) species formed, possibly due to an

interaction with the acetonitrile solvent. At higher scan rates the re-oxidation to the original
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Cu(ll) species becomes faster than the competitive process, and its corresponding peak

disappears.
4.6 — Reaction profiling

Hypothesising a Cu(l) species as active catalytic species in the formation of aryl ethers,
the different reduction potentials Cu(I1)/Cu(l) observed suggest that the electronic properties of
the ligands can be crucia in influencing the amount of active species in the reaction. To
evaluate the importance of the reduction of Cu(ll) to Cu(l) in the catalytic process, the
Cu(picolinamide), complexes were tested in the synthesis of 3, and their activity was compared
with the corresponding Cul/ligand system, ratio 1/1 (as used in Chapter 2) and 1/2, for
stoichiometric equivalence to the Cu(ll) complexes (Scheme 4.13).

oH | 052003 (2 eq.) [Cu]: a) 10% Cul + 10% ligand
. @\ b) 10% Cul + 20% ligand
OMe MeCN (4 mL) ¢) 10% Cu(ll) complex

90°C, 24h
1 (1.2 mmol) 2 (1.0 mmol) under air

Scheme 4.13: Synthesis of aryl ether 3, conditions for reaction profiling

Reaction profiles using the three catalytic systems for different ligands and complexes are
reported in Table 4.3. Interestingly, the use of a 1/2 Cul/ligand ratio and of Cu(Il) complexesin
the catalytic process often resulted in faster reactions and higher yields of aryl ether 3, when
compared to the use of only 10% of the ligands. In other cases, the profiles were comparable for
the three methods. While higher amounts of ligand are often associated with better resultsin the

“% the good performance of the Cu(ll) complexes is surprising, considering

catalytic process,
that Cu(l) is thought to be the active species,”” * “* and generally furnish better catalytic
results. These results demonstrate that the Cu(I1) complexes recovered from the reaction are not
end-of-life species or deleterious off-cycle decomposition products, on the contrary, are in

several cases better pre-catalysts for the arylation of phenols than the Cul / ligand precursors.
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Table 4.3: Reaction profiling with ligands and corresponding Cu(l1) complexes

Conversion %

Conversion %

100
90
80 P——
70
60
50
40
30
20

10
0

—4—10% Cu(ll) complex
~—-10% Cul + 20% ligand
“~=10% Cul + 10% ligand

T T T T

600 800 1000
Time (min.)

C11 (R=H)

T

1200 1400

100
90
80
70
60
50
40
30
20
10

=—10% Cu(ll) complex
~—10% Cul + 20% ligand
“he=10% Cul + 10% ligand

0 200

T
600 800
Time (min.)

C23 (R=3-NO,)

T T
400 1000 1200 1400

Conversion %

\
Conversion %
w
o

Conversion %

100
90
80
70
60
50
40
30
20
10

0

100
90
80
70
60
50
40
30
20
10

100
=4—10% Cu(ll) complex 90
—i—10% Cul + 20% ligand 80

=== 10% Cul + 10% ligand

70
60

50

40

20
10

200

. ; . : 0
600 800 1000 1200 1400
Time (min.)

C20 (R = 2,4-OMe)

400

100

90
80
70
60
50

Conversion %

—4—10% Cu(l1) complex 30
~—10% Cul + 20% ligand 20
===10%Cul + 10% ligand 10

200

1000 1200 1400

400 600 800
Time (min.)
C25 (R =4-Ac)

i
Wi
e

o

=4 10% Cu(ll) complex
~fl—10% Cul + 20% ligand
===10% Cul + 10% ligand

1400

0 200 400 600 800 1000 1200
Time (min.)
C22 (R = 2-Cl-6-Mg)
R

== 10% Cu(ll) complex
~—10% Cul + 20% ligand
“~=h=10% Cul + 10% ligand

1400

0 200

400 600 800

Time (min.)

C26 (R=3,5-CF,)

1000 1200

120



Conversion %

Conversion %

100
90
80
70
60
50
40
30
20
10

100

=4—10% Cu(ll) complex
~i—10% Cul + 20% ligand

~=4=10% Cul + 10% ligand

0 200

T T T T

T
1400

400 600 800 1000 1200
Time (min.)
C27 (R=2-F)

=—10% Cu(ll) complex
——10% Cul + 20% ligand

“he=10% Cul + 10% ligand

1400

400 600 800 1000 1200
Time (min.)
C34 (R=3)

Conversion %

Conversion %

70 /
R A .

70 7/
60 -
50 -/ : 7
40
30 - ﬂ ——10% Cu(l1) complex
20 ~—10% Cul + 20% ligand
10 /- ~#—10% Cul + 10% ligand
omuf ‘ ‘ |
0 200 400 600 800 1000 1200 1400
Time (min.)
C31(R=3-F)

100
90 .
80 /./— /

e

P

=o—10% Cu(ll) complex
~—10% Cul + 20% ligand

10 “=10% Cul + 10% ligand
0 r T T T T
0 200 400 600 800 1000 1200 1400
Time (min.)
C35 (R=4-F)

Conversion %
ul
o

100

Conversion %
w
Q

== 10% Cu(ll) complex

== 10% Cul + 20% ligand
=== 10% Cul + 10% ligand

= ‘ : ‘
0 200 400 600 800 1000 1200 1400
Time (min.)
C32 (R=3-Cl)
A
%”

f P

=4 10% Cu(ll) complex
== 10% Cul + 20% ligand

40
30
20
10
0 .cm
0 200

=== 10% Cul + 10% ligand

© fimemin)
C36 (R=4-Cl)

121



Conversion %

Conversion %

100
90
80
70
60
50
40
30
20
10

30
20
10

T =4 10% Cu(ll) complex
4 ~——10% Cul + 20% ligand
=t 10%Cul + 10% ligand

! S

1200

0 200 400 600 800 1000 1400
Time (min.)
C38 (R=41)

=4—10% Cu(ll) complex
v 4 ~fli—10% Cul + 20% ligand
ﬂ ~#—10% Cul + 10% ligand
0 200 400 600 800 1000 1200 1400
Time (min.)
C43 (R=2,5-Cl)

Conversion %

Conversion %

100 —
%0 = ’—(*’:!
0 S
60
o Wi
N /8
30 I —o— 10% Cu(I1) complex
20 4 B 10%Cul + 20% ligand
10 // = 10%Cul + 10% ligand

o ‘ ‘ ; |
0 200 400 600 200 1000 1200 1400
Time (min.)
C39 (R = 2,4-F)

100
Q[0
80
70 /”’ji
60
50 o
40
30 - —4—10% Cu(ll) complex
20 = ~—10% Cul + 20% ligand
10 # —4—10% Cul + 10% ligand

0 mHgA— ; ‘ ‘ : : :
o} 200 400 600 200 1000 1200 1400
Time (min.)
C44 (R = 2,5-Br)

Conversion %

Conversion %

100 g
a0
80 7%*
70 f o
50 Y rd
"
30 *w —4—10% Cu(ll) complex
20 ~fl—10% Cul + 20% ligand
10 | ===10% Cul + 10% ligand
o , : ;
0 200 400 600 800 1000 1200 1400
Time (min.)
C42 (R=25F)
100
90
80 /
o D
60
50 / /
40 //
30 “‘/- =—4—10% Cu(ll) complex
20 —=—10%Cut + 20% ligand
10 ——p‘! / —#—10% Cul + 10% ligand
0 mafa & : : \ :
0 200 400 600 200 1000 1200 1400
Time (min.)

C51 (R, = OMe)

122



Conversion %

100
90
80 . N
70
60
50
40
30

=4—10% Cu(ll) complex

20 —@—10% Cul + 20% ligand
10 “=e==10% Cul + 10% ligand
0 T T T T T T T
0 200 400 600 800 1000 1200 1400
Time (min.)
C52 (R, = Cl)

123



Assuming a Cu(l) active species, the better results obtained with Cu(ll) complexes might
be explained with the formation of a different Cu(l) species than theinitial Cul. A picolinamide-
ligated Cu(l) species might be formed more easily from the reduction of Cu(ll) complexes than
from the Cul precatalyst. Thus, pathway a in Scheme 4.14 (Cul - Cu(ll) complex = Cu(l)
active species) might be faster than path b (Cul - Cu(l) active species), and the Cu(ll)
complexes might be an off-cycle resting state necessary to form the active Cu(l) species from
Cul (Scheme 4.14). The formation of these complexes even under anaerobic and anhydrous
conditions, and even using only one equivalent of ligand (see Chapter 3, section 3.2) is in

agreement with this reasoning.
Cul

% Y

Ly
AN N ) —_ AN o - . Catalytic
N/Cu ~\ N,CU L —— > cycle

cu(l)

Cu(in hypothetical

active species

Scheme 4.14: Possible pathways to the active Cu(l) species

Figure 4.8 shows the correlation between the final conversions (24h) with the three
methods and the reduction potentials for the complexes. Interestingly, the observed is more
linear when using Cu(ll) complexes than for the other two catalytic systems. Because of the
presence of induction periods in some of the reactions (which may be due to a number of
factors, including solubility), graphs conversion/reduction potential were also plotted at the
sixth and at the twelfth hour of reaction. Even in these cases, more linear correations for the
Cu(ll) complexes was observed. This suggests that the reduction potential influences more
strongly the reaction rate when using Cu(ll) complexes, and that the reduction to the active

species may be a kinetically significant step in the mechanism.
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Figure 4.8: Correlation between conversion (24h) and reduction potential (substituents R): a)
10% Cul + 10% ligand; b) 10% Cul + 20% ligand; c) 10% Cu(Il) complex

The same corréation, in the case of ligands L51 and L52, substituted on the pyridine
ring, when compared to the unsubstituted L 11 in the catalytic reaction, using either a 1/1 ratio or
a 2/1 ratio to Cul, is not as obvious, due to the small number of examples (Figure 4.9a-b).
However, a good correlation is obtained with the reduction potential when the corresponding
complexes were used as pre-catalysts. The correlation is here opposite than that observed for the
substituents on the phenyl ring, with the complex with higher electron potential giving the
worse results (C52), while the electron-donating methoxy substituent in C51 results a in better
conversion (Figure 4.9c), suggesting that different effects may be involved (see following
section). These data are, however, not enough to assess the role of the substituent on the

pyridinering.
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Figure 4.9: Correlation between conversion (24h) and reduction potential (substituents R): a)
10% Cul + 10% ligand; b) 10% Cul + 20% ligand; c) 10% Cu(Il) complex

4.7 — Comparison with literature data

Mechanistic investigations using anionic ligands were recently reported by Lei and co-
workers." 2 During the coupling between a g-diketone (acetylacetone, acac) and an aryl iodide,
the authors observed that the Cu(l) precatalyst used underwent disproportionation at an early
stage of the reaction, giving metallic copper and Cu(acac),.* The small amount of Cu(l) left
from the disproportionation acted as the only catalyst, and the Cu(ll) species was reported to be
inactive under the catalytic conditions, denying a possible comproportionation or reduction
process to form more of the Cu(l) species (Scheme 4.15). The authors also reported that
different ligands resulted in different disproportionation rates.?
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Scheme 4.15: Formation of Cu(l1) as a catalyst deactivation process*
Lei’sresults partially correspond to those reported so far in this chapter and in Chapter 3:

e The formation of Cu(ll) species from Cu(l) precatalyst, with an anionic ligands, occurs
through the initial formation of alabile Cu(l) species (cf. Chapter 3, section 3.2.1), which

L 2 and

is then oxidised (picolinamides in MeCN) or disproportionates (Lei’s case
picolinamides in DMF, Chapter 3) to give Cu(ll) species;

e The equilibrium between the Cu(l) and Cu(ll) species depends on the ligand substituents,
in Lei’s case with different disproportionation rates, in our case with different reduction

potentials.

This demonstrates that some common characteristics between the two different ligand
systems can be found, and that potential prediction of the behaviour of other anionic ligands can
be envisaged. However, while in Lei’s case the Cu(ll) complex was not active as catayst, with
picolinamide ligands the Cu(ll) complex behaves as an even more effective catalyst than its
Cu(l) precursor.

Concerning the (seemingly) opposite effects of the substituents on the two sides of the
picolinamide ligand, it is interesting the comparison with Taillefer’s iminopyridine ligand,
discussed in Chapter 1, section 1.4.%* The authors observed the same effect, and suggested that
the electron-rich side of the ligand favoured an oxidative addition step, while the electron-
withdrawing substituent on the other side aided the reductive elimination. Although no proof
was given in their work or in this thesis to ascertain this hypothesis, the similarity should be

considered for the future devel opment of these ligands.
4.8 — Possible formation of phenoxy radicals

The reduction step from Cu(ll) to Cu(l), necessary for the reaction to occur, needs to be
possible in an oxidising environment (catalytic reactions under air). In 1964 Weingarten

demonstrated how the phenol substrate in the coupling may undergo deprotonation and
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following oxidation to phenoxy radical, with consequent reduction of Cu(l1) precatalysts.”® The
formation of phenoxy radicals in the reaction, however, has only ever been considered once
since. The oxidation of phenoxides to phenoxy radicals by Cu(ll) is a very common process,
for example it is at the basis of Cu-based oxidase enzymes.** This process usually occurs with

the involvement of oxygen,®™

so that it would be plausible under our catalytic conditions.
Furthermore, the formation of phenoxy radicals is most favoured in sterically hindered
phenols,> which also gave good results in the coupling with aryl halides in our conditions (see
Chapter 2). Phenoxy radicals generally isomerise to carbon-centred radicals, leading to dimers
or polymers bound via C-O or C-C bonds,* which were not observed under our experimental
conditions. However, if a concerted mechanism or an inner-sphere electron transfer from the
coordinated phenoxides to the Cu catalyst was involved, this typica reactivity would not be
observed (see Scheme 4.9 and discussion). Following this reasoning, radical trap and radical
clock experiments anal ogous to those performed on the aryl halide (section 4.4) were studied on
the phenol moiety.

Although intramolecular reactivity of the phenoxy radical with a close unsaturated non-
aromatic moiety, such as studied in Scheme 4.4 for an aromatic radical, has not been reported in
the literature, intermolecular couplings are known.* Intramolecular radical couplings are
instead known to occur with aliphatic acohols,® and Cu(l1)-catalysed couplings have also been

reported for substituted quinones®’ (Scheme 4.16).

OMe OMe OMe

OH SSo)
2 _— | OH
4
| \

(e} = Cu(OAc), e}
Pyridine

\
(0] OH
Scheme 4.16: Intermolecular or intramolecular couplings of phenoxy or alkoxy radicals with

unsaturated moieties

Thus, the coupling between 2-allylphenol and 4-iodoanisole (2) was envisaged as
potentially interesting control reaction (Scheme 4.17). However, either using L11 or L27, aryl
ether 34 was obtained in high yields, and no radical-derived product 85 was observed in the

crude mixture (Figure 4.10).
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Scheme 4.17: Radical clock experiments on the phenol (isolated yields)
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Figure 4.10: Comparison of "H-NMR spectra of: aryl ether 34 (blue) and crude mixture (red)

Reactions with L11 and L27 of either 3,5-dimethylphenol (1) or 2-alylphenol in the
absence of aryl iodide resulted respectively in ca. 30% and 50-60% of unreacted phenol after 24
h (GC data). Similar results were obtained adding 1 eq. of TEMPO to the reaction. The
relatively small amounts of phenol Ieft in the reaction crude are likely due to deprotonation and
formation of salts.

Another experiment was performed to investigate the formation of phenoxy radicals
under our catalytic conditions. 2,6-Di-tert-butylphenol was used as a probe in reactions without
any aryl haide, in the presence or absence of copper catalysts. The choice of this substrate was
driven by their known ability to stabilise radicals and form the corresponding dimer 86,> which
can be easily identified by "H-NMR (Scheme 4.18). The formation of dimers is known to
proceed via the rearranged phenoxide radical,> thus its presence would be an indication of the

oxidation of the phenol to phenoxy radical.

129



B B ; >r/ ¢
OH t-Bu t-Bu ' (

t-Bu t-Bu Cs,CO3 (2 mmol) ' s .
MeCN (4 mL) ! : 4
90°C, 24h t-Bu t-Bu .o
(2 mmols) ) 86 ' )
under air 7N »

5% Cul + 5% ligand: 5% Cu(l) complex; ¥
No Cul, no ligand 15% No complex 25%
Ligand: R
0o X ‘ Ligand: L11 (R = H) 99% Complex: C11 61%
N A
‘ = H L20 (R = 2,4-OMe) 47% c20 44%
=
L26 (R =3,5-CF3) 61% C26 95%
L27 (R =2-F) 100% Cc27 67%

Scheme 4.18: Dimerisation of 2,6-di-tert-butylphenol (*H-NMRYyields); a) reactions on 1 mmol

scale

Performing the reaction in air, small amounts of 85 are formed even in the absence of
copper and ligand, but the addition of Cul/ligand (ligands L 11, L 20, L 26 and L 27) considerably
increases the amount of 85 produced. These results suggest that Cul/ligand catalytic system in
the reaction can lead to the formation of the phenoxy radical. The use of the corresponding
Cu(ll) complexes C11, C20, C26 and C27, dso resulted in the formation of the dimeric
product, showing that these species might catalyse the oxidation of phenal 22. In this case, a
good correlation between yields and reduction potential of the complexes is also observed
(Figure 4.11).
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Figure4.11: Correlation between reduction potentials and yield of dimer 85 for
Cu(ll)complexes

Thus, these results are in agreement with a possible reduction step at the expense of the
phenol, when Cu(ll) species are used as catalysts. Although this step would depend on the
phenol used in the reaction, the good yields obtained for the C-O coupling with similarly
substituted phenols (such as 2,4-di-tert-butylphenol or 2,4-di-tert-amylphenol, see Chapter 2,
Scheme 2.7), also susceptible to radical dimerisation,™ indicates this as a possible reduction step
to form the active Cu(l) species.
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A final clue about the effect of the phenol on the reduction of Cu species was obtained by
Miss Jessica Lamb (University of Leeds), during the study of Cu(l) complexes with
iminopyridine ligands L53 (see Chapter 2, Scheme 2.6), which are known to stabilise Cu(l)
complexes. Reaction of L53 ligands, in particular L53a, with Cul in acetonitrile, quickly gives
the corresponding Cu(l) species as dinuclear complexes.*” ®® When sodium phenoxides are
added, under inert conditions, to an acetonitrile solution of these species (especially with L53a),
a copper mirror is deposited after a few hours on the walls of the flask, thus accounting for a
reduction of Cu(l) to Cu(O) or a disproportionation process. The phenomenon is reproducible,
but strongly dependent on the ligand and the phenol substituents.® This result, other than being
a confirmation of the effect of phenoxide anions on the redox properties of the metal, has also
relevance for the mechanism of the reaction with neutral ligands, for which no one-electron

processes have been considered in the recent literature.
4.9 —Profiling with Cs complex, effect of 18-crown-6in the reaction

Complex C18 (R = 2,4,6-trimethyl), type |V, was also tested in the catalysis. Due to the
different structure of the complex, the results are reported in this separate section. This complex
contains one unit of Csl on top of the Cu(picolinamide), complex. The presence of the Csl unit,
being this one of the products of the catalytic reaction under our conditions, was thought to
inhibit the reaction, when compared to the standard Cul / ligand system. Surprisingly, instead,
when the complex was compared with the corresponding Cul / ligand system (ratio 1/2), it
proved more catalytically active, although considerably less than Cul /ligand 1/1 (Figure 4.12).
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Figure 4.12: Reaction profile with type IV complex C18 and corresponding Cul / ligand
precatalysts

The higher activity of the complex suggests that the inclusion of the Csl unit might
actually be beneficia for the catalytic process, thus suggesting, as in Chapter 3 (Scheme 3.8),
the possibility of this complex being some sort of “frozen intermediate” for the synthesis of
Cu(picolinamide), complexes, which, as discussed in section 4.6, are active catalysts.

A preliminary experiment to try to assess the role of the caesium base was undertaken.

The use of crown ether has been exploited to improve the reactivity in several processes
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involving alkaline metal cations. The crown ether used for the purpose, generally 18-crown-6,
coordinates to the cation, making its counterpart a naked, more reactive nucleophile.** **® The
addition of a crown ether in this case would show if purely a size effect would be sufficient to
explain the better performance of the Cs base, or if other effects may involved too. The reaction
profile for the synthesis of 3 using a catalytic amount of 18-crown-6 in the reaction with L18 is
shown in Figure 4.13a. As can be seen, amost no effect is observed, and the profile is almost
overlapping the one without any additive. A similar result was obtained in a reaction with L 27,
performed for comparison (Figure 4.13b). Although no further experiments have been
performed on the matter, these experiments suggest that the reaction is not particularly sensitive

to the crown ether, and the caesium base might have other effects on the catalytic process.
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Figure 4.13: Effect of the addition of 18-crown-6 to the reaction with L18 (a) and L27 (b)
4.10 — Summary — proposed mechanism

In this chapter, mechanistic investigations on the role of the picolinamide ligand in the
catalytic arylation of phenols have been reported. Radical trap and radical clock experiments
show that no free radicals from the aryl iodide are involved in the process, although inner-
sphere electron-transfer mechanism and concerted coupling could not be excluded. However, in
the absence of other evidence for electron transfer processes, an oxidative addition / reductive
elimination cycle can be suggested. Cyclic voltammetry experiments showed how the ligand
properties strongly influence the redox chemistry of the metal centre, in particular with effects
on the reduction Cu(l1)/Cu(l) and Cu(l)/Cu(0). The catalytic performance of Cu(ll) complexes
seems to be related at least to the Cu(ll)/Cu(l) reduction potential, suggesting a Cu(l) active
species. This reduction may take place at the expenses of the excess phenoxide present in the

reaction, which may be oxidised to a phenoxy radical. Nonetheless, further investigations on
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different fronts are needed to clarify the presence and reactivity of phenoxy radicals in the
catalytic process.

Scheme 4.19 shows a possible mechanistic scenario for the arylation of phenols, based on
the results reported. The Cul used in the reaction is readily oxidised to the Cu(ll) species A,
which can be reduced to the active Cu(l) species, whose hypothetical structure is described as B.
B is aligated species which can be either neutral (L = acetonitrile) or anionic (L = | or another
picolinamide ligand); in the latter case, a Csion may act as a counteraction. The formation of
the Cu(l) species B may occur through oxidation of the excess phenoxide ion present in the
reaction to phenoxy radical, or it may occur through disproportionation, as reported by Lei," and
as may be suggested by the formation of metallic copper in the reaction in acetate solvents (see
Chapter 2). The arylation reaction proceeds through coordination of the phenol to the meta
centre, either before (pathway i) or after deprotonation (pathway ii), followed by an
(hypothetical) oxidative addition / reductive elimination process through the intermediate E.
This intermediate, if the anionic character of the ligand is to be maintained, would necessarily
be negatively charged, in which case the Csion may again be involved in stabilising interactions
with the Cu complex. Species B, re-formed at the end of the catalytic process, is itsdlf re-

oxidised to the Cu(l1) species A, which can be recovered from the crude solution.
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Scheme 4.19: Proposed mechanism for the arylation of phenols using picolinamide ligands
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Chapter 5:

Conclusions and future work

5.1 — General conclusions

This thesis has reported upon the results of an investigation on the use of picolinamide
ligands in Cu-catalysed arylation processes. A screening of a number of different ligands and
the comparison with other classes of ligands used in this process proved the picolinamide
backbone an effective ligand type for these transformations.

Picolinamide ligands are effective in copper-catalysed arylation reactions, either for the
synthesis of aryl ethers (arylation of phenols) and for the arylation of amides, including lactams.
A range of EWG and EDG substituted substrates are tolerated in the catalytic process with these
ligands, and steric hindrance on the phenol in the synthesis of aryl ethers is also very well
tolerated. Limitations are the low yields obtained with sterically hindered aryl halides, and the
use of potentially coordinating substrates, such as amino-phenols and heterocyclic substrates
where the heteroatom is close to the reactive site in the nucleophile of the aryl halide. Steric
hindrance and heterocyclic or chelating substrates are common limitations for copper-catalysed
arylation strategies in homogeneous thermal conditions.

The firg investigation on the use of green organic solvents as media for these
transformations has been undertaken, giving very good results in the arylation of phenols and
amides. The substrate scope for the arylation of phenols in acetate solvents proved similar to
that observed in acetonitrile, while the yields obtained were in many cases higher than in
acetonitrile. These results are important in view of potential industrial applications.

The synthesis of copper complexes with picolinamide ligands was explored in
acetonitrile. The use of experimental conditions similar to those employed for the catalytic
process resulted in five different types of Cu(ll)-picolinamide complexes, four of which have
never been reported before in the literature. Among these, a complex showing inclusion of a Cs
ion from the base used (Cs,COs) was abtained (type IV complex), whose study can give
important information about the role of the base in the catalytic process. Another type of
complexes (type V) was obtained using ortho-halogenated picolinamide ligands, in which the
C-halogen bond is activated by the Cul at room temperature to furnish homo-coupling products
between two molecules of ligands, attached either to the same Cu centre, or to two different Cu
centres. The activation of the C-halogen bonds was not observed when using Na,COs; as base,
demonstrating a crucial role of the Csion in the activation process. Both types of complexes are
novel.

The preformed Cu(Il) complexes were employed in the catalytic reaction, and showed to
be, in several cases, more effective than the corresponding Cul/ligand systems under the same

reaction conditions. Studying their electrochemical properties, a plausible role of the ligand was
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suggested to explain the results obtained. The reduction potential of Cu(ll) complexes seems to
be an important factor in the catalytic process, as higher reduction potentials favour the
catalysis. This may be attributed to the necessity of a Cu(l) active species to be formed during
the reaction. These experiments were undertaken to assess a structure-activity relationship for
these ligands. Other mechanistic investigations included a series of control reactions to ascertain
the radical character of the mechanism; these experiments ruled out free-radical, outer-sphere
pathways, although inner-sphere electron-transfer processes could not be excluded. In this short
chapter are reported a few ideas on further investigation based on the results reported in this

thesis.
5.2 — Futurework
5.2.1 —Ligand/catalyst design

Variation of the picolinamide moiety has been investigated, in this thesis, mostly through
variation of the substituent on the N-phenyl ring, which resulted in very different catalytic
results and properties. Variation of the substituent in the para position (the most important for
influencing the coordination properties) on the pyridine ring has been aso preliminarily
investigated. A more detailed investigation on the effect of different substituents on the pyridine
ring could prove an important improvement in the ligand design. Due to the high prices of the
substituted picolinic acids, however, a different synthetic pathway to the picolinamide ligands
might prove necessary for this purpose.

Another possible modification area of the picolinamide backbone is the area around the
carbonyl group. This can be changed in different ways, providing different chelating groups
which can influence the catalytic properties. The possible modifications available on the

picolinamide backbone are summarised in Figure 5.1.

Not investigated
Wu fw La J
\//
_S. A _A Al .
Py H r Py S r Py ” r Py)kw Ar
sulfonamide thioester  thiocarbamide N-methylcarbamide
b NH
Taillefer's ligand /\N’Ar o )LN,Ar
p AN,Ar H y H
y. picolylamine  amidine

Q :
N @ =
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- different electronic effect (investigated)
- steric hindrance (not investigated)

- different heterocyclic groups (investigated)
- different electronic effect (partially investigated)
- steric hindrance (not investigated)

Figure5.1: Further ligand modifications
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Because Cu(l1)-picolinamide complexes were effective catal ytic species, the investigation
of differently coordinated Cu(ll) species may be of interest. A logical modification would be the
N,O coordination of the ligand to the metal centre, furnishing ionic complexes, which would
increase the solubility in polar solvents. These complexes can be prepared in the absence of a
base using a Cu(ll) salt and: i) neutral ligands, for example N-methyl-N-phenylpicolinamides
(Figure 5.2a); or ii) large counterions without N-methyl substitution on the ligand (Figure 5.2b).
N,O coordination with the ligands reported in this thesis, in the absence of the base and starting
from Cul, did not occur, while it occurs swiftly using Cu(BF,), as the copper source. A
comparison between the neutral and the corresponding ionic complexes may give important

insights on the role of the ligand in the catalysis.
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Figure5.2: lonic N,O coordination complexes
5.2.2 — Applications

Design of Experiments (DoE), combined with Principal Component Analysis (PCA), is
an excdlent way of optimising the reaction conditions and discover the relationships between
ligands, solvents, and bases.' In particular, this would be of interest for carrying on the
investigations on green solvents and design an effective, greener process, and it would be of
help in effective ligand design.

The C-C bond formation between two ligands attached to the metal centre occurring at
room temperature reported in Chapter 3 showed that a group-directed C-halogen activation
process occurs easily using Cs,CO; as a base. The substrate scope of the process may be
explored to investigate if other C-C bonds can be formed. To our knowledge, athough
picolinamide-directed C-H activations are common in the chemical literature, no picolinamide-

directed C-halogen bond activation processes have been reported.
5.2.3 - Mechanigtic investigations

A few papers in the literature report the synthesis of flexible tetradentate picolinamide
ligands, where two N-phenylpicolinamide units are linked through a -O(CH,),O— or a —
S(CH,),S- spacer attached to the phenyl rings (Figure 5.3a,b), and corresponding complexes
with Cu(l1).® Although these ligands may potentially behave as hexadentate ligands, wrapping
around the metal centre in an octahedral geometry, they may also act as tetradentate ligands. In

these cases, a geometry similar to that obtained with simple bidentate picolinamide ligands is
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observed. Variation of these ligands, in particular with ethereal spacer, could be of interest for
the elucidation of the mechanism of the Cu-catalysed couplings, and for trapping intermediates

involving Csions.

o) o o o o o 0 o)
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Figure 5.3: Picolinamide ligands with ether spacers

The complex C18, showing a Cu-1-Cs interaction, only observed with the N-mesithyl
picolinamide ligand L 18, suggests that this group has a crucia role in stabilising this interaction
through coordination to the Cs ion (Chapter 3). In a similar complex, obtained using N,N-
dimethylglycine in the Nguyen group at the University of Leeds, the Csion is coordinated to a
number of oxygen donors from the ligand.” This experimental evidence can be thus exploited to
stabilise potentia reaction intermediates using modified ligands similar to those above. If an
ethereal spacer could be attached to the ligand, wide enough to accommodate entirely or
partialy the Csion (a crown ether-like spacer, Figure 5.3c), this ligand could be an invaluable
mechanistic tool. Moreover, this modification may also increase the solubility of the Cs base,
alowing easier mechanistic investigations in solution. A crown ether could otherwise be
attached to the ligand as in Figure 5.3d. However, a copper complex with a tetradentate ligand
would have higher stability, useful to isolate intermediates.

In situ NMR techniques could be useful in elucidating the mechanism of the copper-
catalysed formation of aryl ethers. These are not commonly used for these reactions, due to the
often considerable amount of solid formed during the reaction (mostly from the inorganic base).
However, if a soluble system could be developed, with organic bases or very polar solvents,
such as DMSO, the tilisation of NMR techniques will be feasible. In particular, **Cs-NMR
would help eucidating the role of the Caesium base in the reaction. Other in situ techniques,
such as IR and ESI-MS would be useful when Cu(ll) species such as Cu(ll)-picolinamide
complexes are involved asinitia pre-catalysts. In situ techniques could also be used to study the
formation of the Cu(ll) complexes in acetonitrile, clarifying the oxidation mechanism and the
possible formation of intermediates such as complex C18 in the process.

The role of the caesium base in the catalytic coupling can also be investigated by
comparison with other akali metal bases and crown ethers, both in the catalytic reaction and in
the synthesis of complexes. Some preliminary results have been reported in this thesis, but a

deeper investigation is needed for significant results.
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Chapter 6:

Experimental section

6.1 — General remarks and instrumentation

'H-NMR spectra were acquired using a Bruker Avance 300, 400 or 500 MHz
spectrometer. Chemical shifts (3) are expressed in ppm and referred to the solvent signal, used
as internal reference (CDClI; was used as solvent, if not otherwise specified; CDCl3: 7.27 ppm;
DMSO-dg: 2.50 ppm). *C-NMR spectra were recorded using a Bruker Avance 300, 400 or 500
(75, 100 or 125 MHz) spectrometer. Chemical shifts (3) are expressed in ppm and referred to
the solvent signal, used as internal reference (CDCls: 77.0 ppm, DMSO-ds: 39.5 ppm).
Microanalyses were obtained by Mr. lan Blakeley or Ms. Tanya Marinko-Covell at the
University of Leeds Microanalytical Service using a Carlo Erba 1108 Elemental Analyzer.
Electrospray (ESI) and electron-impact (EI) mass spectra were recorded by Ms. Tanya Marinko-
Covell, Dr. Stuart Warriner or the author at the University of Leeds Mass Spectrometry Service,
on a Waters GCT-Premier instrument (EI, direct injection), or on a Bruker Daltonics MicroTOF
instrument (ESI). APCI spectra were recorded by Ms. Moya McCarron at the University of
Liverpool Mass Spectrometry Service on an Agilent QTOF 7200 instrument. Infrared spectra
were recorded by the author on a Perkin-Elmer SpectrumOne FT-IR spectrometer. Melting
points were determined with an Electrothermal digital melting point apparatus in open capillary
tubes, and are uncorrected. Purification by column chromatography was carried out using Merck
Geduran Si 60 Silicagel, or pre-packed Biotage cartridges for automatic chromatography

apparatus.

GC analyses were performed using a Bruker 430-GC equipped with a CP-8400
autosampler and a BR-5 column (30 m x 0.25 mm (ID) x 0.25 pm film thickness) with carrier
gas (H,) flow rate of 2.0 mL/min and a temperature ramp from 50 to 310 °C at 20 °C/min.
Single point calibration was performed through analysis of standard solutions containing known
amounts of analyte (AN) and internal standard (1S). Internal response factors (IRF) were
calculated for the analytes using the following equation:

IRFan = (area;s X [AN]) / ([1S] x areaan)-
The following equation was then used to calculate the analyte concentration in reaction samples:
[AN] = (areaan X [I1S] X IRFay) / areas.

Single crystal X-ray data were collected by the author, Dr. Chris Pask or Dr. Helena
Shepherd using one of the following: i) Bruker X8 Apex diffractometer connected to an Oxford
Cryostream low temperature device using graphite monochromated Mo-Ka radiation (A =

0.71073 A); ii) Agilent SuperNova diffractometer equipped with an Atlas CCD detector using
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mirror monochromated Mo-Ka (A = 0.71073 A) or Cu-Ko. (A = 1.54184 A). The structures were
solved using SHELXS direct methods," and the structural model refined by full matrix least
squares on F2 using SHELXL97." Squeezed structures were obtained with Platon.? Molecular
graphics and preparation of tables of bond lengths was carried out using Olex2.*

Cleaning procedure for catalysis tubes: Glass tubes used for catalytic reactions were
cleaned thoroughly after use. They were initially scrubbed with soapy water, followed by a
three-time rinse with acetone, and a soak in a base bath for 10-15 hours (KOH approx. 1 M in
water/isopropanol). When taken out of the base bath, the tubes were rinsed with abundant water
and placed into an acid bath for 1-5 hours (HCI 37% approx. 1 L per 8-10 L of water). Finally,
the tubes were rinsed thoroughly with water and then with acetone (three times), before being
placed to dry in the oven.

6.2 — Experimental for Chapter 2
6.2.1 — Synthesis of bidentate amidic ligands

General procedure: The ligands were prepared through a modified ligand procedure.* In
a round-bottom flask equipped with a condenser 1 eq. of carboxylic acid was stirred with
pyridine at room temperature, then 1 eq. of the amine and 1 eq. of triphenyl phosphite were
added to the solution. The mixture was heated to reflux (120°C) and left for 20h. At the end of
the reaction the solution was left to cool to room temperature and an excess of distilled water
was added, stirring the mixture for an additional hour. Unless otherwise specified, the crude
product precipitated out, and was successively filtered, washed with water and purified by

recrystallisation from hot MeOH.

o L N-Phenylpicolinamide (L11).° Prepared using 10.0 g (81 mmols) of
a@je)fk”g/@ picolinic acid and 40 mL of pyridine. The organic layer was separated and
b C/ d dried over MgSQO,. A precipitate formed when cooled to -20°C: filtered,

washed with water and crystallised from hot MeOH as white crystals, yield
29% (4.70 g, 24 mmols). *H-NMR (500MHz) &: 10.06 (s, 1H, NH); 8.64 (d, 1H, H,, J., = 4.8
Hz); 8.32 (d, 1H, Hg, Joc =7.8 Hz); 7.93 (dt, 1H, He, Jow = 1.7 Hz, Jo = Jog = 7.7 Hz); 7.80 (d,
2H, Hp, i = 7.6 Hz); 7.50 (ddd, 1H, Hy, Jog = 1.1 Hz, Jp.a = 4.8 Hz, Jy.. = 7.6 Hz); 7.40 (t, 2H,
Hi, Jin = Jij = 7.9 Hz); 7.17 (t, 1H, H;, Ji = 7.3 Hz). ®C{*H}-NMR (75MHz) 5: 161.9 (Cy);
149.8 (C.); 147.9 (C,); 137.8 (Cy); 137.7 (C¢); 129.1 (Cj); 126.4 (Cy); 124.3 (Cj); 122.4 (Cy);
119.7 (Cp). M/z (HRMS-ESI+): calcd for Ci,H30N,NaO [M+Na]*: 221.0685. Found: 221.0683.
Anal: calcd. for C;,H;oN,O: C, 72.71; H, 5.09; N, 14.13. Found: C, 72.20; H, 5.10; N, 14.10.
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o @ h_ . N-Phenylfuran-2-carboxamide (L13).° Prepared using 5.0 g (45 mmols) of

. wm@ furan-2-carboxylic acid and 10 mL of pyridine. The mixture was extracted
b ° with DCM, and the organic fraction dried over MgSO, and concentrated.

A solid product was obtained: filtered, washed with water and crystallised from hot MeOH as
pale yellow crystals, yield 31% (2.59 g, 14 mmols). *"H-NMR (500MHz) &: 8.08 (s, 1H, NH):
7.66 (d, 2H, Hy, Jgn = 7.8 Hz); 7.53 (broad s, 1H, Hc); 7.38 (t, 2H, Hy, Jn.g = Jni = 7.9 Hz); 7.26
(d, 1H, Hg, Jop = 3.4 Hz); 7.16 (t, 1H, H;, Jin= 7.6 Hz); 6.58 (dd, 1H, Hp, Jp. =3.4 Hz, J,. = 1.6
Hz). BC{*H}-NMR (75MHz) &: 156.0 (C.); 147.8 (Cy); 144.1 (C.); 137.4 (Cy); 129.1 (Cy);
1245 (Cj); 119.9 (Cy); 115.2 (Cy); 112.6 (Cp). M/z (HRMS-ESI+): calcd. for Cy3HioNO,
[M+H]": 188.0706. Found: 188.0713.

o 9 h_.  N-Phenylthiophene-2-carboxamide (L15).° Prepared using 5.0 g (39

a@%”@ mmols) of thiophene-2-carboxylic acid and 10 mL of pyridine. White
b ° crystals, yield 78% (6.16 g, 30 mmols). '"H-NMR (500MHz) &: 7.62 (m,

3H, H.y); 7.57 (d, 1H, Ha, Jop, = 4.8 Hz); 7.38 (t, 2H, Hy, Jng = i = 7.9 H2); 7.16 (t, 1H, H;, Jiy
= 7.5 Hz); 7.15 (m, 1H, Hy, Joc = 4.1 Hz, Jy.. = 4.6 Hz). [N.B. NH peak not visible]. ‘H-NMR
(500MHz) & (DMSO-dq): 10.21 (s, 1H, NH); 8.03 (d, 1H, Hc, Jo = 3.7 Hz); 7.86 (d, 1H, H,, Ja.
b = 5.0 Hz); 7.72 (d, 2H, Hg, g4 = 7.8 H2); 7.35 (t, 2H, Hy, Jng = Jni = 7.8 Hz); 7.23 (m, 1H,
Hp); 7.10 (t, 1H, H;, Jin = 7.3 Hz). ®C{*H}-NMR (125MHz) §: 159.9 (C.); 139.3 (C,); 137.6
(Cy); 130.7 (Co); 129.1 (Cp); 128.4 (Co); 127.8 (Cy); 124.6 (Cy); 120.2 (Cypm). Miz (EI): 203
(M"), 111 (100), 94, 69, 65, 39. M/z (HRMS-EI): calcd. for C;;H,NOS [M]*: 203.0405. Found:
203.0403. IR v (cm™): 3301 (NH); 3088 (Ar CH); 1630; 1594; 1536; 1486; 1444; 1322; 12609.
Anal: calcd. for C;;HgNOS: C, 65.00; H, 4.46; N, 6.89. Found: C, 64.70; H, 4.40; N, 6.70.

o o /@ n  N-Phenylquinoline-2-carboxamide (L17).” Prepared using 3.0 g (17
:@f\/jh)m 7™ mmols) of quinaldic acid and 10 mL of pyridine. Pink solid, yield 81%

e’ g (3.41 g, 14 mmols). 'H-NMR (500MHz) : 10.26 (broad s, 1H, NH);
8.45-8.35 (m, 2H, Hyp); 8.21 (d, 1H, He, Jeq = 8.1 Hz); 7.93 (d, 1H, Hy, Jy.c = 7.7 Hz); 7.88 (d,
2H, Hy, J.m = 7.9 Hz); 7.83 (t, 1H, Hy, Joc = Jge = 7.5 H2); 7.66 (t, 1H, H., Jeb = Jcq = 7.5 H2);
7.44 (t, 2H, Hn, It = Jmn = 7.9 H2); 7.19 (t, 1H, Hy, Jom = 7.5 Hz). ®*C{*H}-NMR (125MHz)
8: 162.2 (Cj); 149.9 (Ci); 146.4 (C,); 138.0 (Cy); 137.8 (Cy); 130.3 (Cy); 129.8 (Ce); 129.1 (Cy);
128.1 (C.g); 127.8 (Cp); 124.4 (C,); 119.9 (C)); 119.0 (Cp). M/z (HRMS-ESI+): calcd. for
Ci6H13N,O [M+H]™: 249.1022. Found: 249.1020. Anal: calcd. for Ci6H;,N,O: C, 77.40; H,
4.87; N, 11.28. Found: C, 77.30; H, 4.90; N, 11.20.
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Ok h l_j_ N-Mesitylpicolinamide (L18).° Prepared using 5.0 g (41 mmols) of
a Nee NEQ/ picolinic acid and 15 mL of pyridine. The mixture was extracted with
baPd DCM, the organic fraction dried over MgSO, and concentrated; a solid

product was obtained; filtered, washed with water and crystallised from

hot MeOH as a white solid, yield 20% (2.0 g, 8 mmols). ‘H-NMR (300MHz) &: 9.40 (broad s,
1H, NH); 8.64 (ddd, 1H, H,, Ja.q = 0.9 Hz, J..c = 1.6 Hz, J,, = 4.8 Hz); 8.31 (dt, 1H, Hg, J4a = Ja
=1.0 Hz, J4. = 7.8 Hz); 7.91 (dt, 1H, H, J.. = 1.8 Hz, J., = Jeg = 7.7 Hz); 7.50 (ddd, 1H, Hy, Jp-
¢ = 1.2 Hz, J,, = 4.8 Hz, Jp = 7.5 Hz); 6.96 (s, 2H, H)); 2.31 (s, 3H, H)); 2.26 (s, 6H, Hy).
BC{'H}-NMR (75MHz) &: 162.5 (Cy); 149.9 (C.); 148.1 (C,); 137.5 (C.); 136.8 (C;); 135.1
(Ch); 131.1 (Cy); 128.9 (Cj); 126.3 (Cp); 122.5 (Cy); 20.9 (C)); 18.4 (Cy). M/z (HRMS-ESI+):
calcd. for CisH1N,NaO [M+Na]": 263.1155. Found: 263.1157. Anal: calcd. for C;5H3sN,0O: C,
74.97; H, 6.71; N, 11.66. Found: C, 74.90; H, 6.80; N, 11.70.

m  N-(2,4-Dimethoxyphenyl)picolinamide (L20).® Prepared using 5.0 g

a N Ng JKOMe (41 mmols) of picolinic acid and 10 mL of pyridine. The mixture was
b Ad IOlvrl1e extracted with DCM, the organic fraction dried over MgSO, and
: concentrated, then stored at -20°C. A black solid product was obtained:
filtered, washed with water and crystallised from hot MeOH as a black solid, yield 84% (8.90 g,
35 mmols). *H-NMR (300MHz) &: 10.38 (s, 1H, NH); 8.65 (m, 1H, H,, J., = 4.2 Hz); 8.50 (m,
1H, Hy);8.29 (dd, 1H, Hg, Jgn = 0.9 Hz, Joc = 7.8 Hz); 7.90 (dt, 1H, H, Je.a = 1.7 HZ, Jep = Jeg =
7.7 Hz); 7.46 (ddd, 1H, Hp, Jp.g = 1.1 Hz, Jpa = 4.8 Hz, Jy.c = 7.6 Hz); 6.55 (m, 2H, H;,); 3.95 (s,
3H, H); 3.83 (s, 3H, H). C{'H}-NMR (125MHz) &: 161.6 (Cy); 156.6 (C;); 150.4 (C)); 150.1
(Ce); 148.1 (Cy); 137.4 (Cy); 126.0 (Cp); 122.2 (Cy); 121.2 (Cy); 120.4 (Cy); 103.7 (Cy); 98.7 (Cy);
55.8(Cy); 55.5 (C,). M/z (HRMS-ESI+): calcd for Cy4HisN,O3 [M+H]™: 259.1077. Found:
259.1081. IR v (ecm™): 3355 (NH); 3060 (Ar CH); 2990 (Me CH); 1947 (Me CH); 2843; 1868
(overtone); 1674 (CO); 1592; 1531; 1495; 1463; 1439; 1417; 1288; 1260; 1207. M.p.: 121-

123°C.

o °n A_, N-(2-Chloro-6-methylphenyl)picolinamide (L22).° Prepared using 10.0 g
aiﬂj&}”g\/@m (81 mmols) of picolinic acid and 20 mL of pyridine. The mixture was
b C/ d Cl extracted with DCM, and the organic fraction dried over MgSO, and

concentrated. The resulting product was purified by chromatography
(Petroleum ether/Et,O: 90/10). Obtained as a white powder, yield 30% (5.99 g, 24 mmols). ‘H-
NMR (500MHz) &: 9.70 (s, 1H, NH); 8.68 (d, 1H, H,, J,», = 4.8 Hz); 8.31 (d, 1H, Hg, J¢=7.8
Hz); 7.93 (dt, 1H, H,, J..a= 1.6 Hz, Jo.n = Jca= 7.7 Hz); 7.52 (ddd, 1H, Hy, Jpq= 1.1 Hz, J,,= 4.8
Hz, J,..= 7.6 Hz); 7.34 (d, 1H, Hy, I = 7.6 Hz); 7.21 (bd, 1H, H;, Ji = 7,4 Hz); 7.17 (t, 1H, H,,
Jia = um= 7.7 Hz); 2.37 (s, 3H, H,). *C{*H}-NMR (125MHz) &: 162.3 (Cy); 149.5 (C,); 148.3
(Ca); 138.0 (Cy); 137.5 (Cy); 132.7 (Cyp); 131.5 (Cy); 129.3 (Cj); 127.7 (Cy); 127.1 (Cyy); 126.6
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(Cy); 122.7 (Cq); 19.2 (Co). M/z (El): 218, 212, 211 ([M-CI]*, 100), 79, 78, 51. M/z (HRMS-
ESI+): calcd. for CisHuCIN,NaO [M+Na]*: 269.0452. Found: 269.0452. IR v (cm™): 3331
(NH); 3060 (Ar CH); 2924 (Me); 1683 (CO); 1589; 1568; 1494; 1469; 1435; 1281; 1233. Anal:
calcd. for CsHiCIN,O: C, 63.29; H, 4.49; N, 11.36. Found: C, 63.00; H, 4.45; N, 11.30. M.p.:
107-108 °C.

kCF3 N-(3,5-Bis(trifluoromethyl)phenyl)picolinamide  (L26). Prepared

o hN i using 2.0 g (16 mmols) of picolinic acid and 10 mL of pyridine. White

a| e N cr, crystals, yield 75% (4.00 g, 12 mmols). '"H-NMR (500MHz) §: 10.36
b C/ d (s, 1H, NH); 8.65 (d, 1H, H,, J.» = 4.3 Hz); 8.32 (broad s, 3H, Hyy);

7.97 (dt, 1H, He, Joa = 1.5 Hz, Jop = Jog = 7.7 Hz); 7.65 (s, 1H, H)); 7.56 (m, 1H, Hy).*C{*H}-
NMR (125MHz) &: 162.4 (Cy); 148.7 (C.); 148.1 (C,); 139.2 (C,); 138.0 (C.); 132.5 (q, Ci, “cr
= 33.1 Hz); 127.1 (Cy); 123.1 (q, Cy, Ner = 273.0 Hz); 122.7 (Cy); 119.3 (q, Cp, *Jc.re = 3.1 Ha);
117.5 (sept, C;, *Jcr = 4.2 Hz). M/z (HRMS-ESI+): calcd for Cy4HoFgN,O [M+H]": 335.0614.
Found: 335.0618. Anal: calcd. for C1,HsFsN,O: C, 50.31; H, 2.41; N, 8.38. Found: C, 50.20; H,
2.36; N, 8.25. M.p.: 158-160°C.

h ., N-(2-Fluorophenyl)picolinamide (L27).° Prepared using 10.0 g (81
ailjy:i g/gjm mmols) of picolinic acid and 20 mL of pyridine. Off-white crystals, yield
~d F 80% (14.07 g, 65 mmols). 'H-NMR (500MHz) 6: 10.36 (s, 1H, NH); 8.67
(d, 1H, H,, Jap = 4.5 Hz); 8.59 (t, 1H, Hy, Jni = Jhn= 8.3 Hz); 8.31 (d, 1H,
Hg, Ja.c = 8.0 Hz); 7.93 (dt, 1H, He, J...=1.6 Hz, J.= Jc4=7.7 Hz); 7.52 (ddd, 1H, Hy, Jy..= 0.8
Hz, Jy.= 4.6 Hz, J,.=7.2 HZz); 7.21 (dt, 1H, H;, Ji.n=0.9 Hz, Jiy = Ji, = 7.9 Hz); 7.17 (m, 1H, Hy,
J = 1.3 Hz, Jpn = 109 Hz); 7.11 (m, 1H, H, J = 1.3 Hz, J., = 6.4 Hz).”C{*H}-NMR
(125MHz) $:162.1 (C¢); 152.9 (d, C,, ek = 245.0 Hz); 149.6 (C.); 148.2 (C,); 137.7 (Cy);
126.6 (Cy); 126.4 (d, Cy, ek = 9.4 Hz); 124.6 (d, C;, “Jcr = 4.1 Hz); 124.3 (d, C, *Jcr = 8.3
Hz); 122.4 (Cy); 121.3 (C); 114.9 (d, Cm, cr = 18.7 Hz). M/z (HRMS-ESI+): calcd. for
C1,HgFN,NaO [M+Na]™: 239.0591. Found: 239.0598. Anal: calcd. for C,,HsFN,O: C, 66.66; H,
4.20; N, 12.96. Found: C, 66.20; H, 4.25; N, 12.90.

o hA N-(2-Chlorophenyl)picolinamide (L28)."° Prepared using 10.0 g (81
ai\lje)fkug/@m mmols) of picolinic acid and 20 mL of pyridine. White crystals, yield 74%
PN c (13.94 g, 60 mmols). "H-NMR (500MHz) &: 10.73 (s, 1H, NH); 8.68 (m,

2H, Hap, Jni= 7.8 Hz); 8.31 (d, 1H, Hy, J4..= 8.0 Hz); 7.93 (dt, 1H, H, Jc.o =
1.6 Hz, Jo,= Jc.q=7.8 HZ); 7.52 (ddd, 1H, Hy, Jy.¢=1.1 Hz, J;,=4.8 Hz, J,.=7.6 HZ); 7.44 (dd, 1H,
Hum, Jmi = 1.4 Hz, Iy = 8.0 Hz); 7.35 (dt, 1H, H,, Jin = 1.0 Hz, Jii = Jim = 8.3 Hz); 7.09 (dt, 1H,
Hi, Jim = 1.4 Hz, Jip, =Jiy = 7.8 Hz). *C{*H}-NMR (75MHz) : 162.1 (C;); 149.7 (C.); 148.3
(Ca); 137.6 (Co); 134.7 (Cy); 129.2 (Cry); 127.7 (Cy); 126.6 (Cy); 124.6 (Cy); 123.5 (Cy); 122.4
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(Cy); 121.1 (Cy). M/z (EI): 234, 233, 232 (M™), 198, 197 ([M-CI]*, 100), 99, 79, 78, 52, 51. M/z
(HRMS-ESI+): calcd. for C;,HgCIN,NaO [M+Na]": 255.0296. Found: 255.0292. Anal: calcd.
for C;,H4CIN,O: C, 61.95; H, 3.90; N, 12.04. Found: C, 61.80; H, 3.90; N, 12.00.

o N N-(2-Bromophenyl)picolinamide (L29)."" Prepared using 10.0 g (81
aixlje)fkmg/@m mmols) of picolinic acid and 20 mL of pyridine. Off-white crystals, yield
b C/ d Br 70% (15.81 g, 57 mmols). '"H-NMR (500MHz) &: 10.73 (s, 1H, NH); 8.70

(bs, 1H, H,); 8.65 (dd, 1H, Hy, Jn = 1.4 Hz, J;i = 8.2 Hz); 8.33 (bs, 1H,
Hq); 7.93 (dt, 1H, H¢, Jc.a = 1.4 HZ, Jop = Jeg= 7.7 HZ); 7.61 (dd, 1H, Hp, Iy = 1.4 Hz, J, = 8.0
Hz); 7.52 (bs, 1H, Hy); 7.39 (dt, 1H, Hi, Jim = 1.4 Hz, Jin=Jiu = 7.1 Hz); 7.02 (dt, 1H, H,, Jin =
1.6 Hz, Jii = Jum = 7.7 Hz).®C{*H}-NMR (75MHz) &: 162.2 (Cy); 149.7 (C,); 148.3 (C,); 137.6
(Co); 135.9 (Cy); 132.4 (Cp); 128.3 (Cj); 126.6 (Cp); 125.1 (C)); 122.4 (Cy); 121.3 (Cy); 113.9
(Cy). M/z (HRMS-ESI+): calcd. for Ci,HsBrN,NaO [M+Na]*: 298.9790. Found: 298.9781.
Anal: calcd. for C;,HgBrN,O: C, 52.01; H, 3.27; N, 10.11. Found: C, 51.95; H, 3.20; N, 10.20.

o {_, N-(2-lodophenyl)picolinamide (L30). Prepared using 652 mg (4.6 mmols)
aixljyfkug/@m of picolinic acid and 3 mL of pyridine. Off-white crystals, yield 68% (1.01
b C/ d ! g, 3.1 mmols). ‘H-NMR (500MHz) &: 10.55 (s, 1H, NH); 8.71 (d, 1H, H,,

Jap=4.6 HZz); 8.54 (dd, 1H, Hy, J,, = 1.6 Hz, Jp = 8.2 Hz); 8.31 (d, 1H,

Hg, Ja.c = 7.8 Hz); 7.93 (dt, 1H, H¢, Jea = 1.6 Hz, Jep = Jog = 7.7 Hz); 7.86 (dd, 1H, Hpy, Jmi= 1.3
Hz, Jma= 7.9 Hz); 7.52 (ddd, 1H, Hp, Jp.a= 1.1 Hz, Jpa = 4.8 Hz, Jpc = 7.6 Hz); 7.42 (dt, 1H, H;,
Jim = 1.4 Hz, Jiyy = Jiy= 7.1 Hz); 6.89 (dt, 1H, Hy, I, = 1.6 Hz, J\j = J.m = 7.7 Hz). ®C{'H}-
NMR (125MHz) 5: 162.4 (Cy); 149.7 (C.); 148.3 (C,); 139.1 (Cy); 138.6 (C,); 137.7 (C); 129.2
(C); 126.6 (Cp); 125.9 (C)); 122.5 (Cy); 121.5 (Cyp); 89.7 (Cy). M/z (HRMS-ESI+): calcd. for
C1oHgIN,NaO [M+Na]*: 346.9652. Found: 346.9644. IR v (cm™): 3269 (NH); 3104; 3063 (Ar
CH); 1689 (CO); 1572; 1532; 1465; 1438; 1429; 1301; 1272; 1232. Anal: calcd. for C1,HgIN,O:
C, 44.47; H, 2.80; N, 8.64. Found: C, 44.60; H, 2.75; N, 8.40. M.p.: 137-139 °C.

o M N-(3-Fluorophenyl)picolinamide (L31).** Prepared using 5.0 g (41
acjy}ug/@\”} mmols) of picolinic acid and 10 mL of pyridine. The organic layer was
b C/ d separated and dried over MgSO,. Stored at -20°C, it led to precipitation of

the crude product: washed with water and crystallised from hot MeOH as
off-white crystals, yield 71% (6.21 g, 29 mmols). ‘H-NMR (500MHz) &: 10.12 (s, 1H,
NH);8.63 (d, 1H, H,, J,»=4.6 Hz); 8.32 (d, 1H, Hg, J4..= 8.0 Hz);7.94 (dt, 1H, H,, J..=1.4 Hz, J..
b= Jeg=7.6 Hz); 7.77 (dt, 1H, H,, Jov= Jn= 2.1 Hz, Jn= 11.0 Hz); 7.52 (dd, 1H, Hy, Jp.= 4.8
Hz, J,..=7.3 Hz); 7.42 (m, 1H, Hp, Jy.m= 0.7 Hz, Jp;= 8.1 Hz); 7.33 (dt, 1H, H;, Ji.m= 6.4 Hz, Jiy
=J,y = 8.2 Hz); 6.86 (dt, 1H, H), Ji.n = 2.4 Hz, J,. = Jim = 8.3 Hz). ®C{*H}-NMR (125MHz) &:
163.1 (d, Cr, Ner = 245.0 Hz); 162.0 (Cy); 149.4 (C.); 147.9 (Cy); 139.3 (d, Cy, *cr = 10.4 Hz);
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137.8 (C.); 130.1 (d, Cj, *Jc.r = 9.3 Hz); 126.7 (Cp); 122.5 (Cy); 115.0 (d, Cp, “Jer = 2.1 H2);
111.0 (d, C;, Uer = 21.8 Hz); 107.1 (d, C,, Ucr = 25.9 Hz). M/z (HRMS-ESI+): calcd. for
C1,HeFN,NaO [M+Na]*: 239.0591. Found: 239.0594.

o M N-(3-Chlorophenyl)picolinamide (L32)."° Prepared using 10.0 g (81
aCj%L”g/@\mCI mmols) of picolinic acid and 20 mL of pyridine. The organic layer was
b C/ d separated and the crude product precipitated out: filtered, washed with

water and crystallised from hot MeOH as off-white crystals, yield 70%

(13.14 g, 57 mmols). '"H-NMR (500MHz) &: 10.10 (s, 1H, NH); 8.63 (d, 1H, H,, J.,= 4.8 Hz);
8.32 (d, 1H, Hy, Jac= 7.8 Hz); 7.95 (M, 2H, Hcp, Jea= 1.6 Hz, Jov= Jeg= 7.8 Hz); 7.64 (dt, 1H,
Hn, Jn1= dhn = 1.0 Hz, Jpi= 8.2 Hz); 7.52 (ddd, 1H, Hp, Jp.a= 1.1 Hz, Jp,= 4.8 Hz, J,.. = 7.6 Hz);
7.32 (t, 1H, H;, Jin = Jiy = 8.2 Hz); 7.14 (dt, 1H, Hy, Jin = Jin = 1.0 Hz, J,; = 8.0 Hz). BC{'H}-
NMR (125MHz) &: 162.0 (Cy); 149.4 (C.); 147.9 (C,); 138.9 (Cy); 137.8 (C); 134.8 (Cy); 130.0
(Ci); 126.7 (Cy); 124.3 (C)); 122.5 (Cy); 119.7 (C,); 117.6 (Cy). M/z (HRMS-ESI+): calcd. for
C1,HyCIN,NaO [M+Na]*: 255.0296. Found: 255.0302. Anal: calcd. for C;,HyCIN,O: C, 61.95;
H, 3.90; N, 12.04. Found: C, 61.60; H, 3.90; N, 11.95.

o n L N-(3-lodophenyl)picolinamide (L34). Prepared using 2.8 g (23 mmols)
acje)fkr\g@\kl of picolinic acid and 7 mL of pyridine. White fluffy solid, yield 90% (6.68
! Zd " g, 21 mmols). *H-NMR (500MHz) §: 10.03 (s, 1H, NH); 8.63 (d, 1H, H,,

Jan = 4.6 Hz); 8.30 (d, 1H, Hy, Jo.c = 7.8 Hz); 8.22 (d, 1H, H;, J,; = 1.8
Hz); 7.94 (dt, 1H, He, Jea = 1.6 Hz, Jop = Jog = 7.7 Hz); 7.78 (d, 1H, Hy, i = 8.3 Hz); 7.54-7.48
(m, 2H, Hy,); 7.12 (t, 1H, H;, Jin = Jij = 8.0 Hz). *C{'"H} -NMR (125MHz) §: 161.9 (Cy); 149.4
(Ce); 147.9 (C,); 138.9 (Cy); 137.8 (C.); 133.3 (Cj); 130.5 (Cy); 128.3 (Cy); 126.7 (Cy); 122.5
(Cy); 118.8 (Cp); 94.2 (C\). M/z (HRMS-ESI+): calcd. for CiHigIN,O [M+H]": 324.9832.
Found: 324.9843. Anal: calcd. for C,HgIN,O: C, 44.47; H, 2.80; N, 8.64. Found: C, 44.70; H,
2.75; N, 8.40. M.p.: 144-146°C.

o i | ¢ N-(4-Fluorophenyl)picolinamide (L35).> Prepared using 10.0 g (81
a N.e N%@ mmols) of picolinic acid and 20 mL of pyridine. Yellow crystals, yield
bNFd 53% (9.27 g, 43 mmols). '"H-NMR (500MHz) &: 10.05 (s, 1H, NH); 8.63

(d, 1H, H,, Jap= 4.6 Hz); 8.32 (d, 1H, Hy, Joc = 7.6 Hz); 7.94 (dt, 1H, H,,

Jea= 1.4 Hz, Joy = Jeg= 7.7 Hz); 7.77 (dd, 2H, Hy, Jni= 8.9 Hz); 7.52 (dd, 1H, Hy, J,.a = 5.2 Hz,
Joc=7.0 Hz); 7.09 (d, 2H, H;, Jin = 8.6 Hz). ®C{'H}-NMR (75MHz) §:161.9 (Cy); 154.4 (d, C;,
Yer = 243.8 Hz); 149.6 (C.); 147.9 (C.); 137.8 (C.); 133.8 (d, Cy, “Jer = 2.5 Hz); 126.5 (Cy);
122.4 (Cy); 121.3 (d, Cy, *Jcr = 7.4 Hz); 115.7 (d, C;, “Jc.r = 23.0 Hz). M/z (HRMS-ESI+):
calcd. for Cio,HoFN,NaO [M+Na]*: 239.0591. Found: 239.0592. IR v (cm™): 3343 (NH); 3067
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(Ar CH); 1892; 1682; 1607; 1591; 1572; 1513; 1408; 1299; 1209. Anal: calcd. for C;,HgFN,O:
C, 66.66; H, 4.20; N, 12.96. Found: C, 66.20; H, 4.20; N, 12.70.

o n Ao N-(4-Chlorophenyl)picolinamide (L36)."* Prepared using 10.0 g (81
a N.e Ng/©/ mmols) of picolinic acid and 25 mL of pyridine. Off-white crystals, yield
b\ d 78% (14.70 g, 63 mmols). 'H-NMR (500MHz) &: 10.06 (s, 1H, NH);

8.63 (d, 1H, H,, J..n= 4.6 Hz); 8.31 (d, 1H, Hy, Jg.= 7.8 Hz); 7.93 (dt,

1H, H¢, Jea= 1.6 Hz, Jop = Jcq= 7.7 Hz); 7.76 (d, 2H, Hy, Jn.i= 8.9 Hz); 7.52 (ddd, 1H, Hy, Jpq=
1.1 Hz, Jpa= 4.8 Hz, Jp.c = 7.6 Hz); 7.36 (d, 2H, H;, Jin = 8.7 Hz). *C{'H}-NMR (125MHz) §:
161.9 (Cy); 149.5 (C,); 147.9 (Cy); 137.8 (Co); 136.3 (Cy); 129.2 (C)); 129.1 (Cj); 126.6 (Cp);
122.5 (Cy); 120.9 (Cp). M/z (EIl): 234, 233, 232 (M), 231, 106, 99, 79, 78 (100), 63, 52, 51.
M/z (HRMS-EI): calcd. for C;,HoN,OCI [M]": 232.0403. Found: 232.0404. IR v (cm™): 3412;
3332 (NH); 3245; 3099; 3057 (CH); 1894; 1768; 1685; 1593; 1495; 1435; 1398; 1295; 1230.
Anal: calcd. for C;,HyCIN,O: C, 61.95; H, 3.90; N, 12.04. Found: C, 61.60; H, 3.80; N, 12.10.

o i ;1 N-(4-lodophenyl)picolinamide (L38)."* Prepared using 3.0 g (24 mmols)
aLNij\N@/ of picolinic acid and 10 mL of pyridine. White crystals, yield 82% (6.47
b| C/ a g, 20 mmols). *H-NMR (500MHz) &: 10.04 (s, 1H, NH): 8.61 (ddd, 1H,

Ha, Jab = 4.9 Hz, Joc = 1.7 Hz, Jog = 0.9 HZ); 8.29 (dt, 1H, Hy, Jgc = 7.9
Hz, Jgp = Jga = 1.0 H2); 7.92 (dt, 1H, H¢, Jo.a = 1.6 Hz, Jcp = Jeq = 7.7 HZ); 7.69 (m, 2H, H,);
7.58 (m, 2H, Hy); 7.50 (ddd, 1H, Hy, Jo.q = 1.2 Hz, Jp.a = 4.8 Hz, Jpc = 7.5 Hz). *C{*H} -NMR
(125MHz) &: 162.0 (Cy); 149.5 (C,); 147.9 (C,); 138.0 (Cy); 137.8 (C.); 137.5 (Cy); 126.6 (Cy);
122.5 (Cy); 121.5 (Cj); 87.5 (Cj). M/z (HRMS-ESI+): calcd. for C;oHgIN,ONa [M+Na]":
346.9652. Found: 346.9651. Anal: calcd. for C1oHgIN,O: C, 44.47; H, 2.80; N, 8.64. Found: C,
44.65; H, 2.80; N, 8.50. M.p.: 163-165°C.

. 1o N-(2,4-Dichlorophenyl)picolinamide (L40)." Prepared using 9.0 g (62
a N 2 n  mmols) of picolinic acid and 20 mL of pyridine. White crystals, yield
bNFd cl 64% (10.60 g, 40 mmols). 'H-NMR (500MHz) &: 10.71 (s, 1H, NH);

8.68 (dt, 1H, H,, J,..= 1.3 Hz, J,,= 4.5 Hz,); 8,65 (d, 1H, Hy, Ji=8.9

Hz); 8.30 (d, 1H, Hg, J¢. = 7.8 Hz); 7.95 (dt, 1H, H¢, Jon = Jca= 1.6 HZ, Jop = Je.q = 7.7 HZ); 7.53
(ddd, 1H, Hy, Jo.4= 0.7 Hz, Jp.= 4.6 Hz, Jp.. = 7.5 Hz); 7.46 (d, 1H, Hy,, Jmi = 2.3 Hz); 7.33 (dd,
1H, Hi, Jim = 2.3, Jir=8.9 Hz). *C{*'H}-NMR (75MHz) &: 162.2 (C;); 149.5 (C.); 148.3 (Cy);
137.7 (C;); 133.5 (Cy); 129.0 (Cy); 128.9 (Cpy); 127.9 (Ci); 126.8 (Cp); 124.0 (Cy); 122.5 (Cy);
121.7 (Cy). M/z (El): 266 (M"), 233, 231 ([M-CI]*, 100), 106, 79, 78, 52, 51. M/z (HRMS-
ESI+): calcd. for CioHgCIL,N,O [M+H]": 267.0086. Found: 267.0085. Anal: calcd. for
C12HsCILN,O: C, 53.96; H, 3.02; N, 10.49. Found: C, 54.00; H, 3.10; N, 10.60.
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F N-(2,5-Difluorophenyl)picolinamide (L42).** Prepared using 10.0 g (81
N e T ;@' mmols) of picolinic acid and 20 mL of pyridine. White crystals, yield 69%
LJ%H "t i (13.01 g, 56 mmols). '"H-NMR (500MHz) &: 10.40 (s, 1H, NH); 8.67 (d,
¢ 1H, Ha, Jap = 4.4 H2); 8.44 (ddd, 1H, Hy, Ji = 3.2 Hz, J;.n= 6.5 Hz, J;, =
10.0 Hz); 8.30 (d, 1H, Hg, Jo.c = 7.8 Hz); 7.94 (dt, 1H, H¢, Jea= 1.7 Hz, Jop = Jog= 7.7 Hz); 7.53
(ddd, 1H, Hp, Jp.q= 1.0 Hz, J,.. = 4.8 Hz, J,.. = 7.4 Hz); 7.10 (ddd, 1H, Hy, Jpa = 5.0 Hz, 3y =
9.2 Hz, Jpn = 10.0 Hz); 6.78 (m, 1H, H)). “*C{*H}-NMR (75MHz) &: 162.2 (C;); 158.7 (dd, C;,
ek = 2.5 Hz, Ycr = 241.4 Hz); 149.2 (C.); 148.8 (d, C,, Jcr = 236.4 Hz); 148.2 (C,); 137.7
(Co); 127.3 (d, Cy, 2Jc = 13.1 Hz); 126.8 (Cy); 122.5 (Cy); 115.3 (dd, Cpyy Ve = 9.9 Hz, Uk =
21.2 Hz); 110.1 (dd, C,, *Jc.r = 8.1 Hz, Ycr = 24.2 Hz); 108.4 (d, Cy,, Uc.e = 31.7 Hz). M/z (EI):
235, 234 (M"Y, 215, 106, 101, 79, 78 (100), 69, 52, 51. M/z (HRMS-EI): calcd. for C1,HgF,N,0
[M]": 234.0605. Found: 234.0613. Anal: calcd. for C;,HsF,N,O: C, 61.54; H, 3.44; N, 11.96.
Found: C, 61.30; H, 3.40; N, 11.90.

¢l N-(2,5-Dichlorophenyl)picolinamide (L43).° Prepared using 10.0 g (81
N Q N;@:ﬂ mmols) of picolinic acid and 20 mL of pyridine. Off-white crystals, yield
de 5 62% (13.41 g, 50 mmols). 'H-NMR (500MHz) &: 10.75 (s, 1H, NH); 8.78
¢ (d, 1H, Hy, I = 2.3 Hz); 8,68 (d, 1H, H,, J,., = 4.8 Hz); 8.30 (d, 1H, Hg, Jgc
=7.8 Hz); 7.95 (dt, 1H, H., Jc.a= 1.6 HZ, Jc.4=Jep = 7.8 Hz); 7.54 (ddd, 1H, Hy, Jpg= 1.2 Hz, Jp
= 4.8 Hz, Jo..= 7.6 Hz); 7.36 (d, 1H, Hy, Jma = 8.5 Hz); 7.07 (dd, 1H, H,, J.n= 2.5 Hz, J.,= 8.8
Hz). BC{'H}-NMR (125MHz) &: 162.2 (Cy); 149.3 (C.); 148.3 (Cy); 137.7 (C.); 135.6 (Cy);
133.5 (C)); 129.8 (Cyy); 126.8 (Cp); 124.5 (Cy); 122.5 (Cy); 121.5 (Cy); 120.9 (Cy). M/z (EI): 233,
231([M-CI]*, 100), 133, 79, 78, 51. M/z (HRMS-ESI+): calcd. for C;,HgCI,N,O [M+H]":
267.0086. Found: 267.0082. Anal: calcd. for C;,HgCI,N,O: C, 53.96; H, 3.02; N, 10.49. Found:
C, 53.60; H, 2.90; N, 10.40.

o n N-Cyclohexylpicolinamide (L45).** Prepared using 2.0 g (16 mmols) of
a Nag N/Q picolinic acid and 5 mL of pyridine. The mixture was extracted with DCM,
b d and the organic fraction dried over MgSQO, and concentrated. The crude

product was purified through chromatography (biotage, gradient Hexane/

ACcOEt). White solid, yield 89% (2.91 g, 14 mmols). ‘H-NMR (400MHz) &: 8.55 (d, 1H, H,, J..
b = 4.8 Hz); 8.21 (d, 1H, Hy, Joc = 7.9 Hz); 7.96 (broad s, 1H, NH); 7.85 (dt, 1H, H., Jc.. = 1.7
Hz, Jop = Jeq = 7.7 HZ); 4.42 (ddd, 1H, Hy, Jo.g = 1.3 Hz, Jys = 4.8 Hz, Jpc = 7.6 Hz); 3.98 (m,
1H, Hy); {[2.05-2.00 (2H); 1.82-1.75 (2H); 1.70-1.63 (1H); 1.51-1.19 (5H)], multiplets, 10H,
Hnii}. “C{'"H}-NMR (100MHz) &: 163.3 (Cy); 150.3 (C.); 147.9 (C.); 137.3 (C.); 125.9 (Cy);
122.2 (Cy); 48.1 (Cy); 33.1 (Cy); 25.6 (Cj); 249 (C). M/z (HRMS-ESI+): calcd. for
C1oH1sN,NaO [M+Na]™: 227.1155. Found: 227.1156. Anal: calcd. for Cy,H;6N,0: C, 70.56; H,
7.90; N, 13.71. Found: C, 70.10; H, 8.00; N, 13.80.
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5 bj I\I--(Z-P?/ridyl)picolinamide (L46').1'5 Prepared %Jsing 2.0 g (16 mmols) .of
a Nee s U5~ picolinic acid and 5 mL of pyridine. The mixture was extracted with
b d DCM, and the organic fraction driedover MgSO, and concentrated. A

solid product was obtained: filtered, washed with water and hexane, and

crystallised from hot MeOH. White crystals, yield 48% (1.52 g, 8 mmols). ‘H-NMR (500MHz)
6: 10.93 (bs, 1H, NH); 8.69 (d, 1H, H,, J., = 4.4 Hz); 8.54 (d, 1H, Hy, Ji = 8.0 Hz); 8.37 (d,
1H, Hy, J«j = 4.6 Hz); 8.30 (d, 1H, Hg, Jac = 7.8 Hz); 7.93 (dt, 1H, H¢, Jea = 1.6 HZ, Jop = Jeg =
7.7 Hz); 7.87 (bt, 1H, H;, Jin = Jij = 7.3 Hz); 7.52 (dd, 1H, Hy, Jpa = 4.8 Hz, Jp. = 7.6 Hz); 7.15
(m, 1H, H). ®C{*H}-NMR (75MHz) &: 162.6 (C¢); 151.1 (C,); 149.3 (C.); 148.3 (C.); 148.0
(Cy); 138.4 (Cj); 137.5 (Cy); 126.7 (Cy); 122.4 (Cy); 119.8 (C)); 114.0 (Cy). M/z (HRMS-ESI+):
calcd. for Cy;H;oN3O [M+H]": 200.0818. Found: 200.0827.

. Py N-(6-Methylpyridin-2-yl)picolinamide (L47)."> Prepared using 5.0 g
acjnyNggNj{l (41 mmols) of picolinic acid and 10 mL of pyridine. The mixture was
b‘ Zd : extracted with DCM, and the organic layer separated and dried over

MgSO,. When stored at -20°C, a solid product formed: filtered, washed
with water and crystallised from hot MeOH, furnishing yellow crystals of the product, yield
38% (3.35 g, 16 mmols). "H-NMR (500MHz) &: 10.50 (s, 1H, NH); 8.64 (d, 1H, H,, J., = 4.6
Hz); 8.29 (d, 1H, Hg, Ja.c = 7.8 Hz); 8.24 (d, 1H, Hy, Jii = 8.2 Hz); 7.91 (dt, 1H, H,, Joa = 1.6
Hz, Jop = Jea = 7.7 Hz); 7.66 (t, 1H, H;, Jin = Jij = 7.9 Hz); 7.49 (ddd, 1H, Hp, Jog = 1.0 HZ, Jya
= 4.7 Hz, Jy = 7.6 Hz); 6.94 (d, 1H, H;, J;i = 7.6 Hz); 2.52 (s, 3H, H)). “C{*H} -NMR
(125MHz) &: 162.5 (Cy); 157.1 (Cy); 150.5 (Cy); 149.4 (C.); 148.2 (C,); 138.6 (Cj); 137.5 (Cy);
126.6 (Cp); 122.4 (Cy); 119.3 (C;); 110.8 (Cp); 24.1 (C)). M/z (El): 213 (M"), 185, 184, 135, 92,
78. M/z (HRMS-ESI+): calcd. for C1,H;,N50 [M+H]": 214.0975. Found: 214.0981. IR v (cm’
1): 3341 (NH); 3060 (Ar CH); 1685 (CO); 1525; 1459; 1398; 1282; 1255; 1236. Anal: calcd. for
C12H11N3O: C, 67.59; H, 5.20; N, 19.71. Found: C, 67.25; H, 5.15; N, 19.35. M.p.: 96-98°C.

), N-(2-Pyridyl)benzamide (L48)."° Prepared using 1.0 g (8 mmols) of
b A (: N ’j\ | » benzoic acid and 5 mL of pyridine. The mixture was extracted with DCM,
a ; and the organic layer separated, dried over MgSO, and concentrated. The
crude product was purified through chromatography (biotage, gradient Hexane/AcOEt 90/10 to
40/60). White solid, yield 61% (1.00 g, 5 mmols). "H-NMR (500MHz) &: 8.66 (broad s, 1H,
NH); 8.41 (d, 1H, Hg, Jgn = 8.4 Hz); 8.29 (d, 1H, H;, J.i = 4.6 Hz); 7.94 (d, 2H, H¢, Jepb = 7.5
Hz); 7.77 (dt, 1H, Hy, Jnj = 1.6 Hz, Jog = Ini = 7.9 Hz); 7.59 (t, 1H, H,, Jap = 7.4 Hz); 7.51 (t,
2H, Hp, Jba = Joe = 7.5 Hz); 7.08 (dd, 1H, H;, Jij = 5.4 Hz, Jix = 6.8 Hz). “*C{'"H}-NMR

(125MHz) &: 165.6 (C.); 151.7 (Cy); 147.6(C)); 138.5 (Cy); 134.5 (Cy); 132.2 (Cy); 128.9 (Cp);
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127.3 (C¢); 119.9 (Cy); 114.4 (Cy). M/z (HRMS-ESI+): calcd. for Cy,HioN,NaO [M+Na]'™:
221.0685. Found: 221.0982.

N-Phenylsalicylamide (L49)."" Prepared using 2.0 g (14 mmols) of

J
o i k
b@%gLNQ salicylic acid and 5 mL of pyridine. The mixture was extracted with DCM,
°N\Fe OHH and the organic layer separated, dried over MgSO, and concentrated. A

d solid product was obtained: filtered, washed with water and crystallised
from hot MeOH. Off-white solid, yield 22% (662 mg, 3 mmols). *"H-NMR (500MHz) &: 11.99
(broad s, 1H, OH); 7.97 (broad s, 1H, NH); 7.59 (d, 2H, H;, Ji; = 7.5 Hz); 7.54 (dd, 1H, H,, J.c =
1.4 Hz, J., = 8.0 Hz); 7.48-7.43 (m, 1H, H); 7.41 (t, 2H, H;, J;.i = Jj« = 8.0 Hz); 7.22 (t, 1H, H,
Jej = 7.5 Hz); 7.05 (dd, 1H, Hg, Jos = 1.1 Hz, J4 = 8.3 Hz); 6.95-6.90 (m, 1H, H,). *C{'"H}-
NMR (125MHz) §: 168.5 (Cy); 162.1 (C.); 136.8 (Cp); 134.6 (C.); 129.2 (Cj); 125.4 (C.y);
121.3 (Cy); 119.1 (Cp); 118.9 (Cy); 114.8 (Cy). M/z (HRMS-ESI+): calcd. for Ci3H;oNO,
[M+H]": 214.0863. Found: 214.0860. Anal: calcd. for C;3H1:NO,: C, 73.23; H, 5.20; N, 6.57.

Found: C, 73.10; H, 5.25; N, 6.30.

- - 18 -
o 9 h ] N-(8-Quinolyl)benzamide (L50).™ Prepared using 2.0 g (16 mmols) of
b N . Nf n J‘ « benzoic acid and 5 mL of pyridine. The mixture was extracted with
H
a N~~~ DCM, and the organic layer dried over MgSO, and concentrated. The

crude product was purified through chromatography (biotage, gradient

Hexane/AcOEt : 90/10 to 40/60). White solid, yield 21% (860 mg, 3 mmols). ‘H-NMR
(500MHz) &: 10.77 (s, 1H, NH); 8.96 (dd, 1H, Hg, Jgi = 1.3 Hz, Jy» = 7.5 Hz); 8.87 (dd, 1H,
Hm, Imk = 1.7 Hz, Jy = 4.2 HZ); 8.20 (dd, 1H, Hy, Jkm = 1.6 hz, J,, = 8.3 Hz); 8.11 (m, 2H, H,);
7.63-7.55 (m, 5H, H.pp0); 7.50 (dd, 1H, H,, Jim = 4.2 Hz, J = 8.3 Hz). “C{'H}-NMR
(125MH2z) &: 165.5 (C,); 148.3 (Cry); 138.8 (Cy); 136.4 (Cy); 135.2 (Cy); 134.6 (C,); 131.8 (Cy);
128.8 (Cp); 128.0 (C)); 127.5 (Cy); 127.3 (Cy); 121.7 (Ciy); 116.5 (Cy). M/z (HRMS-ESI+):
calcd. for CyHisN,O [M+H]": 249.1022. Found: 249.1024. Anal: calcd. for CisH1,N,O: C,
77.40; H, 4.87; N, 11.28. Found: C, 77.80; H, 5.00; N, 11.30.

. i, N-Phenyl-4-methoxypicolinamide (L51)."® Prepared using 0.2 g (1.3
agNngLN/I@ mmols) of 4-methoxypicolinic acid and 2 mL of pyridine. The mixture was
7 d extracted with DCM, and the organic layer dried over MgSO, and

f concentrated. The product was purified through chromatography (gradient

Hexane/AcOEt : 90/10 to 30/70). Off-white solid, yield 98% (295 mg, 1.3

mmols). "H-NMR (500MHz) §: 10.08 (broad s, 1H, NH); 8.41 (d, 1H, H,, J.,= 5.5 Hz); 7.84
(d, 1H, Hq, Jas = 2.3 Hz); 7.79 (d, 2H, H;, Jij = 8.0 Hz); 7.40 (t, 2H, H;, J;.i = Jjx = 7.8 Hz); 7.16
(t, IH, Hy, Ji; = 7.3 Hz) 6.97 (dd, 1H, Hy, Joa = 2.4 Hz, Jp = 5.6 Hz); 3.94 (s, 3H, Hy). *C{'H}-
NMR (125MHz) 8: 167.2 (C.); 161.9 (Cy); 151.8 (Ce); 149.0 (C,); 137.7 (Cy); 129.0 (C)); 124.3
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(Co); 119.6 (Cy); 113.2 (Cp); 107.6 (Cy); 55.6 (Cr). M/z (HRMS-ESI+): calcd. for
C1sH12N,NaO, [M+Na]*: 251.0791. Found: 251.0789.

o g N-Phenyl-4-Chloropicolinamide (L52)."* Prepared according to an
aquje)fkﬁ@ alternative procedure.” In a round-bottom flask 300 mg (1.9 mmols). of 4-
b d chloropicolinic acid acid was stirred at 0°C with triethylamine (0.4 mL, 1.9

c mmols), aniline (0.2 mL, 1.9 mmols) and DCM (4 mL). After dropwise
addition of POCI; (0.6 mL, 1.9 mmols), the solution was stirred for 30 minutes at 0°C, then left
to warm to room temperature, further stirring for 2 hours. The reaction was quenched with water
at 0°C, the organic layer was separated and evaporated, yielding an off-white solid.
Crystallisation from hot MeOH afforded the product as an off-white solid, yield 90% (399 mg,
1.7 mmols). "H-NMR (500MHz) §: 9.92 (broad s, 1H, NH); 8.53 (d, 1H, H,, J..,= 5.3 Hz); 8.32
(d, 1H, Hq, Jg» = 1.4 H2); 7.77 (d, 2H, Hy, v = 7.8 Hz); 7.50 (dd, 1H, Hp, Jog = 2.0 Hz, Jy, =
5.3 Hz); 7.41 (t, 2H, H;, Ji, = Jij = 7.8 Hz); 7.18 (t, 1H, H;, Ji = 7.5 Hz). “C{*"H}-NMR
(75MHz) &: 160.8 (Cy); 151.3 (C.); 148.9 (C,); 146.3 (C.); 137.4 (Cy); 129.1 (Cj); 126.6 (Cyp);
124.6 (C;); 123.1 (Cy); 119.7 (Cp). M/z (HRMS-ESI+): calcd. for C;,HoCIN,NaO [M+Na]':
255.0296. Found: 255.0294.

6.2.2 — Synthesis of tetradentate iminopyridine ligands

General procedure: The ligands were prepared through a modified literature
procedure.®® A solution of 20 mmols (1.9 mL) of pyridine-2-carbaldehyde in 10 mL of
methanol/ethanol was added to a stirred solution of di-amine (10 mmols) in 10 mL of
methanol/ethanol. Unless otherwise stated, the solution was taken to reflux for three hours under
a nitrogen atmosphere, then the crude solution was evaporated, and the crude solid re-

crystallised from hot methanol.

N‘\ N N2-bis(pyridin-2-ylmethylene)ethane-1,2-diamine (L53a).”*
=
Prepared using methanol as solvent. The crude solid was re-crystallised

a
ECLN\)N/ from hot methanol. Fibrous yellow-orange crystals were obtained, washed
d f 9 with hexane. Yield 100% (2.38 g, 10 mmols). "H-NMR (500MHz) &:

8.63 (M, 2H, H,); 8.42 (s, 2H, Hy); 7.98 (d, 2H, Hg, Jac = 7.8 Hz); 7.73 (dt, 2H, Hc, J... = 1.5 Hz,
Jen = Jea = 7.6 Hz); 7.30 (ddd, 2H, Hy, Jo.q = 1.2 Hz, Jpa = 4.8 Hz, Jo.c = 7.6 Hz); 4.07 (s, 4H,
Hg). “C{'H}-NMR (125MHz) &: 163.4 (Cy); 154.4 (C.); 149.4 (C,); 136.5 (C.); 124.7 (Cy);
121.3 (Cy); 61.3 (Cy). M/z (HRMS-ESI+): calcd for Cy4HisN, [M+H]": 239.1291. Found:

239.1282.
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Ny (#)-N*Ntrans-bis(pyridin-2-ylmethylene)cyclohexane-1,2-diamine
(L53b).% Prepared using methanol as solvent. The crude solid was re-
L Nog: crystallised from hot methanol. Big pale yellow crystals were obtained,
d f :O washed with water and hexane. Yield 93% (2.70 g, 9 mmols). ‘H-NMR
i (500MHz) &: 8.56 (M, 2H, H,); 8.32 (s, 2H, Hy); 7.89 (dd, 2H, Hg, Jus=
0.9 Hz, J4.= 7.8 Hz); 7.65 (dt, 2H, H, J..= 1.6 Hz, .y = Jcq= 7.8 HZz); 7.22 (ddd, 2H, Hy, Jpq=
1.2 Hz, Jyo= 4.8 Hz, Jy. = 7.5 Hz); 3.55 (m, 2H, Hg); 1.85 (m, 6H, Hy;); 1.52 (m, 2H, H;).
BC{'H}-NMR (125MHz) §: 161.4 (C;); 154.7 (C.); 149.2 (C.); 136.4 (C,); 124.4 (Cp); 121.3
(Ca); 735 (Cy); 32.7 (Cp); 24.3 (C). M/z (HRMS-ESI+): calcd for CigHyN, [M+H]":
293.1761. Found: 293.1770.

Ny NYN*bis(pyridin-2-ylmethylene)benzene-1,2-diamine (L53c).°
Prepared using ethanol as solvent. The reaction was performed at room

N~
a b
°r N N temperature. The crude solution was evaporated and purified by column
CcXx e N9
d f o chromatography using methanol as eluent. Yellow powder, yield 63%
‘ (1.80 g, 6 mmols). ‘H-NMR (300MHz) &: 8.72 (d, 2H, H,, J.., = 4.5
Hz); 8.66 (s, 2H, Hy); 8.22 (d, 2H, Hq, Joc = 7.9 HZz); 7.83 (dt, 2H, H¢, Jea = 1.0 HZ, Joy = Jeg =
7.7 Hz); 7.40-7.36 (m, 2H, Hy); 7.38 (M, 4H, Hyj). “C{'H}-NMR (125MHz) §: 160.2 (Cy);
154.6 (Ce); 149.7 (C,); 149.5 (Cy); 136.7 (C); 125.1 (Cy); 122.2 (Cy,); 121.9 (Cy). M/z (HRMS-

ESI+): calcd for CigHisN, [M+H]™: 287.1291. Found: 287.1287.

6.2.3 — Synthesis of tetradentate picolinamide ligands

General procedure: The general procedure for these ligands is similar to the one used
for the synthesis of bidentate amidic ligands,* but 2 eq. of picolinic acid and triphenyl phosphite
were used. Unless otherwise stated, after the addition of water the crude product precipitated

out, and was recrystallised from hot methanol.

Ny N,N’-(Ethane-1,2-diyl)dipicolinamide (L54a).> Prepared using 4.9 g

N
7 (40 mmols) of picolinic acid and 20 mL of pyridine. Off-white crystals,

a
b@?nﬁ ©  yield 80% (4.32 g, 16 mmols). "H-NMR (500MHz) &: 8.58 (d, 2H, Ha, Jas
d 8 = 4.8 Hz); 8.44 (s, 2H, NH); 8.22 (d, 2H, Hy, J4.c = 7.8 Hz); 7.86 (dt, 2H,
He Jea = 1.6 Hz, Jop = Jog = 7.7 HZ); 7.44 (ddd, 2H, Hp, Jpg = 1.2 Hz, Jpa = 4.8 Hz, Jpc = 7.6
Hz); 3.77 (m, 4H, Hy). “C{*H}-NMR (75MHz) &: 165.0 (Cy); 149.7 (C.); 148.1 (C,); 137.1
(Co); 126.2 (Cp); 122.2 (Cy); 39.5 (Cy). M/z (HRMS-ESI+): calcd. for CyHisN,0, [M+H]™:
271.1189. Found: 271.1191. Anal: calcd. for Cy4H1N4O,: C, 62.21; H, 5.22; N, 20.73. Found:

C, 61.95; H, 5.20; N, 20.90.
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7N (#)-N,N*-(Trans-cyclohexane-1,2-diyl)dipicolinamide (L54b).*
Prepared using 4.9 g (40 mmols) of picolinic acid and 20 mL of pyridine.

N~
a
SQ%H gH';“ ©  The crude mixture was extracted with DCM, and the organic layer was
d 38 :O separated, dried over MgSQO, and concentrated. A solid product was
! obtained: filtered, washed with water and crystallised from hot methanol.
Off-white crystals, yield 57% (3.67 g, 11 mmols). *H-NMR (500MHz) &: 8.53 (d, 2H, Ha, Jap =
4.8 Hz); 8.26 (s, 2H, NH); 8.08 (d, 2H, Hy, J4c = 7.8 Hz); 7.75 (dt, 2H, H,, J.a= 1.8 HZ, ., = Jeg
= 7.7 Hz); 7.35 (ddd, 2H, Hy, Joa = 1.1 Hz, Jp., = 4.8 Hz, J,.c = 7.6 Hz); 4.08 (broad s, 2H, Hy);
2.25-1.45 (3 multiplets, 8H, Hy,). *C{*H}-NMR (75MHz) 5: 164.5 (C;); 149.7 (C,); 148.1 (C));
137.0 (C.); 125.9 (Cp); 122.1 (Cy); 53.3 (Cy); 32.6 (Cy); 24.8 (Cj). M/z (HRMS-ESI+): calcd.

for C1gH21N4O, [M+H]": 325.1659. Found: 325.1664.

Ny, N,N’-(1,2-Phenylene)dipicolinamide (L54c).”® Prepared using 10 g (81
A mmols) of picolinic acid, and 50 mL of pyridine. White crystals, yield
N HN" "0 519 (6.53 g, 21 mmols). *H-NMR (500MHz) &: 10.29 (s, 2H, NH); 8.58
d (d, 2H, H,, Jan= 4.6 Hz); 8.34 (d, 2H, Hy, J4..= 7.8 Hz); 7.91 (m, 4H, H.,
i Jea™ 1.5 Hz, Jop = Jog= 7.8 Hz); 7.48 (ddd, 2H, Hy, Jp.q= 0.8 Hz, Jy.s
= 4.6 Hz, Jpc = 7.3 Hz); 7.32 (dd, 2H, H;, J = 3.5 Hz, J = 6.0 Hz). ‘H-NMR (500MHz) &
(DMSO-dg): 10.72 (s, 2H, NH); 8.64 (d, 2H, H,, J.p, = 4.8 Hz); 8.17 (d, 2H, Hg, Joc = 7.8 Hz);
8.06 (dt, 2H, H, Je.a= 1.6 Hz, Jop = Jeg = 7.8 Hz); 7.77 (m, 2H, Hy); 7.66 (ddd, 2H, Hy, Jpg = 0.9
Hz, Joa= 4.9 Hz, Jpc= 7.7 Hz); 7.30 (m, 2H, H)). *C{*H}-NMR (125MHz) &: 162.9 (C;); 149.7
(Ce); 148.4 (Cy); 137.5 (C¢); 130.1 (Cy); 126.4 (Cy); 126.1 (Cy); 124.7 (Cy); 122.5 (Cy). M/z (EI):
319, 318 (M"), 300, 272, 271, 240, 222, 212, 197, 196, 195, 131, 106, 94, 79, 78(100), 69, 52,
51. M/z (HRMS-EI): calcd. for CigH14N,O, [M]": 318.1117. Found: 318.1103. IR v (cm'l):
3316 (NH); 3062 (CH); 1917; 1889; 1798; 1666; 1589; 1519; 1431; 1298; 1235. Anal: calcd.
for CgH14N4O7: C, 67.92; H, 4.43; N, 17.60. Found: C, 67.50; H, 4.40; N, 17.70.

6.2.4 — Synthesis of tetradentate salen ligands

General procedure: The ligands were prepared through a modified ligand procedure.” A
solution of 9.4 mmols (1.0 mL) of salicylaldehyde in 4 mL of water/methanol was stirred under
nitrogen at room temperature. To this solution, half equivalent (4.7 mmols) of amine was added,
and the resulting solution was left to stir for 16h, then the solid product formed was filtered, and

washed with water and hexane.
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Jgj 2,2'-((1E,1'E)-(ethane-1,2-diylbis(azanylylidene))
HO

b bis(methanylylidene))diphenol (L55a).”” Prepared using water as

a OH
:@NJ solvent. Yellow solid, yield 94% (1.18 g, 4.4 mmols). 'H-NMR
efg n (500MHz) 6: 8.37 (s, 2H, Hg); 7.30 (m, 2H, H.); 7.24 (dd, 2H, He, Jec =

1.7 Hz, Jo.g = 7.7 H2); 6.95 (d, 2H, Hy, Jo.c = 8.3 Hz); 6.87 (dt, 2H, Hy, Jup = 1.1 HZ, Jy.c = Jge =
7.5 Hz); 3.96 (s, 2H, Hy) [N.B. OH peak not visible]. “C{*H}-NMR (125MHz) &: 166.5 (C,);
161.2 (C,); 132.4 (C,); 131.5 (C); 118.8 (Cy); 118.7 (Cy); 117.1 (Cp); 59.8 (Cy). M/z (HRMS-
ESI+): caled for CigHi;N,O, [M+H]™: 269.1285. Found: 269. 1289. Anal: calcd. for
C1sH1sN20,: C, 71.62; H, 6.01; N, 10.44. Found: C, 71.40; H, 6.00; N, 10.50.

- on bis(methanylylidene))diphenol (L55b).?> Prepared using water as
C<LN N solvent. Yellow powder, yield 90% (1.36 g, 4.2 mmols). 'H-NMR
g @ (500MHz) 8: 8.27 (s, 2H, Hy); 7.26-7.22 (m, 2H, H); 7.15 (dd, 2H, H,,
J Jec = 1.6 Hz, Jo.g = 7.6 HZ); 6.89 (d, 2H, Hy, Jy.c = 8.3 Hz); 6.80 (t, 2H,
Hg, Jac = Jae = 7.5 Hz); 3.37-3.29 (m, 2H, Hy); 2.00-1.45 (4 multiplets, 8H, H;;) [N.B. OH peak
not visible]. *C{*H}-NMR (125MHz) &: 164.8 (Cy); 161.1 (C,); 132.2 (C); 1315 (C,); 118.8
(Cp); 118.6 (Cy); 116.9 (Cp); 72.7 (Cyp); 33.1 (Cj); 24.3 (Cj). M/z (HRMS-ESI+): calcd for
Ca0H23N,0, [M+H]": 323.1754. Found: 323.1751. Anal: calcd. for C,H»,N,0,: C, 74.51; H,
6.88; N, 8.69. Found: C, 74.10; H, 6.90; N, 8.80.

/@ 2,2'-((1E,1'E)-((cyclohexane-1,2-diylbis(azanylylidene))
HO

2,2'-((1E,1'E)-(1,2-phenylenebis(azanylylidene))
bis(methanylylidene))diphenol (L55¢c).® Prepared using methanol as

H
c b a OH
d@;“

efg N (500MHz) &: 8.65 (s, 2H, Hy); 7.41-7.34 (m, 6H, Hc.;); 7.27-7.23 (m,
2H, H;); 7.06 (d, 2H, Hy, Jo = 8.3 Hz); 6.93 (t, 2H, Hy, Joc = Jge = 7.5
Hz) [N.B. OH peak not visible]. *C{'"H}-NMR (125MHz) 5: 163.7 (Cy); 161.4 (C,); 142.6
(Ch); 133.4 (Co); 132.3 (Ce); 127.7 (Ci); 119.7 (C)); 119.2 (Cy); 119.0 (Cy); 117.6 (Cp). M/z
(HRMS-ESI+): calcd for CyH17N,0, [M+H]": 317.1285. Found: 317.1299.

o
N solvent. Orange powder, yield 77% (1.14 g, 3.6 mmols). 'H-NMR
i
j

6.2.5 — Synthesis of tetradentate bis(hydroxy-benzamido) ligands

General procedure: The ligands were prepared through a modified ligand procedure.”
Acetylsalicyloyl chloride (10 mmols) was added to a solution of diamine (5.0 mmols) in 10-15
mL of dioxane. The mixture was stirred at room temperature for 20 hours. At the end, 1 mL of
conc. HCI was slowly added to the solution, which was stirred again at room temperature for 4
hours, followed by the addition of 40 mL of water and another hour of stirring. The precipitate

obtained was filtered and washed with water and acetonitrile, then recrystallised from hot
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acetonitrile. These ligands were synthesised and partially characterised by Miss Jessica Lamb

(University of Leeds).

N,N'-(ethane-1,2-diyl)bis(2-hydroxybenzamide) ~ (L56a).*®  White

o HOJ? powder, yield 90% (1.35 g, 5 mmols). ‘H-NMR (500MHz) &: 12.15

Z@%“JHN ©  (broad s, 2H, OH); 7.43-7.40 (m, 4H, H.,); 7.32 (broad s, 2H, NH); 6.99
el n (d, 2H, Hy, Joc = 8.7 Hz); 6.88 (t, 2H, H, Joc = Jue = 7.6 Hz); 3.84-3.64

(m, 4H, Hy). *C{"H}-NMR (125MHz) &: 171.4 (Cy); 161.5 (C,); 134.6 (C.); 125.7 (C¢); 119.0

(Cy); 118.7 (Cp); 113.7 (Cy); 40.6 (Cy). M/z (HRMS-ESI+): calcd for CygHisN,NaO, [M+Na]":

323.1002. Found: 323.1001.

White powder, yield 47% (0.83 g, 2 mmols). *H-NMR (500MHz) &
c a OH HN o
@%H (DMSO-dg): 12.36 (s, 2H, OH); 8.61 (d, 2H, NH, Jyyn = 7.5 Hz); 7.76
d
e o “\O (dd, 2H, He, Jec = 1.3 Hz, Jo4 = 7.9 Hz); 7.36-7.29 (m, 2H, H,); 6.86-
i 6.79 (m, 4H, Hyq); 4.02 (m, 2H, Hy); 1.98-1.29 (4 multiplets, 8H, H;)).
BC{*H}-NMR (125MHz) & (DMSO-dq): 168.5 (Cy); 159.7 (C.); 133.5 (C,); 127.9 (C,); 118.4
(Cq); 117.1 (Cp); 115.4 (Cy); 52.1 (Cyp); 31.5 (Cj); 24.5 (Cj). M/z (HRMS-ESI+): calcd for
C20H23N,0,4 [M+H]": 355.1652. Found: 355.1652.

/@ N,N'-((cyclohexane-1,2-diyl)bis(2-hydroxybenzamide) (L56b).*°
HO

N,N'-(1,2-phenylene)bis(2-hydroxybenzamide) (L56c).” Pink powder,

o HOJ? yield 48% (0.83 g, 2 mmols). *H-NMR (500MHz) 6 (DMSO-dg): 11.73

C@%H AN 7O (s, 2H, OH); 10.42 (s, 2H, NH); 8.02 (dd, 2H, He, Jec = 1.2 Hz, Je.q = 8.0

e 1N Hz); 7.83-7.79 (m, 2H, H)); 7.46-7.40 (m, 2H, H.); 7.31-7.27 (m, 2H,

i H;); 6.99-6.94 (M, 4H, H, ). “C{'"H}-NMR (125MHz) & (DMSO-ds):

166.2 (C,); 158.1 (C,); 133.4 (C.); 130.9 (Cy); 129.2 (Co); 125.4 (Cj); 125.2 (Cj); 123.0 (Cy);

119.0 (Cy); 117.0 (Cp). M/z (HRMS-ESI+): calcd for CyHigN,NaO, [M+Na]*: 371.1002.
Found: 371.1002.

6.2.6 — Synthesis of iodoindazole derivatives (precursors to aryl ethers 16-19)

General procedure: Indazole compounds were prepared through a modified ligand
procedure.® ¥ In a round-bottom flask equipped with a condenser were introduced 5-iodo-2-
fluorobenzaldehyde (1 eq.), 1-arylhydrazine derivative (1.1 eq.), potassium carbonate (2 eq. if
using hydrazines, 3 eq. if using their hydrochloric salt), together with DMF (100 mL per 20
mmols of aldehyde). When pure liquid hydrazines were used, they were added slowly to the
stirred solution with a syringe, after the addition of solvent. The mixture was heated to reflux
and stirred for 16h. The reaction was then left to cool to room temperature, quenched with an

excess of aqueous NH,CI and stirred for an additional hour. A semi-solid precipitate was
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obtained, which was filtered, washed with water and dissolved in ethyl acetate. The aqueous
solution was extracted once with ethyl acetate, and the organic solutions were then combined
and washed once with water. The crude was then evaporated and purified by chromatography,
followed by recrystallisation.

la 3¢ e 5-lodo-1-phenyl-1H-indazole. Prepared using 5.0 g (20 mmols) of 5-iodo-2-
\
:E:EN\/N fluorobenzaldehyde and 1-phenylhydrazine. The crude product was purified

‘ i@“ by chromatography (Petroleum ether/Et,O: 90/10) and crystallised from hot
o | MeCN. Small colourless crystals, yield 35% (2.2 g). '"H-NMR (500MHz) &:
8.18 (m, 1H, Hy); 8.13 (s, 1H, He); 7.70 (d, 2H, Him, Jij = Jmi = 7.6 Hz); 7.66
(dd, 1H, Hp, Jpc = 8.9 Hz, Jpg = 1.6 H2); 7.56 (t, 2H, H;j, i = Jjx = Jix = Jim = 7.9 H2); 7.54 (d,
1H, He, Jop = 9.0 H2); 7.40 (t, 1H, Hy, Jij = Joi = 7.5 Hz). *C{*H}-NMR (125MHz) &: 139.7
(Ch); 137.9 (Cy); 135.4 (Cp); 134.2 (Ce); 130.2 (Cy); 129.5 (C;); 127.7 (Cp); 127.1 (Cy); 122.8
(Cim); 112.2 (C,); 84.6 (C,). M/z (HRMS-EI): calcd. for Ci3HgIN, [M]*: 319.9811. Found:
319.9814. IR v (cm™): 3057; 3034; 2658; 2319; 1947; 1871; 1751; 1677; 1599; 1483; 1458;
1384; 1281. Anal: calcd. for Ci3HgIN,: C, 48.77; H, 2.83; N, 8.75. Found: C, 49.05; H, 2.65; N,
8.65. M.p.: 121-122°C.

| (e 1-(2-Chlorophenyl)-5-iodo-1H-indazole. Prepared using 5.0 g (20 mmols) of
m”‘ 5-iodo-2-fluorobenzaldehyde and 1-(2-chlorophenyl)hydrazine hydrochloride.
CC|\_©n The crude product was purified by chromatography (Petroleum ether/Et,0O:
Ij «  80/20) and crystallised from hot MeOH. Orange crystals, yield 72% (5.1 g).
'H-NMR (500MHz) 8: 8.19 (m, 1H, Hy); 8.17 (s, 1H, He); 7.64 (dd, 1H, Hb,
Jog = 1.5 Hz, Jpc = 8.8 Hz); 7.63-7.61 (m, 1H, Hy,); 7.52-7.50 (m, 1H, H;); 7.47-7.45 (m, 2H,
Hi)); 7.05 (d, 1H, H,, Jop = 8.9 Hz). *C{*H}-NMR (125MHz) &: 139.4 (C}); 136.6 (Cy); 135.2
(Cp); 134.5 (C); 131.4 (Cj); 130.7 (C); 130.1 (Cy); 130.0 (Cy); 129.4 (Cj); 127.7 (Cy); 126.7
(Cy); 112.4 (C.); 84.7 (C,). M/z (HRMS-ESI+): calcd for Ci3HgCHIN, [M+H]": 354.9493.
Found: 354.9500. IR v (cm™): 3069; 1873; 1735; 1661; 1589; 1495; 1449; 1409; 1382; 1336;
1280; 1257. Anal: calcd. for Ci3HgCIIN,: C, 44.04; H, 2.27; N, 7.90. Found: C, 44.20; H, 2.20;
N, 7.80. M.p.: 101-103 °C.

| (e 1-(3,4-Dichlorophenyl)-5-iodo-1H-indazole. Prepared using 1.0 g (4 mmols)

mN of  5-iodo-2-fluorobenzaldehyde and  1-(3,4-dichlorophenyl)hydrazine

i hydrochloride. The crude product was purified by chromatography (Petroleum

c’i \k  ether/Et,O: 90/10) and crystallised from hot MeOH. Off-white fluffy solid,
yield 39% (0.6 g). ‘H-NMR (500MHz) §: 8.19 (m, 1H, Hy); 8.14 (s, 1H, H.);

7.86 (d, 1H, H;, Jim = 2.4 Hz); 7.72 (dd, 1H, Hy, Jo = 1.5 Hz, Jp = 8.8 H2); 7.62 (d, 1H, H;, Jin

= 8.5 Hz); 7.59 (dd, 1H, Hy, Jmi = 2.4 Hz, Jn = 8.7 Hz); 7.51 (d, 1H, H, Jon = 9.0 Hz).
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BC{'H}-NMR (125MHz) §: 139.1 (Cy); 137.7 (Cy); 136.0 (Cp); 135.1 (Ce); 133.6 (Cy); 131.2
(Cy); 130.7 (Cy); 130.5 (C)); 128.0 (Cy); 124.2 (Cy); 121.4 (Cy); 111.9 (C.); 85.2 (C.). M/z
(HRMS-EI): calcd for Ci3H,ClLIN, [M]*: 387.9018. Found: 387.9031. IR v (cm™): 3092 (ar
CH); 1592; 1492;1435; 1390; 1334; 1282. Anal: calcd. for Ci3H,CLIN,: C, 40.14; H, 1.81; N,
7.20. Found: C, 40.95; H, 1.55; N, 6.80. M.p.: 150-152 °C.

6.2.7 — Synthesis of 2-(3-butenyl)-iodobenzene® (precursor to aryl ether 25)

g i  Prepared according to a modified literature procedure.** 2-lodobenzyl
. . h \,- bromide (1 g, 3.4 mmols) wad added into 10 mL of anhydrous THF at 0°C in

d a round bottom flask. To the stirred solutions, allylmagnesium bromide (5
mL, 1M in THF, 1.5 eq.) was added dropwise through syringe, under inert atmosphere. The
solution was left to rise to room temperature and then heated under reflux for 16h. After cooling
to room temperature, the reaction was then quenched with a saturated aqueous solution of
ammonium chloride, and extracted with Et,O. The organic solution was concentrated and the
product was purified by chromatography using petrol/Et,O : 90/10 as eluent. The product was
obtained as colourless oil, yield 64% (560 mg, 2.2 mmols). ‘H-NMR (300MHz) &: 7.83 (dd,
1H, Hy, Jp.¢ = 1.1 Hz, Jo.c = 7.9 HZz); 7.31-7.17 (m, 2H, Hq,); 6.89 (dt, 1H, H, Je.e = 1.9 Hz, Jcp =
Joa = 7.6 Hz); 5.90 (ddt, 1H, Hi, Jin = 6.5 Hz, Jijeis) = 10.3 Hz, Jijurany = 17.0 H2); 5.09 (dg, 1H,
Hi, Jiigem = din = 1.7 HZ, Jiigransy = 17.2 H2); 5.02 (m, 1H, Hy); 2.82 (m, 2H, H,); 2.40-2.33 (m,
2H, Hy). *C{*H}-NMR (75MHz) &: 144.3 (Cy); 139.5 (Cy); 137.5 (C)); 129.4 (C.); 128.2 (Cy):
127.7 (C.); 115.2 (C;); 100.5 (C,); 40.2 (Cy); 34.1 (Cy). M/z (HRMS-EI): calcd for CioHyl
[M]": 257.9906. Found: 257.9909.

6.2.8 — Synthesis of aryl ethers through Cu-catalysed coupling

General procedure: All catalytic reactions were performed in 25 mL glass tubes in a
Radleys Standard carousel. An oven dried tube was charged with the phenol (1.2 mmol), the
aryl iodide (1.0 mmol), caesium carbonate (652 mg, 2 mmol), Cul (19 mg, 0.1 mmol) and
ligand (0.1 mmol). The solvent (2 mL) was then added, the tube was placed in the carousel
(preheated at a temperature slightly higher than the solvent’s boiling point) and the reaction was
stirred for 24 h (1000 rpm). At the end of the reaction the tube was cooled to room temperature,
then the crude was diluted with = 2mL DCM, filtered through celite and washed thoroughly
with DCM (= 50 mL). 1 mL of a 0.5 M solution of 1,3,5-trimethoxybenzene or para-cymene
(internal standard) in DCM was added, and the crude solution was analysed through gas
chromatography. Isolated compounds were purified by column chromatography. Yields are not
reported below, as different yields were obtained for the compounds depending on the

conditions. The different conditions tested are described in Chapter 2.
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Chemicals used for ligand screening and optimisation in MeCN (Chapter 2, section
2.4): Sigma Aldrich Cul (98%); Alfa Aesar Cs,CO; (99+% metal basis); Alfa Aesar 4-
iodoanisole (98+%); Acros Organics 3,5-dimethylphenol (99+%); VWR BDH Prolabo
HiPerSolv CHROMANORM (min 99.9%, HPLC grade) acetonitrile. Chemicals used for
screening in green solvents (Chapter 2, section 2.6): Sigma Aldrich Cul (98%); Alfa Aesar
Cs,CO;3 (99+% metal basis), Alfa Aesar K3PO,4 (97% anhydrous, granular); Alfa Aesar 4-
iodoanisole (98+%); Acros Organics 3,5-dimethylphenol (99+%). Solvents: Sigma Aldrich
MeOAc (for HPLC, >99.8%); VWR Prolabo EtOAc (GPR Rectapur, min 99.0%); Sigma
Aldrich n-PrOAc (99%); Alfa Aesar i-PrOAc (99+%); Sigma Aldrich n-BuOAc (anhydrous,
>09%); Sigma Aldrich t-BuOAc (>99%); Alfa Aesar i-BuOAc (98%); Sigma Aldrich n-
AmOAc (99%); Sigma Aldrich i-AmOAc (reagent grade, 98%); Merck lIsosorbide Dimethyl
ether (for synthesis, >98%); Sigma Aldrich Glyceryl Triacetate (>99%); Sigma Aldrich Diethyl

carbonate (>99%).

c pd oo d 1-(4-Methoxyphenoxy)-3,5-dimethylbenzene  (3).*  Purified by
:Q/ \©{OM6 column chromatography (Petroleum ether/Et,O : 95/5); white solid. *H-
" NMR (500MHz) &: 6.98 (d, 2H, H, J; = 8.9 Hz); 6.89 (d, 2H, Hy, Jng
= 9.2 Hz); 6.70 (s, 1H, H.); 6.57 (s, 2H, Hy); 3.82 (s, 1H, H)); 2.28 (s, 6H, H.). *C{*H}-NMR
(125MHz) &: 158.5 (C,); 155.7 (Cj); 150.3 (Cy); 139.4 (Cy); 124.2 (C,); 120.8 (Cy); 115.3 (Cy);
114.8 (Cp); 55.6 (Cy); 21.3 (C). M/z (HRMS-ESI+): caled. for CisH;,0, [M+H]": 229.1223.
Found: 229.1218.

¢ v deor ? 1-(4-(3,5-Dimethylphenoxy)phenyl)ethanone  (4).**  Purified by
:Q/ Q\%O column chromatography (Petroleum ether/Et,O : 85/15); white solid.
| 'H-NMR (300MHz) &: 7.94 (d, 2H, Hy, Jng = 8.7 Hz); 7.00 (d, 2H, Hy,

Jgn = 8.9 Hz); 6.85 (5, 1H, H.); 6.69 (s, 2H, Hy); 2.58 (s, 3H, H); 2.32
(s, 6H, He). “C{*H}-NMR (75MHz) §: 196.8 (C;); 162.2 (Cj); 155.4 (C.); 139.9 (Cp); 131.7

(Cy); 130.5 (Cy); 126.3 (C.); 117.8 (Cy); 117.2 (Cy); 26.4 (C); 21.3 (Co). M/z (HRMS-ESI+):
calcd. for CigH170, [M+H]": 241.1223. Found: 241.1222.

g S fogh i 1-1sopropyl-4-(4-methoxyphenoxy)benzene (5). Purified by

a}ﬁ@/ \QOI\L column chromatography (Petroleum ether/Et,O : 95/5); colourless
0il. "'H-NMR (500MHz) &: 7.16 (d, 2H, Hg, Js = 8.5 Hz); 6.98 (d,

2H, H;, Jin = 9.2 Hz); 6.89 (d, 2H, H,, J.4 = 8.8 Hz); 6.88 (d, 2H, H, Ji = 9.0 Hz); 3.81 (s, 3H,
Hy); 2.90 (sept, 1H, Hp, Jpa = 7.0 Hz); 1.25 (d, 6H, H,, Jap = 7.1 Hz). *C{"H}-NMR (125MH?2)
8: 156.3 (Cy); 155.7 (C;j); 150.6 (Cy); 143.1 (C,); 127.4 (Cy); 120.5 (Cy); 117.6 (Ce); 114.8 (Cy);
55.7 (Cy); 33.4 (Cp); 24.1 (C,). M/z (HRMS-EI): calcd. for CygH;50, [M]": 242.1307. Found:
242.1316.
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o d °fog | N-(4-(m-Tolyloxy)phenyl)acetamide (6). Purified by column

a)i\”/@/ m\@j chromatography (Petroleum ether/Et,O : 85/15 to 0/100); white solid.
| '"H-NMR (500MHz) &: 7.45 (d, 2H, Hg, Jg = 8.8 Hz); 7.22-7.19 (m,

2H, Hinw); 6.98 (d, 2H, He, Je.g = 9.0 Hz); 6.91 (d, 1H, H;, J;.i = 7.5 Hz); 6.81-7.78 (m, 2H, Hy m);
2.33 (s, 3H, H); 2.18 (s, 3H, H,). “C{"H}-NMR (125MHz) §: 168.2 (Cy); 157.5 (C,); 153.7
(Cp); 139.9 (Cy); 133.2 (Cp); 129.4 (Cj); 123.9 (Cy); 121.7 (Cy); 119.6 (Ce); 119.1 (Cpp); 1155
(Ch); 24.4 (C,); 21.4 (C)). M/z (HRMS-ESI+): calcd. for Ci5H:sNO, [M+H]": 242.1175. Found:
242.1181.

L h . N-(4-Phenoxyphenyl)acetamide (7). Purified by column
] )tJ)\N /Q/ j chromatography (Petroleum ether/Et,O : 95/5 to 0/100); off-white

H solid. *H-NMR (500MHz) &: 7.46 (d, 2H, Hg, Je = 8.8 Hz); 7.33 (t,
2H, Hi, 3in = Jij = 7.9 Hz); 7.21 (broad s, 1H, Hyy); 7.09 (t, 1H, H;, J;; = 7.4 Hz); 7.00-6.98 (m,
4H, Hep); 2.18 (s, 3H, Ha). “C{'H}-NMR (125MHz) &: 168.2 (Cy); 157.5 (C,); 153.5 (Cy);
133.3 (Cy); 129.7 (Cj); 123.1 (Cj); 121.7 (Cy); 119.6 (Ce); 118.5 (Cy); 24.4 (C,). M/z (HRMS-
ESI+): calcd. for C14H;3sNNaO, [M+Na]": 250.0838. Found: 250.0841.

X ¢ 4ot g 1-Methoxy-4-phenoxybenzene (8).% Purified by  column
a©/ \©h\0l\/ile chromatography (Petroleum ether); colourless oil. 'H-NMR (500MHz)

8: 7.33-7.29 (m, 2H, Hy); 7.05 (t, 1H, H,, Ja.p = 7.4 Hz); 7.00 (d, 2H, Hy,
Jt. g = 9.0 Hz); 6.96 (d, 2H, Hc, Jen = 7.7 Hz); 6.90 (d, 2H, Hg, Jg.r = 9.0 Hz); 3.82 (s, 3H, H)).
BC{'H}-NMR (125MHz) §: 158.5 (Cy); 155.9 (Cy); 150.2 (C.); 129.6 (Cp); 122.4 (C,); 120.8
(Cy); 117.6 (Cy); 114.9 (Cy); 55.7 (Ci). M/z (HRMS-ESI+): caled. for Cy3H;,NaO, [M+Na]":
223.0735. Found: 223.0717.

240 Oxydibenzene (9).* Purified by column chromatography (Hexane);
a©/ colourless oil. '"H-NMR (500MHz) &: 7.35 (t, 4H, Hyp, Joa = Jo.c = 7.8 H2);

7.11 (t, 2H, Ha, J.p = 7.3 Hz); 7.03 (d, 4H, H, Jop = 7.7 Hz). ®C{'H}-NMR
(125MHz) 6: 157.3 (Cy); 129.7 (Cp); 123.2 (C,); 118.9 (C.). M/z (HRMS-CI): calcd. for
C12H1;0 [M+H]": 171.0804. Found: 171.0809.

. Sgoefs 1-(4-Phenoxyphenyl)ethanone  (10).**  Purified by  column
a ©/ i _j chromatography (Hexane/AcOEt : 100/0 to 95/5); yellow oil. ‘H-NMR
h
o (500MHz) &: 7.95 (d, 2H, Hg, Jg¢ = 9.0 Hz); 7.41 (t, 2H, Hp, Jpa = Joc =
8.0 Hz); 7.22 (t, 1H, H,, Jap = 7.5 Hz); 7.08 (d, 2H, H,, J.., = 7.7 Hz); 7.01 (d, 2H, Hy, Jrg = 8.8

Hz); 2.58 (s, 3H, Hj). “C{*H}-NMR (125MHz) §: 196.7 (C); 162.0 (Cp); 155.5 (Cy); 131.9
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(C.); 130.6 (Cy); 130.0 (Cy); 124.6 (Cy); 120.1 (Co); 117.3 (Cy); 26.4 (C;). M/z (HRMS-ESI+):
caled. for C14H1,NaO, [M+Na]': 235.0729. Found: 235.0732.

. f 9o} ) 1-(3-(4-Methoxyphenoxy)phenyl)ethanone (11). Purified by column
dg QOM”; chromatography (Hexane/ AcOEt : 90/10); brown oil. 'H-NMR
o ba (500MHz) é&: 7.63 (d, 1H, Hy, J4.. = 7.6 Hz); 7.52 (s, 1H, Hy); 7.39 (t, 1H,

He, Jed = Jes = 7.9 Hz); 7.15 (dd, 1H, Hy, J& = 2.5 Hz, J¢e = 8.2 Hz); 7.00
(d, 2H, H;, Jjx = 9.2 Hz); 6.91 (d, 2H, Hy, Jij = 9.2 Hz); 3.83 (s, 3H, Hy); 2.57 (s, 3H, H,).
BC{'H}-NMR (125MHz) &: 197.5 (C,); 158.9 (Cy); 156.3 (C)); 149.5 (Cy); 138.8 (C.); 129.8
(Ce); 122.4 (Cy); 122.1 (Cyp); 121.0 (C)); 116.8 (Cy); 115.1 (Cy); 55.6 (Cn); 26.7 (Cy). M/z
(HRMS-ESI+): calcd. for C;5sH1,NaO; [M+Na]™: 265.0835. Found: 265.0839.

_ feol i ’ 1-(3-Phenoxyphenyl)ethanone (12).* Purified by column chromatography
d h . (Hexane/ AcOEt : 90/10); yellow oil. 'H-NMR (500MHz) &: 7.69 (d, 1H,
g Hg, Jae = 7.7 HZ); 7.59 (s, 1H, Hy); 7.44 (t, 1H, He, Je.q = Jes = 7.9 Hz); 7.37
(t, 2H, Hy, Jej = Ja = 7.9 Hz); 7.22 (dd, 1H, Hy, Jen = 2.4 Hz, Ji. = 8.1 Hz);
7.15 (t, 1H, H,, Jix = 7.3 Hz); 7.03 (d, 2H, H;, Jjx = 7.8 Hz); 2.59 (s, 3H, H,). “C{*H}-NMR
(125MHz) 8: 197.4 (Cy); 157.5 (Cy); 156.6 (Cj); 138.9 (Cc); 129.9 (Cey); 123.8 (C)); 123.3 (Cy);
123.1 (Cy); 119.1 (Cj); 118.1 (Cy); 26.7 (C,). M/z (HRMS-ESI+): caled. for Cy4H;,NaO,
[M+Na]": 235.0729. Found: 235.0732.

a

o i 1-(3-(4-Nitrophenoxy)phenyl)ethanone (13).* Purified by column
dg?/h \©|\N02 chromatography (Petroleum ether/Et,O : 90/10); yellow solid. ‘H-NMR
o ba (500MHz) &: 8.24 (d, 2H, Hy, J¢j = 9.2 H2); 7.84 (d, 1H, Hy, Je = 7.6
Hz); 7.68 (s, 1H, Hy); 7.56 (t, 1H, He, Joug = Jos = 7.9 Hz); 7.32 (ddd, 1H,

Hy, Jr.q = 0.6 Hz, Jin = 2.3 Hz, Jre = 8.0 Hz); 7.04 (d, 2H, Hj, Jjx = 9.2 Hz); 2.62 (s, 3H, H.).
BC{'H}-NMR (125MHz) &: 196.9 (Cp); 162.7 (Cy); 155.2 (C,); 143.0 (Cy); 139.3 (C,); 130.6
(C.); 126.1 (Cy); 125.3 (Cy); 125.0 (Cy); 119.8 (Cy); 117.4 (Cy); 26.7 (C.). M/z (HRMS-ESI+):
calcd. for Cy4H;,NO, [M+H]": 258.0761. Found: 258.0761.

BN 1-(4-(4-Nitrophenoxy)phenyl)ethanone (14).** Purified by column
Oj%@/ \Q'\NOZ chromatography (Petroleum ether/Et,O : 95/5 to 80/20); yellow solid.
a 'H-NMR (500MHz) §: 8.26 (d, 2H, H;, Ji, = 9.2 Hz); 8.04 (d, 2H, H,
Jae = 8.7 Hz); 7.14 (d, 2H, Hg, Je.q = 8.7 Hz); 7.11 (d, 2H, Hy, Ji = 9.2 Hz); 2.62 (s, 3H, H,).
BC{'H}-NMR (125MHz) 8: 196.5 (Cp); 161.7 (Cy); 159.1 (Cy); 143.6 (Cj); 133.9 (C,); 130.9
(Cy); 126.1 (Cj); 119.5 (Cy); 118.4 (Cp); 26.5 (Cy). M/z (HRMS-ESI+): calcd. for C14H;,NO,

[M+H]": 258.0761. Found: 258.0763.
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4 Sb 2okl ,, 2-Phenoxynaphthalene (15).® Purified by column chromatography
e \© »  (Petroleum ether/Et,O : 100/0 to 95/5); white solid. "H-NMR (500MHz)
Pon 8: 7.86-7.83 (M, 2H, H..); 7.72 (d, 1H, Hy, Jre = 8.1 Hz); 7.47 (dt, 1H,
He, Joc = 1.2 HZ, Jeq = Jes = 7.5 Hz); 7.43-7.37 (M, 3H, Hyp); 7.33 (d, 1H, H,, Jai = 2.0 H2);
7.28 (dd, 1H, H;, Jia = 2.6 Hz, Jip = 9.0 Hz); 7.16 (t, 1H, Hp, Jom = 7.5 Hz); 7.10 (dd, 2H, H,, ;.
= 1.0 Hz, Ji., = 7.8 Hz). ®C{'H}-NMR (125MHz) §: 157.2(Cy); 155.1 (C;); 134.3 (Cy); 129.9
(Ch); 129.8 (Cp); 129.7(Cy); 127.7 (C.); 127.1 (Cy); 126.5 (Ce); 124.7 (Cy); 123.4 (C,); 120.0
(C); 119.1 (C); 114.1 (C,). M/z (HRMS-ESI+): calcd. for C;6H;50 [M+H]": 221.0961. Found:

221.0962.

cep deo s i 5-(3,5-Dimethylphenoxy)-1-phenyl-1H-indazole (16). Purified by
\a©/ m'jn column chromatography (Petroleum ether/Et,O : 90/10); orange
k @” solid. *"H-NMR (300MHz) &: 8.13 (s, 1H, H); 7.76-7.72 (m, 3H,
° Hin); 7.56 (t, 2H, Ho, Jop = Jon = 7.9 Hz); 7.41-7.35 (m, 2H, Hgp);

7.21 (dd, 1H, H;, Ji.g = 2.3 Hz, J.x = 9.1 Hz); 6.75 (s, 1H, H,); 6.64
(s, 2H, Hy); 2.30 (s, 6H, Ho). *C{*H}-NMR (75MHz) &: 158.2 (C.); 151.8 (Cy); 140.1 (Cy);
139.6 (Cp); 135.8 (Cj); 135.0 (Cj); 129.5 (Co); 126.7 (C,); 125.9 (Cy); 124.7 (C,); 122.6 (Cy);
121.3 (C); 115.8 (Cy); 111.5 (Cy); 109.8 (Cy); 21.3 (C.). M/z (HRMS-EI): calcd. for

Ca1H1sN,0 [M]": 314.1419. Found: 314.1414.

c_p o.f i 1-(2-Chlorophenyl)-5-(3,5-dimethylphenoxy)-1H-indazole (17).

\a©/ ml . Purified by column chromatography (Petroleum ether/Et,O : 95/5);

K r@n yellow solid. *"H-NMR (500MHz) &: 8.17 (s, 1H, H;); 7.63 (m, 1H,

% Hy); 7.54 (m, 1H, H,); 7.45 (m, 2H, H,); 7.35 (d, 1H, Hy, Jg1 = 1.9

Hz); 7.24 (d, 1H, Hy, Je = 9.0 H2); 7.18 (dd, 1H, H;, J4 = 2.1 Hz,

Ji = 9.0 Hz); 6.75 (s, 1H, H,); 6.65 (s, 2H, Hy); 2.30 (s, 6H, H.). *C{*H}-NMR (125MH?z) :

158.1 (Ce); 151.8 (Cy); 139.6 (Cp); 137.4 (Cj); 137.0 (Cy); 135.3 (Cj); 131.4 (C,); 130.8 (C);

129.9 (Cy); 129.4 (C,); 127.7 (C,); 124.8 (C,); 124.7 (Cy); 121.2 (Cy); 115.9 (Cy); 111.6 (C);

109.5 (Cy); 21.3 (C.). M/z (HRMS-ESI+): calcd. for CxH;isCIN,O [M+H]": 349.1102. Found:
349.1114.

b g0 g |\< 1-(3,4-Dichlorophenyl)-5-(3-methoxyphenoxy)-1H-indazole (18).
SN :@IE;': ; Purified by column chromatography (Petroleum ether/Et,O : 95/5);
OMe t o yellow oil. '"H-NMR (500MHz) &: 8.14 (s, 1H, Hy); 7.90 (dd, 1H, H,,
Sy Jpt = 2.1 Hz, J,5 = 0.6 Hz); 7.71 (dd, 1H, Hp, Jm.i = 0.6 HZ, Jy.n = 9.0

Hz); 7.64-7.60 (m, 2H, Hs); 7.39 (d, 1H, H;, Ji., = 2.4 Hz); 7.27 (dd,
1H, Hp, i = 2.2 Hz, 3o = 9.1 HZ); 7.26-7.23 (M, 1H, Hy); 6.67 (ddd, 1H, H, Jea = 1.1 Hz, Jos
= 2.2 Hz, Jo = 8.3 Hz); 6.61-6.57 (M, 2H, H,); 3.80 (s, 3H, He). *C{*H}-NMR (125MHz) §:
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161.1 (Cy); 159.2 (Cy); 151.9 (Cp); 139.5 (C,); 136.0 (Cy); 135.6 (Cy); 133.5 (Cy); 131.1 (Cy);
130.3 (Cy); 130.2 (Cp); 126.3 (Cj); 123.9 (Cp); 121.8 (Cy); 121.1 (Cy); 111.3 (Cp); 110.3 (Cy);
110.2 (C,); 108.7 (C.); 104.4 (Cy); 55.4 (Cc). M/z (HRMS-ESI+): calcd. for CyH1ClLN,O,
[M+H]": 385.0505. Found: 385.0506.

ot g \h 1-(2-Chlorophenyl)-5-phenoxy-1H-indazole  (19). Purified by

©/ \CE,: column chromatography (Petroleum ether/Et,0 : 97/3); orange oil. *H-

@ NMR (500MHz) §: 8.17 (s, 1H, Hy); 7.65-7.61 (m, 1H, H,); 7.56-7.53

P o " (m, 1H, Hy); 7.47-7.44 (m, 2H, H,); 7.39-7.38 (m, 1H, Hy); 7.37-7.34

(m, 2H, Hp); 7.25 (dd, 1H, H;, Jj+ = 0.7 Hz, Jj« = 9.0 Hz); 7.22-7-19 (m, 1H, Hy); 7.11 (dt, 1H,

Har Jac = 1.1 Hz, Jop = 7.4 Hz); 7.04 (dd, 2H, He, J. = 1.0 Hz, Jop, = 7.7 Hz). ®*C{*H}-NMR

(125MHz) §: 158.2 (Cy); 151.7 (C.); 137.5 (Cj); 137.1 (Cy); 135.3 (Cp); 131.5 (C); 130.8 (Cy);

129.9 (Cy); 129.7 (Cy); 129.4 (Cy); 127.7 (C,); 124.8 (Cy); 122.9 (C,); 121.2 (Cy); 118.1 (Cy);

111.7 (C;); 109.6 (Cy). M/z (HRMS-ESI+): calcd. for C;9H;4CIN,O [M+H]": 321.0789. Found:
321.0795.

a N0 h i 2-Methyl-6-phenoxypyridine (20).** Purified by column chromatography
M \©j (Petroleum ether/Et,0 : 100/0 to 95/5); colourless oil. 'H-NMR (500MHz)
‘ 8: 7.54 (t, 1H, Hgy, Jgc = Jae = 7.8 Hz); 7.38 (t, 2H, H;, Jin = Jij = 7.9 Hz);
7.18 (t, 1H, Hj, J;s = 7.5 Hz); 7.14 (d, 2H, Hy, Jni = 7.5 Hz); 6.88 (d, 1H, He, Jc4 = 7.5 Hz); 6.58
(d, 1H, He = 8.1 Hz); 2.47 (s, 3H, Hp). “C{*H}-NMR (125MHz) &: 163.1 (Cy); 157.6 (C.);
154.7 (Cy); 139.5 (Cy); 129.6 (Cj); 124.3 (C)); 120.7 (Cy); 118.0 (Cy); 107.5 (Ce); 24.1 (Cy). M/z
(HRMS-ESI+): calcd. for C1,H;,NO [M+H]": 186.0919. Found: 186.0937.

b._aN 0.9 h o 2-Methyl-6-(4-nitrophenoxy)pyridine (21). Purified by column

:Ed); \©j\Noz chromatography (Petroleum ether/Et,O : 95/5); yellow oil. 'H-NMR

(500MHz) &: 8.25 (d, 2H, H;, Jiy = 9.3 Hz); 7.67 (t, 1H, Hg, Jgc = Jae =

7.7 Hz); 7.23 (d, 2H, Hp, Jni = 9.3 Hz); 7.00 (d, 1H, He, Jeq = 7.4 Hz); 6.81 (d, 1H, He, Jes = 8.1

Hz); 2.47 (s,3H, Hy). “C{'H}-NMR (125MHz) &: 161.2 (C¢); 160.3 (C,); 157.8 (C,); 143.6

(C)); 140.2 (Cy); 125.5 (C); 119.9 (Cy); 119.7 (C,); 109.6 (C,); 24.0 (Cy). M/z (HRMS-ESI+):
calcd. for Cy;H1;N,O5 [M+H]': 231.0764. Found: 231.0770.
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2-Methyl-8-phenoxyquinoline  (22).®*  Purified by  column
chromatography (Hexane/AcOEt : 95/5); yellow solid. 'H-NMR
(500MHz) &: 8.07 (d, 1H, H, Juc = 8.3 Hz): 7.49 (dd, 1H, Hy, Jps = 1.1 Hz,
Jig = 8.1 Hz); 7.40-7.32 (M, 4H, Hcgm); 7.20-7.13 (M, 3H, Hy,); 7.02 (dd,
IH, Hy, Jns = 1.3 Hz; Jng = 7.7 H2); 2.79 (s, 3H, H,). ®C{*H}-NMR (125MHz) 5: 158.9 (Cy);
157.2 (Cy); 153.8 (C)); 140.4 (C;); 136.1 (Cy); 129.7 (Cn); 128.0 (Cy); 125.4 (C); 123.7 (Cy);
122.8 (C.); 121.9 (Cy); 120.3 (C); 115.4 (Cy); 25.8 (C.). Miz (HRMS-ESI+): calcd. for
C16H14sNO [M+H]": 236.1075. Found: 236.1107.

2-Methyl-8-(4-nitrophenoxy)quinoline (23). Purified by column
chromatography (Hexane/AcOEt : 95/5); white needle-shaped crystals.
| O\©\m 'H-NMR (500MHz) &: 8.19 (d, 2H, Hm, Jma = 9.2 Hz); 8.11 (d, 1H, H,
" nN%  3..=85 Hz); 7.71 (d, 1H, Hy, Jrq = 8.0 Hz); 7.50 (t, 1H, Hg, Jg-t = Jgn =
7.8 Hz); 7.39 (dd, 1H, Hy, vt = 0.9 Hz, vy = 7.6 Hz); 7.35 (d, 1H, H,, J.q = 8.5 Hz); 7.03 (d,
2H, H, Jim = 9.4 Hz); 2.66 (s, 3H, H,). *C{*H}- NMR (125MHz) &: 164.3 (C,); 159.7 (Cy);
150.2 (Cj); 142.5 (Cy); 140.8 (Cj); 136.2 (Cy); 128.3 (Ce); 125.7 (Cp); 125.6 (Cy); 125.1 (Cy);
123.0 (C,); 120.1 (Cy); 117.3 (C)); 25.7 (C,). M/z (HRMS-ESI+): calcd. for CisH13N,03
[M+H]": 281.0926. Found: 281.0957.

e dg f' . 1,3-Dimethyl-5-(o-tolyloxy)benzene (24).* Purified by chromatography
' (Biotage, Hexane); colourless oil. "H-NMR (400MHz) &: 7.26 (m, 1H, H);
:© w747 (M, 1H, HY: 7.07 (dt TH, H Jig =12 Hz, Juy = 3y = 7.4 Ha); 6.91(d
1H, Hy, Jgn = 8.1 Hz); 6.70 (s, 1H, H,); 6.54 (s, 2H, Hy); 2.28 (s, 6H, H.); 2.25 (s, 3H, H).
BC{*H}-NMR (100MHz) §: 157.8 (C); 154.6 (Cs); 139.5 (Cp); 131.3 (Cy); 129.9 (C); 127.0
(C)); 124.1 (Cy); 123.7 (Cy); 119.7 (Cy); 115.0 (Cy); 21.3 (Co); 16.2 (C)). M/z (HRMS-ESI+):

calcd. for Cy5H.70 [M+H]": 213.1274. Found: 213.1270.

oxun 1-(2-(But-3-en-1-yl)phenoxy)-3,5-dimethylbenzene (25). Purified by

m| column chromatography (Petroleum ether); colourless oil. *H-NMR

P Ao (500MHz) 6: 7.26 (dd, 1H, H;, Jin = 1.6 Hz, J; = 7.6 Hz); 7.17 (dt, 1H,

\aQ = My, Jhy = 1.7 Hz, Jpg = dhi =7.7 Hz); 7.07 (dt, 1H, Hy, Jig = 1.3 Hz, Jip = Ji;

=7.5Hz); 6.88 (d, 1H, Hy, Jgn = 8.1 Hz); 6.71 (s, 1H, H,); 6.57 (s, 2H,

Hg); 5.86 (ddt, 1H, Hp, Jo.m = 6.6 Hz, Jn.o(cisy = 10.3 HZ, Jno(transy = 17.0 Hz); 5.02 (dq, 1H, Horans),

Jogtrans)-n = 17.2 HZ, Joqurans)-o(cis) = Jogtrans)y-m = 1.7 Hz); 4.94-4.97 (m, 1H, Hoig); 2.71-2.77 (M, 2H,

H); 2.35-2.42 (m, 2H, H,); 2.28 (s, 6H, H.). *C{*H}-NMR (125MHz) &: 157.9 (C,); 154.7

(Cp); 139.5 (Cyp); 138.4 (Cy); 133.3 (Cy); 130.5 (Cj); 127.2 (Cy); 124.3 (Cy); 123.5 (Cj); 119.4

(Cy); 1155 (Cy); 114.8 (C,); 34.1 (Cn); 29.8 (Cy); 21.3 (C;). M/z (HRMS-EI): calcd. for
CigH200 [M]": 252.1514. Found: 252.1523.
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i 1-(4-1sopropylphenoxy)-2-methoxybenzene (26). Purified by column
PN j  chromatography (Petroleum ether/Et,O : 100/0 to 90/10); yellow oil. *H-
a}rcg m k- NMR (500MHz) &: 7.15 (d, 2H, Hg, J4.. = 8.3 Hz); 7.11 (dt, 1H, Hy, Jkm
=1.9Hz, Ji;=7.7Hz, J=7.7 Hz); 7.01 (dd, 1H, Hy, Ink = 1.3 HZ, Jpn.
= 8.1 Hz); 6.96 (dd, 1H, Hj, Jj; = 1.9 Hz, Jj« = 7.9 Hz); 6.91 (dt, 1H, H,, J;; = 1.5 Hz, ., = 7.2
Hz, J.m = 7.2 Hz); 6.89 (d, 2H, H,, J.q = 8.8 Hz); 3.86 (s, 3H, H;); 2.89 (sept, 1H, Hy, Jp. = 6.9
Hz); 1.25 (d, 6H, Ha, Jap = 6.8 Hz). *C{*H}-NMR (125MHz) &: 155.7 (Cy); 151.3 (Cy); 145.7
(Cy); 143.1 (Cy); 127.3 (Cy); 124.3 (Cy); 121.1 (Cy); 120.6 (C;); 117.3 (Ce); 112.8 (C); 56.0 (Cy);
33.4 (Cp); 24.1 (C,.). M/z (HRMS-ESI+): calcd. for CyHi0, [M+H]": 243.1380. Found:
243.1385.

O'\ie n 1-Methoxy-2-(o-tolyloxy)benzene (27).** Purified by chromatography
g O\hﬁil (Biotage, Hexane/AcOEt : 100/0 to 98/2); colourless oil. 'H-NMR (500MHz)
d ? i k 8:7.24 (d, 1H, H), Jix = 7.4 Hz); 7.12 (dt, 1H, H;, Jj. = 1.4 Hz, J;i = Jj« = 7.7
Hz); 7.07 (dt, 1H, He, Je.c = 1.5 HZ, Jo.g = Jes = 7.7 HZ); 7.04-7.00 (M, 2H,
H¢y); 6.87 (dt, 1H, Hy, Jas = 1.6 Hz, Jg.c = Jge = 7.7 Hz); 6.80-6.76 (m, 2H, H.;); 3.89 (s, 3H,
H.); 2.31 (s, 3H, H,). ®C{*H}-NMR (125MHz) §: 155.2 (C;); 150.6 (Cy); 146.3 (C,); 131.2
(C)); 129.0 (Cp); 126.9 (Cj); 123.6 (Ce); 123.2 (Cy); 121.0 (Cy); 118.8 (Cy); 118.0 (Co); 112.7
(Cy); 56.1 (C,); 16.1 (C,). M/z (HRMS-ESI+): calcd. for Cy,H;50, [M+H]": 215.1067. Found:
215.1069.

a _ 1-(4-Methoxyphenoxy)-2-methylbenzene (28).** Purified by column
b .
Cég(o\'@\’ chromatography (Petroleum ether); white solid. *H-NMR (500MHz) &:
d f
e

[
kOMe 724 (d, 1H, H¢, Jeg = 7.5 Hz); 7.13 (dt, 1H, He, Jec = 1.7 HZ, Jeg = Je =

7.7 Hz); 7.02 (dt, 1H, Hg, Jor = 1.1 Hz, Jg = Jg = 7.5 Hz); 6.91-6.86 (m, 4H, H;); 6.81 (d, 1H,
H, Jre = 8.1 Hz); 3.81 (s, 3H, H)); 2.29 (s, 3H, H,). “C{'H}-NMR (125MHz) &: 155.8 (C,);
155.3 (Cy); 151.1 (Cp); 131.3 (Co); 129.1 (Cp); 126.9 (C.); 123.1 (Cy); 119.3 (Cy); 118.0 (Cy);
114.8 (Cj); 55.7 (Cy); 16.2 (C,). M/z (HRMS-ESI+): calcd. for Ci4H1s0, [M+H]": 215.1067.
Found: 215.1065.

a . 1-(4-(o-Tolyloxy)phenyl)ethanone  (29).*  Purified by  column
Cég/o N chromatography (Petroleum ether/Et,0 : 95/5); yellow oil. 'H-NMR
dSF ©\Tfo (500MHz) 8: 7.93 (d, 2H, H;, J; = 9.0 Hz); 7.30 (d, 1H, He, Jeg = 7.3 Hz);
™ 7.24(dt, 1H, He, Jec = 1.6 HZ, Jog = Jos = 7.6 Hz); 7.16 (dt, 1H, Hg, Jus =
1.1 Hz, Jy . = Jge = 7.3 Hz); 7.00 (d, 1H, H, Jre = 7.9 Hz); 6.90 (d, 2H, H;, Ji; = 9.0 Hz); 2.57 (s,
3H, Hy); 2.20 (s, 3H, Ha). *C{*H}-NMR (125MHz) &: 196.7 (C)); 162.3 (Cp); 153.0 (Cy); 131.7
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(Co); 131.4 (C); 130.7 (C)); 130.5 (Cy); 127.5 (Co); 125.3 (Cy); 121.0 (Cy); 116.0 (Cy); 26.4 (Cy);
16.0 (C.). M/z (HRMS-ESI+): calcd. for CisH1s0, [M+H]": 227.1067. Found: 227.1066.

a _ 1-Methyl-2-(4-nitrophenoxy)benzene  (30).*® Purified by column
Cﬁj/o\*@ chromatography (Petroleum ether/Et,0 : 95/5); yellow oil. '"H-NMR
T KNO:  (500MHz) &: 8.20 (d, 2H, H;, Ji1 = 9.2 Hz); 7.32 (d, 1H, He, Joq = 7.5 H2);
7.29-7.26 (M, 1H, He); 7.21 (dt, 1H, Hg, Jas = 1.2 Hz, Juc = Jge = 7.3 Hz); 7.02 (d, 1H, Hy, Jee =
7.9 Hz); 6.93 (d, 2H, H;, Ji; = 9.2 Hz); 2.19 (s, 3H, H,). “C{*H}-NMR (125MHz) &: 163.4 (Cy);
152.4 (Cy); 142.4 (C\); 132.0 (C,); 130.5 (Cy); 127.7 (Ce); 126.0 (C)); 125.9 (Cy); 121.1 (Cy);
116.0 (C); 16.0 (C,). M/z (HRMS-ESI+): calcd. for Ci3H,NO; [M+H]": 230.0812. Found:
230.0809.

1-1sopropyl-4-methyl-2-phenoxybenzene (31). Purified by chromatography
(Biotage, Hexane): yellow oil. 'H-NMR (400MHz) &: 7.31 (t, 2H, H), Jix =
Jim = 7.2 Hz); 7.23 (d, 1H, Hg, Jge = 7.9 Hz); 7.05 (tt, 1H, Hm, Jmk = 1.1 Hz,
I = 7.4 Hz); 6.97-6.92 (M, 3H, Hy.); 6.72 (d, 1H, Hy, Jpe= 0.9 Hz); 3.24
(sept, 1H, Hy, Joa = 6.9 Hz); 2.27 (s, 3H, Hy); 1.22 (d, 6H, Hy, Jap = 6.9 Hz). *C{*"H}-NMR
(100MHz) &: 158.4 (Cj); 153.3 (Cy); 137.2 (C.); 136.8 (Cy); 129.6 (C)); 126.7 (Cy); 124.9 (C.);
122.2 (Cy); 120.5 (Cy); 117.5 (Cy); 26.8 (Cy); 23.1 (C.); 20.9 (Cy). M/z (HRMS-ESI+): calcd.
for CisH100 [M+H]": 227.1430. Found: 227.1429.

2,4-Di-tert-butyl-1-phenoxybenzene (32).*" Purified by chromatography
(Biotage, Hexane); yellow oil. 'H-NMR (400MHz) &: 7.42 (d, 1H, Hg, Jq.
h = 2.5 Hz); 7.32 (dd, 2H, Hp, Jpn = 7.4 Hz, Iy = 8.6 Hz); 7.14 (dd, 1H,
Hi, Jna = 2.5 Hz, Jpi = 8.5 Hz); 7.06 (t, 1H, Hy, Jom = 7.4 Hz); 7.01-6.96
(m, 2H, H); 6.75 (d, 1H, H;, Jis = 8.5 Hz); 1.43 (s, 9H, Hy); 1.33 (s, 9H, H,). “C{'H}-NMR
(100MHz) 9: 158.0 (Cy); 153.2 (C)); 145.7 (Ce); 139.9 (C,); 129.5 (Cy); 124.1 (Cy); 123.7 (Cy);
122.3 (Cp); 119.5 (Cj); 118.5 (C)); 34.9 (Cy); 34.5 (Cy); 31.6 (Cy); 30.2 (Cy). M/z (HRMS-
ESI+): calcd. for CyH,,0 [M+H]™: 283.2056. Found: 283.2053.

2,4-Di-tert-pentyl-1-phenoxybenzene (33). Purified by chromatography
(Biotage, Hexane); yellow oil. "H-NMR (400MHz) : 7.31 (t, 2H, Hq, J4p
=Jqr = 7.1 Hz); 7.28 (d, 1H, Hy, Ity = 2.5 Hz); 7.09-7.02 (m, 2H, H,,); 6.96
(d, 2H, Hp, Jpq = 7.6 Hz); 6.75 (d, 1H, Hy, Jma = 8.5 Hz); 1.83 (q, 2H, H,,
Jpa = 7.5 Hz); 1.63 (0, 2H, H;, Jj« = 7.4 Hz); 1.38 (s, 6H, H;); 1.29 (s, 6H,

Hg); 0.70 (m, 6H, Hay). “C{"H}-NMR (100MHz) &: 158.0 (C,); 153.0 (C,); 143.8 (C); 138.1
(Ce); 129.5 (Cy); 126.2 (Cy); 124.3 (C)); 122.2 (Cy); 119.5 (Cr); 118.3 (Cp); 38.5 (Co); 37.7 (Ch);
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37.1 (Cy); 33.9 (Cp); 285 (Cy); 28.1 (Cy); 9.5 (Cy); 9.1 (Cy). M/z (HRMS-CI): calcd. for
CyH30 [M+H]": 311.2369. Found: 311.2379.

1-Allyl-2-(4-methoxyphenoxy)benzene (34). Purified by
P K chromatography (Biotage, Hexane/AcOEt : 100/0 to 98/2); colourless oil.
O 'H-NMR (500MHz) 6: 7.25 (dd, 1H, He, Jeg = 1.5 Hz, Jes = 7.4 Hz); 7.15
T (dt, 1H, Hg, Jge = 1.7 Hz, 3y = Iy = 7.7 Hz); 7.07-7.02 (m, 1H, Hy); 6.96-
6.84 (m, 4H, Hy); 6.80 (dd, 1H, Hy, Jns = 1.0 Hz, Jyg = 8.1 Hz); 6.01 (ddt, 1H, Hy, Jyc = 6.7 Hz,
Jo-acis) = 10.2 Hz, Iy agrans) = 16.9 Hz); 6.13-5.04 (M, 2H, H,); 3.81 (s, 3H, H,); 3.46 (d, 2H, H,, J..
b = 6.6 Hz). ®C{*H}-NMR (125MHz) &: 155.5 (Cy); 155.4 (Cy); 151.0 (C;); 136.6 (Cy); 130.9
(Ca); 130.4 (Cy); 127.4 (C,); 123.1 (Cy); 119.7 (Cy); 117.9 (C,); 115.7 (Cy); 114.8 (C)); 55.7 (C.);
34.3 (C.). M/z (HRMS-ESI+): CigH70, [M+H]": 241.1223. Found: 241.1218.

a 1-(Tert-butyl)-2-(4-methoxyphenoxy)benzene (35). Purified by column
di\ighfo P K chromatography (Hexane/AcOEt : 95/5); yellow oil. 'H-NMR (500MHz)
e 7o Qom’g 6: 7.39 (dd, 1H, Hg, Jgs = 1.6 Hz, Jg. = 7.8 HZz); 7.11 (dt, 1H, Hy, Jrg = 1.7
Hz, Jre = Jrg = 7.7 Hz); 7.01 (m, 1H, H.); 6.95-6.88 (m, 4H, H;,); 6.76
(dd, 1H, Hy, Jge = 1.3 Hz; Js = 8.1 Hz); 3.81 (s, 3H, Hy); 1.45 (s, 9H, H.). “C{*H}-NMR
(125MHz) 6: 156.9 (Cy); 155.4 (C)); 151.0 (Cy); 140.2 (C,); 127.0 (Cy); 127.0 (Cy); 122.5 (Cp);
120.3 (C;); 118.8 (Cy); 114.8 (Cy); 55.7 (Cr); 34.8 (Cyp); 30.0 (Cy). M/z (HRMS-ESI+): calcd.
for Cy7H,,0, [M+H]": 257.1536. Found: 257.1534.

o o orange solid. ‘H-NMR (500MHz) &: 8.15 (s, 1H, H); 7.65-7.61 (m,
u©q 1H, Hy); 7.56-7.52 (m, 1H, H,); 7.47-7.41 (m, 3H, Hasy); 7.32 (d, 1H,

m

a 5-(2-(Tert-butyl)phenoxy)-1-(2-chlorophenyl)-1H-indazole (36).
d%h/o )k \' Purified by column chromatography (Hexane/AcOEt : 100/0 to 90/10);
f n

r

s H,Ji=2.1Hz2); 7.24 (d, 1H, Hy, Joo = 9.0 Hz); 7.17 (dd, 1H, Ho, Jo; =
2.1 Hz, Jo,, = 9.0 Hz); 7.17-7.13 (m, 1H, Hy); 7.06 (dt, 1H, He, Jeg = 1.4 HZ, Jeg = Jos = 7.6 Hz);
6.84 (d, 1H, Hy, Jgr = 7.9 Hz); 1.48 (s, 9H, H,). “C{'H}-NMR (125MHz) &: 156.7 (C}); 152.4
(Cr); 140.5 (C,); 137.2 (Cy); 137.1 (C,); 135.3 (Cy); 131.4 (C,); 130.8 (C,); 129.8 (Cy); 129.4
(C)); 127.7 (Cy); 127.2 (Cy); 127.1 (Cy); 124.9 (Cy); 122.9 (Co); 121.0 (Cy); 119.4 (Cy); 111.7
(C); 108.9 (C;); 34.8 (Cy); 30.1 (C,). M/z (HRMS-ESI+): calcd. for Cy3H,,CIN,NaO [M+Na]*:
399.1235. Found: 399.1239.
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1,3-Dimethyl-2-phenoxybenzene (37). Purified by chromatography

ﬁ:"‘f@ (Hexane); colourless oil. 'H-NMR (500MHz) &: 7.26-7.23 (m, 2H, Hy);
709703(m 3H, Hcg); 6.96 (dt, 1H, H;, Jig = 0.9 Hz, Ji., = 7.3 Hz); 6.75 (dd,

Hg, Jgi = 0.9 Hz, Jgn = 7.7 Hz); 2.12 (s, 6H, H,). *C{*H}-NMR (125MHz) &: 157.9 (C); 151.1
(Ce); 1315 (Cp); 129.6 (Cy); 128.9 (Co); 125.0 (Cy); 121.2 (Cj); 114.6 (Cy); 16.3 (Cy). M/z
(HRMS-CI): calcd. for C14H;50 [M+H]*: 199.1117. Found: 199.1121.

a 2-(4-Methoxyphenoxy)-1,3-dimethylbenzene  (38).  Purified by
cﬁ:‘io\@ ~ chromatography (Hexane/AcOEt : 100/0 to 98/2); colourless oil. *H-
d i O“Jﬂe NMR (500MHz) &: 7.10-7.04 (m, 3H, H.g); 6.80 (d, 2H, Hy, Jg.n = 9.2
Hz); 6.69 (d, 2H, Hy, Jung = 9.2 Hz); 3.77 (s, 3H, Hy); 2.14 (s, 6H, H,). “C{*H}-NMR
(125MH2z) 6: 154.1 (C)); 152.0 (Cy); 151.5 (C,); 131.6 (Cy); 128.9 (C,); 124.8 (Cy); 115.2 (Cy);
114.7 (Cy); 55.7 (C)); 16.3 (Cy). M/z (HRMS-CI): calcd. for CisHy70, [M+H]": 229.1223.
Found: 229.1229.

co.f 9 1,3-Dimethyl-5-phenoxybenzene  (42).*  Purified by  column
\@ @ chromatography (Hexane); colourless oil. *H-NMR (500MHz) &: 7.34 (t,
2H, Hp, Jng = Jni = 8.0 Hz); 7.10 (t, 1H, H;, Jin = 7.4 Hz); 7.01 (d, 2H, Hq,
Jgn = 7.7 H2); 6.76 (s, 1H, H,); 6.65 (s, 2H, Hg); 2.30 (s, 6H, H.). *C{"H}-NMR (125MHz) 5:
157.4 (Cy); 157.1 (C); 139.6 (Cp); 129.6 (Cp); 125.0 (Cy); 122.9 (Cj); 118.8 (Cy); 116.6 (Cy);
21.3 (C.). M/z (HRMS-APCI): calcd. for C14H150 [M+H]"™: 199.1117. Found: 199.1120.

. f g0 ’ 1-(3-(4-Acetylphenoxy)phenyl)ethanone (43).* Purified by column
dg %n chromatography (Hexane/AcOEt : 100/0 to 90/10); white solid. *H-
o ba o NMR (500MHz) 6: 7.97 (d, 2H, Hy, Jj = 9.0 Hz); 7.79 (dd, 1H, Hg, Jan
= 0.9 Hz, Jge = 7.7 Hz);7.67-7.64 (M, 1H, Hy); 7.50 (t, 1H, He, Joug = Jet
= 7.9 Hz); 7.26-7.30 (m, 1H, Hy); 7.03 (d, 2H, H;, Jj« = 9.0 Hz); 2.60 (s, 3H, H,); 2.59 (s, 3H,
Hy). “C{"H}-NMR (125MHz) &: 197.1 (Cy); 196.7 (Cy); 161.3 (C)); 156.1 (C); 139.2 (C,);
132.5 (Cy); 130.7 (Cy); 130.3 (Ce); 124.6 (Cy); 124.4 (Cy); 119.3 (Cy); 117.7 (C)); 26.7 (C,); 26.6
(C). M/z (HRMS-ESI+): calcd. for C16H14NaO3; [M+Na]™: 277.0835. Found: 277.0846. M.p.:
85-87°C.
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a b 1-1sopropyl-2-(4-methoxyphenoxy)benzene (44).%” Purified by column
déh/o ! K chromatography (Hexane/AcOEt : 100/0 to 95/5); yellow oil. 'H-NMR
° 7o \©|\0Mr2 (500MHz) 6: 7.33 (dd, 1H, Hg, Jgs = 1.6 Hz, J4e = 7.6 HZz); 7.12 (dt, 1H,
Hr, Jra = 1.8 HZ, Jre = Jig = 7.8 HZz); 7.08 (dt, 1H, He, Jeg = 1.3 HZ, Jey =
Je = 7.4 Hz); 6.91 (d, 2H, H;, Jj = 9.4 Hz); 6.87 (d, 2H, Hy, Jij = 9.2 Hz); 6.79 (dd, 1H, Hy, Jgee
= 1.3 Hz, Jg+ = 7.9 Hz); 3.81 (s, 3H, Hp); 3.37 (sept, 1H, Hy, Jp.a = 6.9 Hz); 1.27 (d, 6H, Ha, Jas
= 6.9 Hz). “C{*H}-NMR (125MHz) &: 155.3 (C); 154.9 (C}); 151.5 (C;); 139.4 (C.); 126.8
(Cy); 126.7 (Cy); 123.3 (Ce); 119.4 (C)); 118.2 (Cy); 114.8 (Cy); 55.7 (Cp); 27.1 (Cy); 22.9 (Cy).
M/z (HRMS-APCI): calcd. for C;6H;50, [M+H]": 243.1380. Found: 243.1388.

2-(4-Methoxyphenoxy)-1,1'-biphenyl  (45).  Purified by column
chromatography (Hexane/ AcOEt : 100/0 to 95/5); yellow oil. ‘H-NMR
(500MHz) 6: 7.59 (d, 2H, He, Jcb = 8.5 Hz); 7.44 (dd, 1H, Hy, Jin = 1.6
Hz, Ji.q = 7.6 Hz); 7.40 (t, 2H, Hy, Jp.a = Jbc = 7.5 HZ); 7.32 (t, 1H, H,, o
=7.5Hz); 7.28-7.25 (m, 1H, Hy); 7.17 (dt, 1H, Hg, Jgi = 1.1 Hz, Jg.¢ = Jgn
= 7.3 Hz); 6.93-6.91 (m, 3H, H)); 6.84 (d, 2H, Hy, Iy = 9.2 Hz); 3.79 (s, 3H, H,). *C{*H}-
NMR (125MHz) §: 155.5 (C,); 154.8 (C;); 150.9 (Cy); 137.9 (Cy); 132.8 (C,); 131.2 (Cy); 129.3
(Cc); 128.6 (Cp); 128.1 (Cp); 127.1 (Cy); 123.2 (Cy); 120.0 (Cy); 118.6 (C;); 114.8 (Cyy); 55.6 (Cy).
M/z (HRMS-APCI): calcd. for C;9H;,0, [M+H]": 277.1223. Found: 277.1219.

a 2,2'-Oxybis(methylbenzene) (46).° Purified by chromatography (Hexane);

cﬁjﬁoﬁ colourless oil. 'H-NMR (500MHz) : 7.26 (d, 2H, H, Jc.q = 6.8 Hz); 7.13 (t,

AN 2H, He, Jeq = Jes = 7.3 Hz); 7.02 (t, 2H, Hg, Joc = Joe = 7.4 Hz); 6.73 (d, 2H,
Hy, Jre = 8.1 Hz); 2.30 (s, 6H, H,). “C{'"H}-NMR (125MHz) &: 155.2 (C,);

131.3 (C,); 128.8 (Cy); 127.0 (C); 123.0 (Cy); 117.6 (Cy); 16.1 (C,). M/z (HRMS-APCI): calcd.
for Cy4H150 [M+H]™: 199.1117. Found: 119.1124.

a_b o 1-1sopropyl-2-(o-tolyloxy)benzene ~ (47).>*  Purified by  column
déh/oﬁ m chromatography (Hexane); colourless oil. '"H-NMR (500MHz) &: 7.34 (dd,
° e i Z 1H, Hy, Jot = 1.8 Hz, J4e = 7.3 Hz); 7.27-7.25 (m, 1H, Hy); 7.15-7.06 (m,

3H, Hetx); 7.02 (t, 1H, Hy, ik = Jim = 7.4 HZ); 6.76 (d, 1H, H;, Ji« = 8.0 Hz);
6.71 (dd, 1H, Hg, Jg = 1.6 Hz, Jg¢ = 7.8 Hz); 3.36 (sept, 1H, Hp, oo = 6.9 HZz); 2.32 (s, 3H, H,);
1.29 (d, 6H, H,, Jap = 7.1 Hz). *C{*"H}-NMR (125MHz) §: 155.5 (C;); 154.3 (Cy); 139.0 (Cy);
131.2 (Cp); 129.0 (Cy); 127.0 (Cq); 126.8 (Cy); 126.7 (Cy); 123.1 (Ce); 123.0 (C)); 117.8 (Cy);
117.6 (Cy); 27.2 (Cp); 22.9 (C,); 16.2 (Co). M/z (HRMS-APCI): calcd. for CysH160 [M+H]'™:
227.1430. Found: 227.1436.
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a o 1-(Tert-butyl)-2-(o-tolyloxy)benzene  (48).  Purified by  column
d\céyojiij m chromatography (Hexane); colourless oil. '"H-NMR (500MHz) &: 7.41 (dd,
e ; g | - I 1H, Hy, Jos = 1.4 Hz, J4 = 7.8 Hz); 7.28-7.26 (m, 1H, H); 7.15 (t, 1H, H,
Jij = 1= 7.3 Hz); 7.10 (t, 1H, Hy, Jre = Jrg = 7.7 HZz); 7.05-7.00 (m, 2H,
H.); 6.82 (d, 1H, H;, Jix = 8.0 Hz); 6.66 (dd, 1H, Hg, Jge = 0.9 Hz, Jo¢ = 8.0 Hz); 2.33 (s, 3H,
Ho); 1.48 (s, 9H, H,). *C{*H}-NMR (125MHz) : 155.3 (C;); 155.1 (C;); 139.8 (C,); 131.2
(Cm); 129.6 (Cy); 127.1 (Cy); 127.1 (Cy); 127.0 (Cy); 123.2 (C)); 122.4 (C.); 118.7 (Cy); 118.0
(Cy); 34.8 (Cp); 30.1 (Cy); 16.4 (C,). M/z (HRMS-APCI): caled. for Ci7H»O [M+H]™:
241.1587. Found: 241.1591.

2-(o-Tolyloxy)-1,1'-biphenyl (49). Purified by column chromatography
q (Hexane); colourless oil. 'H-NMR (500MHz) &: 7.61 (d, 2H, H,, Jep, = 7.1
€ o Hz); 7.46 (dd, 1H, Hy, i, = 1.5 Hz, Jig = 7.7 Hz); 7.39 (t, 2H, Hy, Jpc = 7.6
i Hz); 7.32 (t, 1H, H,, Jap = 7.3 Hz); 7.29-7.24 (m, 1H, Hy); 7.22-7.15 (m, 2H,

Hgo); 7.11 (t, 1H, Hy, I = Imen = 7.6 Hz); 7.00 (t, 1H, Hp, Jom = dno = 7.4
Hz); 6.85 (d, 1H, H;, Jin = 8.1 Hz); 6.82 (d, 1H, H,, J.m = 8.1 H2); 2.24 (s, 3H, H,). ®*C{*H}-
NMR (125MHz) §: 155.1 (Cy); 154.1 (Cj); 138.0 (Cy); 132.7 (C,); 131.2 (Csy); 129.3 (Co);
129.2 (C,); 128.5 (Cy); 128.0 (Cp); 127.1 (C,), 127.0 (Cpy); 123.2 (Cy); 123.1 (Cy); 118.3 (Cy);
118.1 (Cj); 16.3 (Cy). M/z (HRMS-APCI): calcd. for CigH;,O [M+H]": 261.1274. Found:
261.1272.

a ! 1,3-Dimethyl-2-(o-tolyloxy)benzene (50).* Purified by chromatography
cﬁ:ﬁ)ﬁi (Hexane); colourless oil. 'H-NMR (500MHz) §: 7.24-7.21 (m, 1H, H;); 7.12-
d SN0 7.04 (M, 3H, Heg); 6.98 (dt, 1H, Hy, Jnj = 1.2 Hz, Jng = Jni = 6.9 Hz); 6.88 (¢,

IH, H;, Jin = Jij = 7.1 H2); 6.27 (d, 1H, Hy, Jgn = 8.1 Hz); 2.44 (s, 3H, H);
2.12 (s, 6H, Hy). ®C{'H}-NMR (125MHz) &: 155.7 (Cy); 151.5 (C.); 131.4 (Cy); 131.0 (Cy);
128.9 (C.); 126.7 (Cp); 126.0 (Cy); 124.8 (Cy); 120.9 (Ci); 111.8 (Cy); 16.2 (Cy); 16.1 (Cy). M/z
(HRMS-APCI): calcd. for Cy5H.,O [M+H]": 213.1274. Found: 213.1274.

cpd oot 9, 4-(3,5-Dimethylphenoxy)aniline  (51).>>  Purified by  column
:@ QNHZ chromatography (Hexane/ AcOEt : 100/0 to 90/10); brown oil. ‘H-NMR
(500MHz) 6: 6.88 (d, 2H, Hg, Jg.n = 8.8 Hz); 6.70 (d, 2H, Hy, Jng = 8.8
Hz); 6.68 (s, 1H, H.); 6.57 (s, 2H, Hy); 3.58 (broad s, 2H, NH,); 2.27 (s, 6H, H.). *C{"H}-NMR
(125MHz) 6: 158.8 (C.); 148.9 (C); 142.3 (Cy); 139.3 (Cp); 123.8 (C,); 121.1 (Cy); 116.3 (Cy);
114.9 (Cy); 21.3 (Co). M/z (HRMS-ESI+): calcd. for C1;HisNNaO [M+Na]*: 236.1046. Found:
236.1048.
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e b8 o N'Ijzj 2-(3,5-Dimethylphenoxy)aniline  (52). Purified by chromatography

]@ ;)] (Hexanel ACOEt : 100/0 to 90/10); brown oil. *H-NMR (S00MHz) 3: 7.00

h (dt, 1H, H;, Jig = 1.3 Hz, Jiy, = Jij = 7.6 Hz); 6.89 (dd, 1H, Hy, Jgi = 1.3 Hz,

Jgn = 7.9 Hz); 6.84 (dd, 1H, H;, Jjn = 1.3 Hz, J;; = 7.9 Hz); 6.76-6.71 (M, 2H, Hap, ); 6.61 (s, 2H,
Hq); 3.73 (broad s, 2H, NH,); 2.29 (s, 6H, H.). “C{*H}-NMR (125MHz) &: 157.5 (C.); 143.3
(C); 139.5 (Cp); 138.5 (Cy); 124.6 (C)); 124.4 (Cy); 120.2 (Cy); 118.8 (Cy); 116.5 (C;); 114.8
(Cy); 21.3 (Co). M/z (HRMS-ESI+): calcd. for CyHi;sNNaO [M+Na]*: 236.1046. Found:
236.1043.

6.2.9 — Synthesis of 1-(4-acetylphenyl)pyridin-2(1H)-one (41)

General procedure: The reactions were performed under nitrogen in 25 mL tubes in an
Amigochem Integrity 10 Parallel Reaction Block. A dry tube was charged with 2-
hydroxypyridine (114 mg, 1.2 mmol), 4-iodoacetophenone (246 mg, 1.0 mmol), caesium
carbonate (652 mg, 2 mmol), Cul (19 mg, 0.1 mmol) and ligand (0.1 mmol). The reaction tube
was evacuated and back-filled with nitrogen three times, then the solvent (2 mL) was added, and
the tube was placed in Integrity 10 Block (preheated at a slightly higher temperature than the
reflux temperature of the solvent) and the reaction was stirred for 24 h (1000 rpm). At the end of
the reaction the tube was cooled to room temperature, then the crude was diluted with = 2mL
DCM, filtered through celite and washed thoroughly with DCM (= 50 mL). 1 mL of a 0.5 M
solution of 1,3,5-trimethoxybenzene (internal standard) in DCM was added, and the crude
solution was analysed through gas chromatography. The isolated product was purified by
column chromatography (Biotage, Hexane/AcOEt : 96/4 to 60/30).

ho 9 White solid. "H-NMR (500MHz) &: 8.10 (d, 2H, Hy, Jyq = 8.7 Hz); 7.53
O N K (d, 2H, Hy, Jon = 8.7 Hz): 7.43 (ddd, 1H, Hy, Joe = 2.1 Hz, Jog = 6.7 Hz, J
ba N ( 1 ’ g» Yg-h — O. Z)’ . ( ’ ’ Cy vec-e — & Z! cd — Y. Z! c-b
L ef =9.1 Hz); 7.34 (ddd, 1H, He, Je., = 0.6 Hz, Jo.c = 2.0 Hz, Joq = 6.9 Hz); 6.68
d (d, 1H, Hy, Jo.c = 9.3 Hz); 6.29 (dt, 1H, Hg, Jup = 1.3 HZ, Ju.c = Jge =
6.7 Hz); 2.65 (s, 3H, Hy). *C{"H}-NMR (125MHz) 5: 196.9 (C)); 162.1 (C.); 144.7 (C); 140.1
(Co); 137.1 (Ce); 136.8 (Cj); 129.4 (Cy); 126.8 (Cy); 122.2 (Cy); 106.3 (Cy); 26.7 (Cy). M/z
(HRMS-ESI+): calcd. for C13H,NO, [M+h]": 214.0863. Found: 214.0862.

6.2.10 — Synthesis of amides

General procedure: All catalytic reactions were performed under air in 25 mL glass
tubes in a Radley standard carousel. An oven dried tube was charged with the amide (1.2
mmol), the aryl iodide (1.0 mmol), potassium phosphate (424 mg, 2 mmol), Cul (19 mg, 0.1
mmol) and ligand (0.1 mmol). Isobutyl acetate (2 mL) was then added, the tube was placed in
the carousel (preheated at 150°C) and the reaction was stirred for 24 h (1000 rpm). At the end of

the reaction the tube was cooled to room temperature, then the crude was diluted with ~ 2mL
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DCM, filtered through celite and washed thoroughly with DCM (= 50 mL). 1 mL of a 0.5 M
solution of 1,3,5-trimethoxybenzene (internal standard) in DCM was added, and the crude
solution was analysed through 'H-NMR. lIsolated compounds were purified by column
chromatography.

Chemicals used for screening in green solvents (Chapter 2, section 2.6): Sigma
Aldrich Cul (98%); Alfa Aesar Cs,CO; (99+% metal basis), Alfa Aesar K3;PO, (97%,
anhydrous, granular); Alfa Aesar 4-iodoanisole (98+%); Sigma Aldrich benzamide (99%).
Solvents: Sigma Aldrich MeOAc (for HPLC, >99.8%); VWR Prolabo EtOAc (GPR Rectapur,
min 99.0%); Sigma Aldrich n-PrOAc (99%); Alfa Aesar i-PrOAc (99+%); Sigma Aldrich n-
BuOAc (anhydrous, >99%); Sigma Aldrich t-BuOAc (>99%); Alfa Aesar i-BuOAc (98%);
Sigma Aldrich n-AmOAc (99%); Sigma Aldrich i-AmOAc (reagent grade, 98%); Merck
Isosorbide Dimethyl ether (for synthesis, >98%); Sigma Aldrich Diethyl carbonate (>99%).

| OMe N-(4-Methoxyphenyl)benzamide (54).** Purified by column
©)L Q/ chromatography (Hexane/EtOAc: 95/5 to 80/20). White solid, yield
83% (189 mg, 0.83 mmols). ‘H-NMR (300MHz) &: 7.87 (d, 2H, H,
Jeb = 6.8 Hz); 7.78 (broad s, 1H, NH); 7.59-7.44 (m, 5H, Hap); 6.92 (d, 2H, Hy, Jng = 9.1 Hz);
3.82 (s, 3H, H)). *C{"H}-NMR (75MHz) &: 165.6 (C.); 156.6 (C;); 135.0 (Cy); 131.7 (C);
131.0 (Cy); 128.7 (Cy); 127.0 (Co); 122.1 (Cy); 114.2 (Cy); 55.5 (Cj). M/z (HRMS-ESI+): calcd.
for C14H:sNNaO, [M+Na]*: 250.0838. Found: 250.0837.

o h . N-Phenylbenzamide (55).>* Purified by column chromatography
bij)eLNJ;) (Hexane/EtOAc: 90/10 to 80/20). White solid, yield 85% (167 mg, 0.85
; mmols). "H-NMR (500MHz) &: 7.89 (d, 2H, Hc, J., = 7.1 Hz); 7.81 (broad
s, 1H, NH); 7.66 (d, 2H, Hy, Jgn = 7.7 Hz); 7.60-7.54 (m, 1H, H,); 7.51 (t, 2H, Hp, Jb-a = Jpc =
7.5 Hz); 7.39 (t, 2H, Hp, Jg = dni = 7.9 Hz); 7.17 (t, 1H, H;, Jiy, = 7.3 Hz). ®*C{'"H}-NMR
(125MH2z) &: 165.6 (C.); 138.1 (Cy); 135.3 (Cy); 131.8 (C,); 129.1 (Cy); 128.8 (Cp); 127.0 (Cy);
124.6 (Ci); 120.3 (Cg). M/z (HRMS-ESI+): calcd. for Cy3H;,NO [M+H]": 198.0913. Found:
198.0918.

o N-(4-Acetylphenyl)benzamide ~ (56).>*  Purified by  column
c 99 I "k chromatography (Hexane/EtOAc: 85/15 to 65/35). Yellow solid, yield
59% (141 mg, 0.59 mmols). *H-NMR (500MHz) : 8.03-7.99 [(d, 2H,
Hh, Jng = 8.8 Hz), and (broad s, 1H, NH)]; 7.90 (d, 2H, H¢, Je = 7.1
Hz); 7.78 (d, 2H, Hg, Jgn = 8.8 Hz); 7.60 (t, 1H, Hy, Jap = 7.5 Hz); 7.53 (t, 2H, Hp, Jpa = Jpc =
7.6 Hz); 2.61 (s, 3H, Hy). “C{'H}-NMR (125MHz) §: 196.6 (C;); 165.7 (C.); 142.3 (Cy); 134.7
(Cq); 133.5 (Cj); 132.2 (Cy); 129.8 (Cp); 129.0 (Cp); 127.1 (Co); 119.4 (Cy); 26.3 (Cy). M/z
(HRMS-ESI+): calcd. for C15H;4NO, [M+H]": 240.1019. Found: 240.1020.
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o i i ome 4-Methoxy-N-(4-methoxyphenyl)benzamide (57).* Purified by
i(dj)ka /@ “ " column chromatography (Hexane/EtOAc: 90/10 to 20/80). Yellow
: " solid, yield 67% (173 mg, 0.67 mmols). "H-NMR (500MHz) &:
7.84 (d, 2H, Hg, Jgc = 9.0 Hz); 7.65 (broad s, 1H, NH); 7.53 (d, 2H,
H, Jni = 9.0 Hz); 6.98 (d, 2H, He, J.. = 8.8 Hz); 6.92 (d, 2H, H;, Jin = 9.0 Hz); 3.88 (s, 3H, H.);
3.82 (s, 3H, Hy). “C{'H}-NMR (125MHz) &: 165.1 (Cy); 162.6 (Cy); 156.8 (C;); 131.4 (Cy);
128.8 (Cy); 127.5 (C,); 122.2 (Cy); 114.5 (C,); 114.1 (Cy)); 55.6 (C,); 55.5 (C\). M/z (HRMS-
ESI+): calcd. for Ci5H;sNNaO3z; [M+Na]*: 280.0944. Found: 280.0948.

a
MeO

o |, 4-Methoxy-N-phenylbenzamide (58).>  Purified by column
c de . N@ chromatography (Hexane/EtOAc: 95/5 to 70/30). White solid, yield
VO 5 " 88% (200 mg, 0.88 mmols). '*H-NMR (500MHz) &: 7.85 (d, 2H, Hg, Jg.

¢ =8.8 Hz); 7.74 (broad s, 1H, NH); 7.64 (d, 2H, Hy, J.i = 8.5 Hz); 7.38
(t, 2H, H;, Jin = Jiy = 7.9 Hz); 7.15 (t, 1H, H;, J;i = 7.4 Hz); 6.99 (d, 2H, H, J..4 = 8.8 Hz); 3.89
(s, 3H, Ho). *C{*H}-NMR (125MHz) &: 165.1 (Cy); 162.7 (Cy); 138.3 (C,); 129.1 (Cy); 128.9
(Cy); 127.5 (Ce); 124.4 (Cj); 120.3 (Cy); 114.1 (C¢); 55.5 (C,). M/z (HRMS-ESI+): calcd. for

C1H13NNaO, [M+Na]*: 250.0838. Found: 250.0837.

. K, om N-(4-Methoxyphenyl)-3-(trifluoromethyl)benzamide (59).%° Purified

LA [ N/i©/ by column chromatography (Hexane/EtOAc: 90/10 to 60/40). Orange

c@iLH solid, yield 66% (195 mg, 0.66 mmols). ‘H-NMR (500MHz) 5: 8.12 (s,

CF 1H, H.); 8.04 (d, 1H, H,, J. = 7.5 Hz); 7.90 (broad s, 1H, NH); 7.79 (d,

1H, H¢, Jep = 7.7 HZ); 7.60 (t, 1H, Hp, Jpa = Joc = 7.7 HZ); 7.53 (d, 2H,

H;, Jjx = 8.8 Hz); 6.91 (d, 2H, Hy, Jij = 9.0 Hz); 3.82 (s, 3H, Hyy). *C{'H}-NMR (125MHz) 5:

164.3 (Cp); 157.0 (Cy); 135.9 (Cy); 131.3(Cq, q, Jc-r = 32 Hz); 130.5 (Cy); 130.3 (C,); 129.4 (Cy);

128.2 (C, q, Jcr = 3 Hz); 124.0 (Ce, q, Jor = 3 Hz); 123.7 (Cy, q, Jcr = 272 Hz); 122.4 (C));

114.3 (Cy); 55.5 (Cy). M/z (HRMS-ESI+): calcd. for CisH1,FsNNaO, [M+Na]": 318.0712.
Found: 318.0713.

o | k_, N-Phenyl-3-(trifluoromethyl)benzamide (60).°" Purified by column

a /© chromatography (Hexane/EtOAc: 95/5 to 80/20). Off-white solid, yield

c e 81% (216 mg, 0.81 mmols). "H-NMR (500MHz) &: 8.12 (s, 1H, H,); 8.07
S (broad s, 1H, NH); 8.04 (d, 1H, H,, J., = 8.0 Hz); 7.79 (d, 1H, H, J., = 7.8
Hz); 7.64 (d, 2H, H;, J;« = 8.0 Hz); 7.60 (t, 1H, Hy, Jpa = Jpc = 7.8 Hz); 7.37 (t, 2H, Hy, J«j = Ik
= 7.9 Hz); 7.18 (t, 1H, H,, Ji« = 7.3 Hz). “C{'H}-NMR (125MHz) &: 164.4 (C;); 137.5 (Cy);
135.8 (Cy); 131.3 (Cy, q, Jcr = 33 Hz); 130.4 (C,); 129.4 (Cy); 129.1 (Cy); 128.3 (C, q, Jcr = 4
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Hz); 125.0 (C); 124.1 (C., q, Jcr = 4 Hz); 123.6 (Cy, q, Jcr = 273 Hz); 120.5 (Cj). M/z
(HRMS-ESI+): calcd. for C14H;oFsNNaO [M+Na]*: 288.0607. Found: 288.0604.

0 N-(4-Acetylphenyl)-3-(trifluoromethyl)benzamide (61). Purified by

2 o M n  column chromatography (Hexane/EtOAc: 85/15 to 60/40). White
b .
(DAL solid, yield 56% (173 mg, 0.56 mmols). "H-NMR (500MHz) 5: 8.45
C‘é3 (broad s, 1H, NH); 8.15 (s, 1H, H.); 8.09 (d, 1H, H., J., = 7.8 Hz);

7.97 (d, 2H, Hy, Jij = 8.5 Hz); 7.83-7.77 (m, 3H, H)); 7.63 (t, 1H, H,
Jba = Jpc = 7.8 Hz); 2.59 (s, 3H, H,)). *C{*H}-NMR (125MHz) §: 197.2 (C,,); 164.5 (Cy); 142.0
(C); 135.3 (Cy); 133.4 (C); 131.4 (Cqy, 0, Jor = 33 Hz); 130.5 (Cy); 129.8 (C\); 129.5 (Cp); 128.7
(Ce, 0, Jor = 4 Hz); 124.1 (Ce, 0, Jor = 4 Hz); 123.5 (Cy, G, Jor = 273 Hz): 119.6 (C)); 26.4 (C,).
M/z (HRMS-ESI+): calcd. for CigH13FsNO, [M+H]": 308.0898. Found: 308.0909.

o h . OMe N-(4-Methoxyphenyl)cyclohexanecarboxamide (62).® Purified by
b @QGLNQ/ " column chromatography (Hexane/EtOAc: 85/15 to 70/30). White solid,
a : yield 71% (165 mg, 0.71 mmols). *H-NMR (500MHz) &: 7.43 (d, 2H,
Hg, Jg-n = 9.0 Hz); 7.04 (broad s, 1H, NH); 6.86 (d, 2H, Hy, Jn.q = 9.0 Hz); 3.80 (s, 3H, H;); 2.25-
1.21 (6 multiplets, 11H, H.q). *C{*H}-NMR (125MHz) §: 174.1 (C.); 156.3 (C)); 131.2 (Cy);
121.6 (Cy); 114.1 (Cy); 55.5 (Cj); 46.4 (Cy); 29.7 (Co); 25.7 (Cap). M/z (HRMS-ESI+): calcd.
for C14H1sNNaO, [M+Na]": 256.1308. Found: 256.1305.

o AN N-Phenylcyclohexanecarboxamide  (63).°  Purified by column
b @Q&NQ chromatography (Hexane/EtOAc: 95/5 to 70/30). White solid, yield 78%
a " (159 mg, 0.78 mmols). "H-NMR (500MHz) 5: 7.53 (d, 2H, Hg, Jgn = 7.9
Hz); 7.32 (t, 2H, Hy, Jng = Jni = 7.9 Hz); 7.16 (broad s, 1H, NH); 7.10 (t, 1H, H;, Ji, = 7.4 Hz);
2.28-1.24 (6 multiplets, 11H, H..q). *C{"H}-NMR (125MHz) §: 174.1 (C.); 138.3 (C;); 129.0
(Ch); 124.1 (Cj); 119.9 (Cy); 46.6 (Cy); 29.8 (Co); 25.8 (Cy); 25.7 (Cp). M/z (HRMS-ESIH):
calcd. for Cy3H1gNO [M+H]": 204.1383. Found: 204.1384.

h 9 N-(4-Acetylphenyl)cyclohexanecarboxamide (64). Purified by

c 99 I "k column chromatography (Hexane/EtOAc: 85/15 to 65/35). White
solid, yield 72% (177 mg, 0.72 mmols). ‘H-NMR (500MHz) &: 7.94
(d, 2H, Hy, Jn.g = 8.8 Hz); 7.64 (d, 2H, Hy, J4-n = 8.8 Hz); 7.35 (broad s,
1H, NH); 2.58 (s, 3H, H,); 2.31-1.22 (6 multiplets, 11H, H,4). “C{*H}-NMR (125MHz) §:
196.6 (C;); 174.3 (C,); 142.5 (Cy); 133.1 (Cj); 129.7 (Cy); 119.0 (Cy); 46.7 (Cy); 29.7 (C.); 26.2
(Cy); 25.7 (Cy); 25.7 (Cp). M/z (HRMS-ESI+): calcd. for CisHNO, [M+H]": 246.1489.
Found: 246.1489.
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o 9, oMe 1-(4-Methoxyphenyl)pyrrolidin-2-one  (65).* Purified by column
i @ @/ ' chromatography (Hexane/EtOAc: 85/15 to 55/45). White solid, yield 97%

g (185 mg, 0.97 mmols). ‘H-NMR (500MHz) §: 7.50 (d, 2H, H, Jrg = 8.9

Hz); 6.91 (d, 2H, Hg, Jy¢ = 8.9 Hz); 3.83 (t, 2H, Hp, Joc = 7.1 Hz); 3.81 (s,

3H, H); 2.60 (t, 2H, Hg, Joc = 8.0 Hz); 2.16 (quint, 2H, He, Je = Jeq = 7.8 Hz). *C{*H}-NMR
(125MHz) &: 173.9 (C,); 156.6 (Cy); 132.6 (Ce); 121.8 (Cy); 114.0 (Cy); 55.5 (Ci); 49.2 (Cp);
32.4 (Cy); 18.0 (C.). M/z (HRMS-ESI+): calcd. for C1;H;3sNNaO, [M+Na]": 214.0838. Found:
214.0842.

oo g ) 1-Phenylpyrrolidin-2-one  (66).° Purified by column chromatography
b@/e@ (Hexane/EtOAc: 90/10 to 60/40). White solid, yield 97% (157 mg, 0.97
d mmols). ‘H-NMR (500MHz) &: 7.62 (d, 2H, Hy, Jry = 8.0 Hz); 7.38 (t, 2H, H,
Jogt = Jgn = 7.8 Hz); 7.15 (t, 1H, Hy, Jng = 7.2 Hz); 3.87 (t, 2H, Hp, Jpc = 7.0
Hz); 2.62 (t, 2H, Hg, Joc = 8.0 Hz); 2.17 (quint, 2H, Hc, Jop = Jeg = 7.5 Hz). *C{*H}-NMR
(125MHz) &: 174.1 (C,); 139.4 (Ce); 128.8 (Cy); 124.5 (Cy); 119.9 (Cy); 48.7 (Cp); 32.7 (Cy);
18.0 (C,). M/z (HRMS-ESI+): calcd. for CoH;,NO [M+H]™: 162.0913. Found: 162.0911.

e, o 1-(4-Acetylphenyl)pyrrolidin-2-one  (67).°  Purified by column
ao /©)'J\ I chromatography (Hexane/EtOAc: 85/15 to 50/50). White solid, yield 87%
bé ° (176 mg, 0.87 mmols). *H-NMR (500MHz) 8: 7.98 (d, 2H, Hy, Jy¢ = 8.8
° Hz); 7.76 (d, 2H, Hy, Ji.q = 8.8 Hz); 3.92 (t, 2H, Hy, Joc = 7.1 Hz); 2.66 (t,
2H, Hy, Joc = 8.1 Hz); 2.59 (s, 3H, H;); 2.21 (quint, 2H, He, Jep = Jea = 7.6 Hz). “C{'H}-NMR
(125MHz) &: 196.7 (C)); 174.5 (C;); 143.7 (C.); 133.1 (Cy); 129.3 (Cy); 118.8 (Cy); 48.5 (Cy);
32.8 (Cq); 26.3 (Cj); 17.9 (C.). M/z (HRMS-ESI+): calcd. for Ci;HisNNaO, [M+Na]™:
226.0838. Found: 226.0842.

d

o g ove 1-(4-Methoxyphenyl)pyridin-2(1H)-one  (68).** Purified by column
bﬁj\‘@/ chromatography (Hexane/EtOAc: 90/10 to 40/60). Yellow solid, yield 95%
¢ d/ e (192 mg, 0.95 mmols). ‘H-NMR (500MHz) &: 7.38 (ddd, 1H, H,, Je. = 2.1

Hz, Je.q = 6.7 Hz, Jop = 9.1 Hz); 7.34-7.27 (M, 3H, Heg); 6.99 (d, 2H, Hy, Jng
= 9.0 Hz); 6.65 (d, 1H, Hy, Joc = 9.3 Hz); 6.22 (dt, 1H, Hy, Jgp = 1.4 Hz, Jg¢ = Jg = 6.7 H2);
3.84 (s, 1H, H;). ®C{'H}-NMR (125MHz) &: 162.6 (C.); 159.4 (C;); 139.7 (C.); 138.3 (C.);
133.8 (Cy); 127.5 (Cy); 121.7 (Cp); 114.5 (Cy); 105.7 (Cy); 55.5 (Cj). M/z (HRMS-ESI+): calcd.
for C1,H;;NNaO, [M+Na]": 224.0682. Found: 224.0679.
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o g h . 1-Phenylpyridin-2(1H)-one (69)." Purified by column chromatography
bo @ (Hexane/EtOAc: 85/15 to 50/50). Off-white solid, yield 98% (167 mg, 0.98
e NFe mmols). "H-NMR (500MHz) &: 7.50 (t, 2H, Hy, Jng = Jni = 7.6 Hz); 7.45-7.37

(M, 4H, Heg); 7.34 (dd, 1H, He, Je = 2.1 Hz, Je.g = 6.9 H2); 6.68 (d, 1H, Hy, Joc
= 9.2 Hz); 6.25 (t, 1H, Hg, Ju.c = Jge = 6.5 Hz). *C{'H}-NMR (125MHz) §: 162.4 (C,); 140.9
(Cp); 139.8 (Co); 138.0 (Ce); 129.3 (Cp); 1285 (Ci); 126.5 (Cy); 121.9 (Cp); 105.9 (Cq). M/z
(HRMS-ESI+): calcd. for C;;HgNNaO [M+Na]": 194.0576. Found: 194.0574.

. |, N-Phenylnicotinamide (70).% Purified by column chromatography
hée)kaQ (Hexane/EtOAc: 85/15 to 20/80). Yellow solid, yield 61% (121 mg, 0.61
| : mmols). ‘H-NMR (500MHz) &: 9.08 (s, 1H, H,); 8.72 (d, 1H, Hp, Jpc = 3.9

Hz); 8.42 (broad s, 1H, NH); 8.20 (d, 1H, H, Je = 7.9 Hz); 7.66 (d, 2H,
Hn i = 7.9 Hz); 7.43-7.33 (m, 3H, H.); 7.17 (t, 1H, H;, J. = 7.5 Hz). “C{*H}-NMR
(125MHz) &: 164.0 (Cy); 152.2 (Cy); 147.9 (C,); 137.5 (C,); 135.5 (Cy); 130.9 (Ce); 129.1 (C);
125.0 (Cj); 123.7 (C.); 120.6 (Cy). M/z (HRMS-ESI+): calcd. for Cy,HioNo,NaO [M+Na]™:
221.0685. Found: 221.0683.

. N-(1-(2-Chlorophenyl)-1H-indazol-5-yl)benzamide (71). Purified by
5 g column chromatography (Hexane/EtOAc: 90/10 to 30/70). Yellow solid,
@ yield 31% (109 mg, 0.31 mmols). "H-NMR (500MHz) &: 8.22 (d, 1H,
Hg, Jg1 = 1.1 Hz); 8.19 (s, 1H, H;); 8.14 (broad s, 1H, NH); 7.91 (d, 2H,

He, Je = 7.0 Hz); 7.62-7.58 (m, 1H, H,); 7.58-7.53 (m, 1H, H,); 7.53-
7.50 (m, 2H, H,,); 7.50-7.47 (m, 2H, Hy); 7.46-7.41 (m, 2H, H,); 7.22 (d, 1H, Hy, Jx1 = 8.9
Hz). ®C{"H}-NMR (125MHz) &: 165.9 (C.); 138.2 (C;); 137.2 (Cy); 135.7 (Cj); 135.1 (Cy);
132.1 (Cy); 131.8 (C,); 131.7 (Cy); 130.8 (C,); 129.9 (C,); 129.5 (C,); 128.8 (Cy); 127.7 (Cy);
127.1 (C); 124.7 (Cy); 122.0 (C)); 112.5 (Cy); 110.9 (Cy). M/z (HRMS-ESI+): calcd. for

C0H14CIN;NaO [M+Na]*: 370.0718. Found: 370.0720.

o o2 N-(o-Tolylbenzamide (72).°" Purified by column chromatography
bl i (Hexane/EtOAc: 90/10 to 80/20). White solid, yield 57% (121 mg, 0.57
a | mmols). *H-NMR (500MHz) &: 7.97 (d, 1H, Hg, Jo:, = 7.9 Hz); 7.90 (d,
2H, He, Hep = 7.3 Hz); 7.69 (broad s, 1H, NH); 7.58 (t, 1H, H,, Jap = 7.5 Hz); 7.54-7.49 (m, 2H,
Hp); 7.30-7.23 (m, 2H, H;p); 7.14 (dt, 1H, H;, Jiy = 1.1 Hz, Jiy = Jij = 7.5 Hz); 2.36 (s, 3H, H)).
BC{'H}-NMR (125MHz) §: 165.6 (Ce); 136.0 (Cy); 135.3 (Cy); 131.8 (C,); 130.6 (Cj); 129.3
(CW); 128.9 (Cp); 127.1 (C,); 127.0 (Cy); 125.4 (Cy); 123.3 (Cy); 17.7 (C)). M/z (HRMS-ESI+):

calcd. for C14H;3sNNaO [M+Na]": 234.0889. Found: 234.0893.
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. |, 4-Methoxy-N-(o-tolyl)benzamide (73).%2  Purified by column
ﬁ”@ k chromatography (Hexane/EtOAc: 95/5 to 70/30). White solid, yield
oS "o U 5506 (133 mg, 0.55 mmols). *H-NMR (500MHz) 5: 7.96 (d, 1H, H,
Jni = 8.0 Hz); 7.87 (d, 2H, H, Juc = 8.5 Hz): 7.60 (broad s, 1H, NH);
7.29-7.22 (m, 2H, Hiy); 7.12 (t, 1H, H;, Jjs = Jj = 7.3 Hz); 7.00 (d, 2H, He, Jow = 8.7 Hz); 3.89
(s, 3H, Hy); 2.35 (s, 3H, Hy). “C{*H}-NMR (125MHz) §: 165.1 (Cy); 162.5 (Cp); 136.0 (Cy);
130.5 (C); 129.0 (C)); 128.9 (Co); 127.3 (C); 126.9 (C); 125.1 (C)); 123.0 (Cy); 114.0 (Cy);
55.5 (C,); 17.8 (Cy). M/z (HRMS-ESI+): calcd. for CsHisNNaO, [M+Na]*: 264.0995. Found:
264.0997.

o K, N-(o-Tolyl)-3-(trifluoromethyl)benzamide (74). Purified by column
b ij)#”/'@m chromatography (Hexane/EtOAc: 95/5 to 70/30). Off-white solid, yield
cNFe o 36% (101 mg, 0.36 mmols) *H-NMR (500MHz) &: 8.16 (s, 1H, H.); 8.07

S (d, 1H, Ha, Jop = 7.6 Hz); 7.87-7.81 (M, 2H, Hy); 7.70 (broad s, 1H, NH);

7.65 (t, 1H, Hy, Jo.a = Jp.c = 7.8 H2); 7.30-7.22 (M, 2H, Hy); 7.16 (t, 1H, Hy, Jix = Jim = 7.5 H2);
2.35 (s, 3H, Ho). *C{*H}-NMR (125MHz) §: 164.3 (C}); 135.8 (C;); 135.2 (C); 131.4 (Cq, Q.
Jcr = 33 Hz); 130.7 (Cyy); 130.2 (Cy); 129.9 (C.); 129.5 (Cp); 128.4 (C., q, Jcr = 4 Hz); 126.9
(Cy); 125.9 (C)); 124.2 (Ce, q, Jcr = 4 Hz); 123.6 (Cj); 123.6 (Cy, q, Jcr = 273 Hz); 17.8 (C,).
M/z (HRMS-ESI+): calcd. for CysH1,FsNNaO [M+Na]*: 302.0763. Found: 302.0760.

o AN N-(o-Tolyl)cyclohexanecarboxamide  (75).° Purified by column
b@cﬂekujfigj chromatography (Hexane/EtOAc: 95/5 to 70/30). White solid, yield 63%
a | (138 mg, 0.63 mmols). "H-NMR (500MHz) 5: 7.90-7.84 (m, 1H, H,);
7.24-7.17 (m, 2H, Hy;); 7.09-7.05 (m, 1H, H;); 6.98 (broad s, 1H, NH); 2.33-1.22 (6 multiplets,
14H, H.q)). “C{*H}-NMR (125MHz) &: 174.1 (C.); 135.8 (C¢); 130.4 (C)); 128.7 (C\); 126.8
(Ch); 124.9 (Cj); 123.0 (Cy); 46.4 (Cy); 29.9 (C.); 25.7 (Cap); 17.7 (C)). M/z (HRMS-ESI+):
calcd. for C14H;sNNaO [M+Na]": 240.1359. Found: 240.1357.

. g ) 1-(o-Tolyl)pyrrolidin-2-one  (76). Purified by column chromatography

@Qi (Hexane/EtOAc: 90/10 to 50/50). Yellow oil, yield 81% (141 mg, 0.81 mmols).

° ~d Jk '"H-NMR (500MHz) &: 7.31-7.20 (m, 3H, Hsy); 7.19-7.11 (m, 1H, Hy); 3.73

(t, 2H, Hyp, Jpc = 7.0 Hz); 2.59 (t, 2H, Hy, Jac = 8.0 HZz); 2.29-2.19 (m, 5H, H).

BC{*H}- NMR (125MHz) &: 174.3 (C,); 137.4 (C,); 135.5 (C;); 131.1 (C;); 127.8 (C;); 126.8

(Cy); 126.6 (Cy); 50.7 (Cp); 31.2 (Cy); 19.1 (Cp); 17.9 (Cy). M/z (HRMS-ESI+): calcd. for
C1:H13NNaO [M+Na]*: 198.0889. Found: 198.0885.
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o o h i N-(2-Benzamidobenzyl)benzamide (77). Purified by column
b @%H?@ io . chromatography (Hexane/EtOAc: 85/15 to 65/35). Off-white solid,
a I ”%#@p yield 30% (59 mg, 0.18 mmols). *H-NMR (500MHz) &: 10.44

9 (broad s, 1H, NH); 8.22 (dd, 2H, H¢, Je.a = 1.5 Hz, Jo, = 8.1

Hz); 8.01 (d, 1H, Hy, Jgn = 7.3 Hz); 7.76 (dd, 2H, Ho, Joq = 1.3 Hz, Jo,, = 8.3 Hz); 7.60-1.49 (m,
4H, Hapg); 743 (t, 2H, Hy, Jpo = Jpq = 7.6 Hz); 7.38 (dt, 1H, Hy, Jnj = 1.5 Hz, Jyg = Jyi = 8.1
Hz); 7.33 (dd, 1H, H;, Jjn = 1.4 Hz, J;; = 7.6 Hz); 7.17 (dt, 1H, H;, Jiy = 1.3 Hz, Jin = Ji; = 7.5
Hz); 6.93 (broad s, 1H, benzyl. NH); 4.59 (d, 2H, H,, J.nn = 6.4 Hz). “C{*H}-NMR (125MH2)
6: 168.3 (Cp); 166.6 (Ce); 136.8 (Cy); 134.9 (Cy); 133.7 (Cy); 131.9 (Cy); 131.7 (Cy); 130.6 (C));

130.1 (Cy); 128.9 (Cy); 128.7 (Cp); 128.5 (Cyp); 127.9 (Co); 127.1 (Cy); 125.5 (Cy); 125.3 (Cy);
41.1 (C). M/z (HRMS-ESI+): calcd. for Cy;H:sN,NaO, [M+Na]*: 353.1260. Found: 353.1263.

¢ o o N-Benzylbenzamide (78).** Purified by column chromatography
b©)$ﬂ/\©' (Hexane/EtOAc: 90/10 to 70/30). Yellow solid, different yields. 'H-
) : NMR (500MHz) &: 7.82-7.78 (m, 2H, H.); 7.51 (tt, 1H, H,, J,. = 1.2 Hz,
Jab = 7.3 Hz); 7.46-7.41 (m, 2H, Hy); 7.38-7.34 (m, 4H, Hyj); 7.34-7.28 (m, 1H, H;); 6.46 (broad
s, 1H, NH); 4.66 (d, 2H, H, Jrsgem = 5.6 Hz). *C{*"H}-NMR (125MHz) &: 167.3 (C,); 138.4
(Cy); 134.7 (Cy); 131.5 (C,); 128.8 (Cy); 128.6 (Cp); 127.9 (Cj); 127.6 (Cj); 127.0 (C,); 44.3 (Cy).
M/z (HRMS-ESI+): calcd. for Ci,H;3NNaO [M+Na]*: 234.0889. Found: 234.0889.

6.2.10.1 — Formation of isobutanol esters as side products

During the synthesis of amides in i-BuOAc, the corresponding isobutyl ester was formed
as a side product. Below are reported the characterisation data for the isobutyl esters recovered.
The different yields obtained for these compounds are reported in Chapter 2, and will not be

reported here.

e 9 Isobutyl benzoate (79).®° Yellow oil. *H-NMR (500MHz) §: 8.07 (d, 2H,
bQ%O“g(h He, Job = 8.3 Hz); 7.57 (t, 1H, Ha, Jop = 7.5 Hz); 7.45 (t, 2H, Hp, Joa = Jpc =
’ 7.7 Hz); 4.12 (d, 2H, Hs, Jiq = 6.6 Hz); 2.10 (sept, 1H, Hg, Jys = Jgn = 6.7
Hz); 1.04 (d, 6H, Hy, Jng = 6.8 Hz). "C{'H}-NMR (125MHz) §: 166.6 (C.); 132.7 (C,); 130.8
(Cy); 129.6 (Cy); 128.3 (C.); 71.0 (Cy); 28.0 (Cy); 19.2 (Cy).

Isobutyl 4-methoxybenzoate (80).% Yellow oil. *H-NMR (500MHz) &:

(o]
d g
. Oﬁ"“ﬁ 8.02 (d, 2H, Hy, Jo. = 8.7 Hz): 6.93 (d, 2H, He, Jo = 8.9 Hz): 4.08 (d,
P 2H, Hg, Jg-n = 6.4 Hz); 3.87 (s, 3H, H,); 2.08 (sept, 1H, Hp, Jh.g = Jn.i = 6.7
Hz); 1.03 (d, 6H, H;, Jin, = 6.6 Hz). *C{*H}-NMR (125MHz) &: 166.4 (C;); 163.3 (C;); 131.5
(Cy); 123.0 (Ce); 113.5 (C.); 70.7 (Cy); 55.4 (Cy); 27.9 (Cp); 19.2 (C)).
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o Isobutyl 3-(trifluoromethyl)benzoate (81). Yellow oil. *H-NMR (500MHz)

a
bgj)“kodjfk 8:8.31 (s, 1H, He); 8.25 (d, 1H, Ha, Jap = 7.8 Hz); 7.82 (d, 1H, H, Jop = 7.8
&, Hz); 7.60 (t, 1H, Hy, Joa = Joec = 7.8 H2); 4.16 (d, 2H, H;, Ji; = 6.6 Hz); 2.12
’ (sept, 1H, H;, Jii = Jjx = 6.7 Hz); 1.04 (d, 6H, Hy, Ji; = 6.6 H2).
BC{*H}-NMR (125MHz) &: 165.3 (Cy); 132.7 (Cy); 131.4 (C,); 131.0 (Cy, G, Jer = 33 H2);
129.3 (C,, 9, Jer = 4 Hz); 129.0 (Cp); 126.4 (C, q, Jor = 4 H2); 124.7 (Cy, 0, Jer = 272 Hz);

715 (Ci); 27.9 (C)); 19.1 (Cy).

a g Isobutyl nicotinate (82). Orange oil. *"H-NMR (500MHz) &: 9.25 (s, 1H,
b'@iﬁ)fkoﬁhf H.); 8.78 (d, 1H, Hy, Jo.c = 4.1 Hz); 8.32 (dt, 1H, Hq, Jg.a = Jao = 1.9 HZ, Jg.c =
c 8.0 Hz); 7.41 (dd, 1H, H¢, Jen = 4.9 HZ, Jo.q = 7.9 HZ); 4.15 (d, 2H, Hy, Jgn =
6.6 Hz); 2.11 (sept, 1H, Hy, Jig = Jni = 6.7 Hz); 1.04 (d, 6H, H;, Jiy, = 6.8 Hz). *C{*H}-NMR
(125MHz) &: 165.2 (Cy); 153.2 (Cp); 150.8 (Cy); 137.1 (Cy); 126.5 (Ce); 123.3 (Co); 71.4 (Cy);

27.9 (Cy); 19.1 (C)).

6.3 — Experimental for Chapter 3
6.3.1 — Synthesis of Cu complexes

General procedure: Unless otherwise specified, the synthesis of complexes was
performed on 200 mg of picolinamide ligands (2 eq.), at room temperature under nitrogen, using
standard Schlenk techniques. A solution of of Cul (1 eq.) in 15-20 mL of dry acetonitrile was
added to a solution of ligand (2 eg.) and Cs,COs (1 eq.) in the same solvent. The solution was
stirred at room temperature for 15-20 hours. At the end of the reaction the solvent was
evaporated under reduced pressure, and the residual solid dissolved in DCM or MeOH. The
solution was filtered, and recrystallised through vapour diffusion of Et,O under air. Alternative
recrystallisation methods are reported if used. All of the control reactions described in Chapter 3
were performed in the same way. All yields reported below refer to recrystallised products. All
complexes are stable in air. The general structure of the complexes is reported below.

[N.B. HRMS data could not be obtained for all the complexes, due to dissociation of
ligand in the electrospray process. Where HRMS data could be obtained, peaks corresponding
to H" or Na" adducts of the expected compound are reported as [Cu(L),+H]" or [Cu(L),+Na]".
In other cases, adducts of the type [Cu(LH),]" were observed (LH = protonated ligand). These
peaks would correspond to a Cu(l) species. Redox processes in electrospray conditions are

known for copper complexes.®” %]
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C11 (R = Ry = H), Type I. Obtained from reaction with L11. Recrystallised from DCM/Et,0.
Dark green crystals, 172 mg, 75%. Anal: calcd. for C,4H;3CuN,O,: C, 62.94; H, 3.96; N, 12.23.
Found: C, 62.90; H, 3.90; N, 12.10. M/z (HRMS-ESI+): calcd. for Cy4H,,CuN,O, [Cu(LH),]":
459.0882. Found: 459.0884.

C18 (R = 2,4,6-Me), Type IV. Obtained from reaction with L18. Recrystallised from
MeOH/Et,0. Light green powder, 210 mg, 61%. Anal: calcd. for C3H3CuN,O,Csl: C, 44.93;
H, 3.77; N, 6.99; 1, 15.82. Found: C, 44.70; H, 3.70; N, 6.90; I, 16.20. M/z (HRMS-ESI+)
(direct injection): calcd for CyH3;CuN,O, [Cu(L),+H]": 542.1738. Found: 542.1719. ***Cs-
NMR (500MHz) 8 (MeCN-ds): 39.8.

C20 (R = 2,4-OMe, R; = H), Type I. Obtained from reaction with L20 (500 mg).
Recrystallised from DCM/Et,0. Dark green powder, 190 mg, 36%. Anal: calcd. for
CasH2sCuN,Os: C, 58.18; H, 4.53; N, 9.69. Found: C, 58.50; H, 4.50; N, 9.60.

C22 (R = 2-CI-6-Me, R; = H), Type Il. Obtained from reaction with L22. Recrystallised from
DCM/Et,0. Dark crystals, 152 mg, 67%. Anal: calcd. for C,gH2CI,CuN4O,: C, 56.28; H, 3.63;
N, 10.10. Found: C, 57.00; H, 4.00; N, 9.60. M/z (HRMS-ESI+): calcd. for CxH2 Cl,CuN,0O;
[Cu(L),+H]": 554.0332. Found: 554.0334.

C23 (R = 3-NO,, R; = H), Type I. Obtained from reaction with L23 (500 mg). Recrystallised
from a MeCN solution at 4°C. Considerable amounts of insoluble solid led to difficulty in the
purification process. Dark green powder, 272 mg, 48%. Anal: calcd. for C,4H;sCuNgsOg-H,0: C,
50.93; H, 3.21; N, 14.85. Found: C, 50.90; H, 2.90; N, 15.15. M/z (HRMS-ESI+): calcd. for
C24H1sCUNGOg [Cu(LH),]": 549.0584. Found: 549.0584.

C25 (R = 4-Ac, Ry = H), Type I. Obtained from reaction with L25. Recrystallised from
DCM/Et,0. Dark crystals, 185 mg, 81%. Anal: calcd. for C,3H»,CuN,O,4: C, 62.04; H, 4.09; N,

10.34. Found: C, 61.60; H, 4.00; N, 10.15.

C26 (R = 3,5-CF3, R; = H), Type Ill. Obtained from reaction with L26. Recrystallised from
DCM/Et,0. Bright blue-green crystals, 177 mg, 79%. Anal: calcd. for CygH14F1,CuN4O,-H,0:
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C, 44.96; H, 2.16; N, 7.49. Found: C, 45.50; H, 1.90; N, 7.50. M/z (HRMS-ESI+): calcd. for
CasH15F1,CUN,O; [Cu(L),+H]": 730.0294. Found: 730.0297.

C27 (R = 2-F, Ry = H), Type I. Obtained from reaction with L27 (300 mg). Recrystallised from
DCM/Et,0. Dark green crystals, 287 mg, 83%. Anal: calcd. for CyH;6F,CuN,4O,: C, 58.36; H,
3.27; N, 11.34. Found: C, 58.10; H, 3.25; N, 11.20. M/z (HRMS-ESI+): calcd. for
Ca4H17F2,CuN,O, [Cu(L),+H]": 494.0610. Found: 494.0589.

C28, Type V (mononuclear). Obtained from L28 (R = 2-Cl) or L29 (R = 2-Br). Recrystallised
from DCM/Et,0. Dark green crystals, 105 mg, 54%. Anal: calcd. for C,4H;sCuN4O,-CH,ClI,: C,
55.51; H, 3.35; N, 10.36; Cl, 13.11. Found: C, 55.70; H, 3.10; N, 10.70; CI, 12.50. M/z
(HRMS-ESI+): calcd. for CpH1;CuN,O, [M+H]": 456.0642. Found: 456.0643.

C28na (R = 2-Cl, R; = H), Type I. Obtained from L28 using Na,CO; as base at 70°C.
Recrystallised from MeOH/Et,0O. Dark green crystals, 112 mg, 43% (molecular formula as from
elemental analysis). Anal: calcd. for CyH16CIl,CuN40,-0.2 Nals: C, 47.44; H, 2.65; N, 9.22.
Found: C, 47.50; H, 2.70; N, 9.20.

C30, Type V (trinuclear). Obtained from reaction with L30 (R = 2-I). Recrystallised from
DCM/Et,0. Dark green crystals, 190 mg, 98%. Anal: calcd. for C;,H,gl,CusN1,04-9 CH,CIy: C,
40.77; H, 2.79; N, 7.04. Found: C, 40.50; H, 2.30; N, 7.30.

C31 (R =3-F, Ry = H), Type I. Obtained from reaction with L31 (500 mg). Recrystallised from
MeOH/Et,O. Dark green powder, 252 mg, 44%. Anal: calcd. for Cy4H;sF,CuN4O,-H,0: C,
56.30; H, 3.54; N, 10.94. Found: C, 56.05; H, 3.55; N, 10.80.

C32 (R = 3-Cl, Ry = H), Type Il. Obtained from reaction with L32. Recrystallised from
DCM/Et,0. Dark crystals, 136 mg, 60%. Anal: calcd. for C,4H;CI,CuN4O,: C, 54.71; H, 3.06;
N, 10.63. Found: C, 54.40; H, 3.00; N, 10.60. M/z (HR-ESI+): calcd. for C,4H15CI,CuN,4O;
[Cu(LH),]": 527.0103. Found: 527.0103.

C34 (R = 3-1, Ry = H), Type I. Obtained from reaction with L34. Recrystallised from
DCM/Et,0. Dark green crystals, 75 mg, 33%; Anal: calcd. for Cy4H16l,CuN,O,: C, 40.61; H,
2.27; N, 7.89. Found: C, 40.65; H, 2.20; N, 7.70.

C35 (R = 4-F, R; = H), Type I. Obtained from reaction with L35. Recrystallised from
DCM/Et,0. Green powder, 125 mg, 55%. Anal: calcd. for Cy4H;6F,CuN4O,-1.5 H,0: C, 55.33;
H, 3.68; N, 10.75. Found: C, 55.80; H, 3.20; N, 10.30.
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C36 (R = 4-Cl, Ry = H), Type I. Obtained from reaction with L36. Recrystallised from
MeOH/Et,0. Light green powder, 137 mg, 60%. Anal: calcd. for CyHsCl,CuN4O,: C, 54.71;
H, 3.06; N, 10.63. Found: C, 54.95; H, 3.05; N, 10.15. M/z (HRMS-ESI+): calcd. for
C24H17C1,CuN,40; [Cu(L),+H]": 526.0019. Found: 526.0023.

C38 (R = 4-1, Ry = H), Type I. Obtained from reaction with L38. Recrystallised from
DCM/Et,0. Light green powder, 157 mg, 71%. Anal: calcd. for C,4H61,CuN4O,: C, 40.61; H,
2.27; N, 7.89. Found: C, 40.40; H, 2.20; N, 7.80.

C39 (R = 2,4-F, R; = H), Type I. Obtained from reaction with L39. Recrystallised from
DCM/Et,0. Green crystals, 182 mg, 80%. Anal: calcd. for C,4H14F4CuN4O,: C, 54.40; H, 2.66;
N, 10.57. Found: C, 54.40; H, 2.60; N, 10.50.

C40, Type V (dinuclear). Obtained from reaction with ligand L40 (R = 2,4-Cl). Recrystallised
from DCM/Et,0. Dark green crystals, 151 mg, 67%. Anal: calcd. for CygHxsClsCusNgO4-0.5
CH,Cly: C, 50.09; H, 2.51; N, 9.63; ClI, 21.34. Found: C, 50.20; H, 2.40; N, 9.60; CI, 21.30. M/z
(HRMS-ESI+): calcd. for C4gH2ClsCu,NgO, [M+H]™: 1116.9029. Found: 1116.9037.

C40n, (R = 2,4-Cl, Ry = H), Type Il. Obtained from L40 using Na,CO; as base at 70°C.
Recrystallised from MeOH/Et,0. Dark green crystals, 165 mg, 74%. No accurate elemental

analysis data could be obtained for this complex.

C41, Type V (dinuclear). Obtained from reaction with L41 (R = 2,4-Br). Recrystallised from
DCM/Et,0. Dark green crystals, 130 mg, 49%. Anal: calcd. for CygH2sBrsCu,NgO4-CH,Cl, 2
H,O: C, 39.02; H, 2.27; N, 7.43. Found: C, 39.10; H, 1.95; N, 7.40. M/z (HRMS-ESI+): calcd.
for CygH,9BrgCu,NgO,: 1388.5929. Found: 1388.5936.

C4lya (R = 2,4-Br, Ry = H), Type Il. Obtained from L41 using Na,CO; as base at room
temperature. Recrystallised from DCM/Et,0O. Dark green crystals, 40 mg, 39%.

C42 (R = 2,5-F, Ry = H), Type I1. Obtained from reaction with L42. Recrystallised from an
acetonitrile solution at -25°C, 199 mg, 87%. Anal: calcd. for CyHy4F,CuN,O;: C, 54.40; H,

2.66; N, 10.57. Found: C, 53.60; H, 2.60; N, 10.40.

C43 (R = 2,5-Cl, Ry = H), Type I. Obtained from reaction with L43. Recrystallised from
DCM/Et,0. Dark green crystals, 121 mg, 51%. Anal: calcd. for C4H14CI,CuN,O,: C, 48.39; H,
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2.37; N, 9.40. Found: C, 4850; H, 2.30; N, 9.30. M/z (HRMS-ESI+): calcd. for
C24H15C1,CuN,O; [Cu(L),+H]": 593.9240. Found: 593.9244.

C44 (R = 2,5-Br, R; = H), Type Il. Obtained from reaction with L44. Recrystallised from
DCMI/Et,0. Dark green powder, 175 mg, 81%. No accurate elemental analysis data could be
obtained for this complex.

C51 (R = H, R; = OMe), Type I. Obtained from reaction with L51. Recrystallised from
DCM/Et,0. Dark green crystals, 153 mg, 67%. Anal: calcd. for CyH»CuN4O,4: C, 60.28; H,
4.28: N, 10.82. Found: C, 60.00; H, 4.50; N, 10.70.

C52 (R = H, R; = CI), Type I. Obtained from reaction with L52. Recrysatallised from
DCM/Et,0. Dark green crystals, 60 mg, 26%. Anal: calcd. for C,4H;sCI,CuN4O,: C, 54.71; H,
3.06; N, 10.63. Found: C, 55.30; H, 3.10; N, 10.90.

6.4 — Experimental for Chapter 4
6.4.1 — Electrochemical measurements

Electrochemical measurements (cyclic voltammetry experiments) were carried out using
an Autolab PGSTAT20 voltammetric analyser, under an argon atmosphere in acetonitrile
containing 0.1 M [NBu,4][BF4] as supporting electrolyte, prepared according to the procedure
reported below. Voltammetry experiments used a Pt disk working electrode, a Pt rod counter-
electrode, and an Ag/AgCl reference electrode. All potentials quoted in the thesis are referenced
to the Ag/AgCI reference electrode. Ferrocene (Fc) was added to each experiment as a further
reference; in these conditions the Fc/Fc* potential is of 0.47 V.* As an example, the
voltammogram for C26 with added ferrocene is reported below.

2.0x10° 4

0.0 4

Current (A)

-2.0x10° 4

-4.0x10° T T T T T T T T T 1
256 -20 15 10 -056 00 05 10 15 20 25

Potential (V)

Every electrochemical measurement on complexes was preceeded by analysis of the
electrolyte solution alone, used as blank to ascertain that no undesired redox active species were

present in the system. The concentration of the complexes in the electrolyte/acetotrile solution
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was in the order of 10* M (approx. 5x10° mmols in 7 mL of electrolyte solution); exact
concentration for each complex is not available, due to different solubilities in the electrolyte
solution. A single cycle was recorded for each complex at different scar rates, bubbling argon
through the solution for a few seconds between measurements, leaving the surface to flatten
before undertaking the next measurement.

Synthesis of [NBu,][BF4] for cyclic voltammetry experiments: a solution of [NBu4]Br
(28.0 g, 87 mmols) in DCM (100 mL), was added to a solution of Na[BF,] (9.9 g, 87 mmols) in
distilled water (50 mL); the final mixture was stirred at room temperature for 24 hours. The
organic phase was then separated, washed with water and evaporated, giving a white solid,
which washed with water and Et,O (crude yield 98%, 28.1 g, 85 mmols). The product was
recrystallised from a hot water/ethanol solution (50/50) at least twice to give pure [NBu,][BF,].
'H-NMR (300MHz) : 3.25-3.17 (m, 8H); 1.67-1.57 (m, 8H); 1.43 (sex, 8H, J = 7.3 Hz); 1.00
(t, 12H, J = 7.3 Hz). ®*C{'H}-NMR (75MHz) &: 58.6; 23.8; 19.6; 13.5. Anal: calcd. for
CisH3sBFN: C, 58.36; H, 11.02; N, 4.25. Found: C, 58.40; H, 11.20; N, 4.25.

6.4.2 — Reaction profiling

Reaction profiles of the catalytic synthesis of aryl ethers were performed using a
procedure similar to that described in Section 6.2.8. The reactions were performed on Radleys
Standard carousel tubes, under air, charging an oven dried tube with all the chemicals (same
amounts reported in Section 6.2.8), plus an internal standard (1,3,5-trimethoxybenzene, 17 mg,
0.1 mmols). 4 mL of acetonitrile were added in these reactions, instead of 2, to make the solid
more dispersed and allow a more homogeneous sampling. After addition of the solvent in the
tube, this was quickly placed in the heating/stirring block of the carousel; this was considered as
the starting time of the reaction. Samples were taken with a syringe after each hour of reaction
(1h to 8h), then at 12h and 24h, and analysed through GC after being diluted with DCM and
filtered through celite. Before every sample was taken, the stirring was stopped for 5-10 seconds
to allow deposition of the solids to the bottom of the tube; the stirring was resumed after the
sample was taken. The profiles reported in Figures 4.4 and 4.5 in Section 4.2 were obtained
using the same procedure through automated reaction sampling, using an AmigoChem

Workstation and performing the reactions in an Integrity 10 Parallel Reaction Block.
6.4.3 — Dimerisation of 2,6-di-tert-butylphenol

General procedure: All catalytic reactions were performed under air in 25 mL glass
tubes in a Radley standard carousel. An oven dried tube was charged with 2,6-di-tert-
butylphenol (413 mg, 2.0 mmol), Cs,CO; (652 mg, 2.0 mmol), Cul (19 mg, 0.1 mmol) and
ligand (0.1 mmol). Acetonitrile (4 mL) was then added, the tube was placed in the carousel
(preheated at 90°C) and the reaction was stirred for 24 h (1000 rpm). At the end of the reaction

the tube was cooled to room temperature, then the crude was diluted with = 2mL DCM, filtered
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through celite and washed thoroughly with DCM (= 50 mL). 1 mL of a 0.5 M solution of 1,3,5-

trimethoxybenzene (internal standard) in DCM was added, and the crude solution was analysed

through *H-NMR. Reactions using Cu(ll) complexes as catalysts were performed using half the

amounts of all chemicals and solvents (1.0 mmol of phenol and base, 0.05 mmol of Cu complex

and 2 mL of solvent.
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Appendix:

Crystallographic data for Cu complexes
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C11 (type I) C18 (type 1V) C20 (type 1) C22-0.5 CH,Cl, (type 1)
Empirical formula Cy4H15CuN,4O, C3oH30CsCulN,O, CsH26CUN,4Og Cy6.5H21CIlsCuN,O;
Formula weight 457.96 801.93 578.07 597.36
Temperature/K 120.01(18) 150.0 120.03(10) 120.00(10)
Crystal system monoclinic monoclinic triclinic orthorhombic
Space group P2:/n P2:/n P-1 Fdd2
alA 10.18128(13) 11.5083(5) 9.9233(8) 26.9124(9)
b/A 18.9482(2) 18.2069(8) 10.8603(8) 20.0716(6)
c/A 10.69510(15) 15.0828(7) 13.1243(7) 18.5539(5)
a/° 90 90 93.040(5) 90
B/° 104.8278(13) 105.800(2) 95.320(5) 90
v/° 90 90 115.219(8) 90
z 4 4 2 16
m/mm™ 1.793 2.946 0.914 4.452
F(000) 940.0 1564.0 598.0 4864.0
Reflections collected 7929 7480 10603 7218
Independent reflections 3489[R(int) = 0.0338] 7480[R(int) = 0.0000] 5168[R(int) = 0.0618] 4042[R(int) = 0.0429]
Goodness-of-fit on F? 1.077 1.017 1.058 1.121

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A’

R; =0.0368, wR, = 0.1020
R, =0.0380, wR, = 0.1031

0.34/-0.56

R, = 0.0383, WR, = 0.0764
R, =0.0638, wR, = 0.0877
1.28/-0.85

R; =0.0594, wR, = 0.1415
R; = 0.0809, wR, = 0.1608
0.60/-1.20

Ry, =0.0475, wR, = 0.1245
R; = 0.0518, wR, = 0.1425
0.43/-0.31
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C23 (type 1) C24 (type |, recovered) C25 (type 1) C26-0.33 Me,CO (type I, recovered)
Empirical formula Cy4H16CUNgOg C4H16CUNgOg CysH2,CuN,O4 CyoH15CuUF1,N4O3 55
Formula weight 547.97 547.97 542.03 767.35
Temperature/K 100.01(10) 100.01(10) 120.2(5) 100.01(10)
Crystal system monoclinic triclinic monoclinic trigonal
Space group 12/a P-1 P2,/c R-3
alA 12.4783(19) 7.9716(14) 13.9516(8) 32.6785(8)
b/A 7.1378(7) 11.0249(19) 20.0834(12) 32.6785(8)
c/A 25.0688(18) 14.1235(11) 8.7777(5) 15.1563(4)
o/° 90.00 69.976(12) 90 90.00
B/e 102.313(10) 73.802(12) 102.565(6) 90.00
v/° 90.00 88.829(14) 90 120.00
Z 4 2 4 18
m/mm™ 1.925 1.036 1.651 0.813
F(000) 1116.0 558.0 1116.0 6906.0
Reflections collected 10282 18337 8958 49200

Independent reflections
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]

Final R indexes [all data]

Largest diff. peak/hole / e A’

1955[R(int) = 0.0695]

1.060

R; =0.0482, wR, = 0.1313
R, =0.0581, wR, = 0.1412

0.42/-0.76

4556 [R(int) = 0.0779]

1.133

R; =0.0957, wR, = 0.2217
R; = 0.1105, wR, = 0.2300

2.73/-1.51

4290[R(int) = 0.0459]
1537

R, = 0.1144, WR, = 0.3575
R, = 0.1264, WR, = 0.3682
3.64/-0.90

6368 [R(int) = 0.0490]
1.035

R; = 0.0505, WR, = 0.1304
R; = 0.0616, WR, = 0.1377
0.99/-0.82
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C26-CH,CI, (type 111) C27 (type 1) C28-0.5 H,0 (type V) C28-CH,CI, (type V)
Empirical formula Cy9H1sCl,CuF15N4O3 CyyH16CuF,:N,40O, CgH33Cu,NgO5 Cy5H415Cl,CuN4O,
Formula weight 832.91 493.95 928.90 540.87
Temperature/K 99.9(4) 100.0(3) 120.00(10) 120.02(14)
Crystal system monoclinic monoclinic monoclinic orthorhombic
Space group P2./n P2./n C2/c P2:2,2,
alA 16.62182(16) 10.2012(2) 8.8680(7) 9.5224(5)
b/A 11.57317(12) 19.1739(4) 29.4050(17) 21.4509(14)
c/A 16.65367(16) 10.73290(18) 15.5009(13) 21.9907(12)
a/° 90 90 90.00 90
/e 96.2745(9) 103.6988(17) 103.449(7) 90
v/° 90 90 90.00 90
z 4 4 4 8
m/mm™ 3.536 1.948 1.850 1.243
F(000) 1660.0 1004.0 1900.0 2200.0
Reflections collected 12066 11058 7195 23176

Independent reflections

Goodness-of-fit on F?

5618[R(int) = 0.0235]
1.047

3525[R(int) = 0.0255]

1.084

3481[R(int) = 0.0617]
1.079

11975[R(int) = 0.0550]
1.065

Final R indexes [I>=2c (I)] R; =0.0439, wR, = 0.1183 R; = 0.0336, wR, = 0.0881 R; = 0.0563, wR, = 0.1392 R; =0.0569, wR, = 0.1254
Final R indexes [all data] R; = 0.0489, wR, = 0.1235 R; = 0.0378, wR, = 0.0909 R; =0.0742, wR, = 0.1530 R; = 0.0899, wR, = 0.1557
Largest diff. peak/hole / e A’ 0.89/-0.58 0.43/-0.38 0.89/-0.49 0.66/-0.63
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C28n4-0.33 Nal; (type ) C30-4 H,0 (type V) C31 (type I) C32 (type 11, recovered)
Empirical formula C;2H4sClgCuslsN;1,NaOg C7,H4Cu3l5N15040 C4H15CUuF,N4O4 C,4H15Cl,CuN4O,
Formula weight 1984.23 1685.64 511.96 526.85
Temperature/K 120.2(5) 99.9(3) 150 99.9(3)
Crystal system monoclinic orthorhombic triclinic trigonal
Space group 12/a C222, P-1 P3,21
alA 17.9088(6) 14.3846(4) 7.4412(16) 10.96221(14)
b/A 17.5932(6) 17.2113(4) 12.402(3) 10.96221(14)
c/A 25.0538(10) 29.3493(8) 12.731(3) 15.3971(2)
o/° 90 90 108.280(11) 90.00
B/e 107.309(4) 90 90.165(8) 90.00
v/° 90 90 107.388(8) 120.00
Z 4 4 2 3
m/mm™* 2.346 8.226 1.086 4.010
F(000) 3884.0 3348.0 522.0 801.0
Reflections collected 31649 9329 23551 13267

Independent reflections
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]

Final R indexes [all data]

Largest diff. peak/hole / e A’

7711[R(int) = 0.0603]
1.104

R, = 0.0794, WR, = 0.1867
R; = 0.0913, WR, = 0.1938
3.15/-3.46

6059[R(int) = 0.0367]
1.034

R, = 0.0791, wR, = 0.2098
R, = 0.0843, WR, = 0.2156
2.98/-1.48

6340[R(int) = 0.0385]
1.016

R, = 0.0423, WR, = 0.0932
R; = 0.0727, wR, = 0.1051
0.95/-0.44

1881 [R(int) = 0.0413]
1.043

R, = 0.0214, WR, = 0.0555
R; = 0.0225, wR, = 0.0563
0.20/-0.17




C32 (type I1) C34 (type I) C35 (type ) C36 (type )

Empirical formula C,4H16Cl,CuN,O, Cy4H16Cul,N,O5 C4H16CuF,N4O, C,4H15Cl,CuN4O,
Formula weight 526.85 709.75 493.95 526.85

Temperature/K 100.00(10) 119.99(14) 120(2) 150.15

Crystal system trigonal monoclinic monoclinic monoclinic

Space group P3;21 P2./c P2,/c P2./c

alA 10.9887(7) 11.0938(5) 13.5281(13) 14.493(3)

b/A 10.9887(7) 8.2090(3) 20.0564(19) 20.092(3)

c/A 15.4539(10) 25.0482(11) 8.9019(8) 8.9152(16)

a/° 90.00 90.00 90.00 90

/e 90.00 100.507(4) 96.322(2) 95.809(7)

v/° 120.00 90.00 90.00 90

z 3 4 4 4

m/mm™ 1.293 3.758 0.952 1.079

F(000) 801.0 1356.0 1004.0 1068.0

Reflections collected 8137 16618 14522 24688

Independent reflections 1901[R(int) = 0.0472] 5558[R(int) = 0.0464] 4164[R(int) = 0.0682] 5207[R(int) = 0.0542]
Goodness-of-fit on F? 1.102 1.053 0.936 0.996

Final R indexes [I>=20 (I)] R; =0.0286, wR, = 0.0607 R; =0.0361, wR, = 0.0753 R; =0.0569, wR, = 0.1166 R; = 0.0466, wR, = 0.1238
Final R indexes [all data] R; =0.0314, wR, = 0.0617 R; = 0.0494, wR; = 0.0828 R; =0.1119, wR, = 0.1326 R; =0.0801, wR, = 0.1353
Largest diff. peak/hole / e A’ 0.29/-0.26 1.05/-1.04 0.35/-0.59 0.45/-0.55

[a] Squeezed with Platon: voids account for approx. 5 molecules of DCM for C35 and 11 molecules of MeCN for C36 in the unit cell
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C38 (type ™ C39 (type 1) C40 (type V)@ C40ua-2 H,0 (type 1)

Empirical formula C,4H16Cul,N4,O, C,4H14CuF,N,O, CsH25ClgCu,NgO4 C,4H15Cl,CuN,O4
Formula weight 709.75 529.93 1120.56 631.76

Temperature/K 120.02(19) 120.01(10) 99.9(5) 120.0(2)

Crystal system orthorhombic monoclinic monoclinic trigonal

Space group Pccn P2./n P2,/c P3,

alA 36.6990(15) 10.2648(2) 12.93045(16) 13.6597(8)

b/A 19.4888(9) 19.1526(4) 21.4772(4) 13.6597(8)

c/A 8.6607(3) 10.7778(2) 19.0602(2) 11.8142(7)

a/° 90 90 90 90

/e 90 103.570(2) 96.1890(11) 90

v/° 90 90 90 120

z 8 4 4 3

m/mm™ 16.833 2.122 4.204 5.423

F(000) 2712.0 1068.0 2256.0 957.0

Reflections collected 14949 9062 29307 4605

Independent reflections 5534[R(int) = 0.0520] 3563[R(int) = 0.0301] 9301[R(int) = 0.0277] 2988[R(int) = 0.0499]
Goodness-of-fit on F? 1.061 1.073 1.051 1.184

Final R indexes [I>=20 (I)] R; =0.0636, wR, = 0.1798 R; =0.0347, wR, = 0.0853 R; =0.0433, wR, = 0.1014 R; =0.0716, wR, = 0.1565
Final R indexes [all data] R; =0.0828, wR, = 0.1938 R; = 0.0405, wR; = 0.0891 R; = 0.0504, wR, = 0.1053 R; =0.0770, wR, = 0.1592
Largest diff. peak/hole / e A’ 1.00/-1.45 0.34/-0.39 1.45/-1.71 0.75/-0.57

[a] Squeezed with Platon: voids account for approx. 13 molecules of DCM for C38 and 11 molecules of MeCN for C40 in the unit cell
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C41-2 MeCN-H,0 (type V) C41y,-0.5 H,0 (type 11) C42 (type 1) C43 (type 1)
Empirical formula CsoH35BrgCusN1O4 5 C4H14Br,CuN4O5 375 C4H14N4O5F4Cu C,4H1.Cl,CuN,O,
Formula weight 1478.44 779.57 529.94 595.73
Temperature/K 119.99(13) 120 120.1(4) 100.00(10)
Crystal system monoclinic orthorhombic trigonal monoclinic
Space group P2./c C222, P3,21 P2,
alA 13.1510(2) 18.5507(18) 10.6503(4) 12.2634(7)
b/A 21.8383(5) 20.006(2) 10.6503(4) 7.2514(7)
c/A 19.3838(3) 27.895(3) 15.8613(9) 12.9072(9)
a/° 90 90.00 90 90.00
/e 96.3550(15) 90.00 90 94.034(6)
v/° 90 90.00 120 90.00
z 4 16 3 2
m/mm™ 6.473 8.694 2.104 1.453
F(000) 2884.0 5984.0 797.9 598.0
Reflections collected 24870 11907 3192 5983
Independent reflections 9536[R(int) = 0.0623] 7909[R(int) = 0.0481] 1832[R(int) = 0.0399] 3460[R(int) = 0.0356]
Goodness-of-fit on F? 1.016 1.056 0.999 1.076

Final R indexes [I>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A’

R; =0.0543, wR;, = 0.1403
R, =0.0761, wR, = 0.1547
1.50/-0.79

R; =0.0652, wR, = 0.1739
R; =0.0797, wR, = 0.1866

2.01/-1.44

R; =0.0354, wR, = 0.0804
R; = 0.0398, wR, = 0.0834
0.34/-0.33

R; =0.0354, wR, = 0.0788
R, =0.0422, wR, = 0.0824
0.50/-0.36
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C44-2 MeCN (type 11) C51 (type 1) C52 (type 1)
Empirical formula CasH,0Br,CuNgO, CysH2,CuN,Oy C,4H16Cl,CuN,O,
Formula weight 855.68 518.01 526.85
Temperature/K 119.99(10) 120.02(10) 120.00(13)
Crystal system monoclinic monoclinic triclinic
Space group P2,/c C2/c P-1
alA 10.08715(16) 13.9182(7) 8.6377(6)
b/A 24.1437(3) 9.7790(6) 10.6941(6)
c/A 12.53985(19) 17.2719(9) 12.4555(5)
a/° 90 90 85.106(4)
/e 100.3651(14) 103.425(5) 72.153(5)
v/° 90 90 89.361(5)
z 4 4 2
m/mm™* 7.569 0.997 3.926
F(000) 1660.0 1068.0 534.0
Reflections collected 16686 5975 7466
Independent reflections 5301[R(int) = 0.0376] 2335[R(int) = 0.0820] 3767[R(int) = 0.0494]
Goodness-of-fit on F? 0.997 1.086 1.064
Final R indexes [I>=20 (I)] R; = 0.0340, wR, = 0.0903 R; =0.0527, wR, = 0.1261 R; =0.0429, wR, = 0.1011
Final R indexes [all data] R; = 0.0393, wR, = 0.0945 R; =0.0604, wR, = 0.1338 R; = 0.0500, wR; = 0.1073
Largest diff. peak/hole / e A’ 1.16/-0.57 0.51/-0.49 0.63/-0.42
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