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ABSTRACT

One of the key concerns in contemporary chemistry is the development of sustainable
processes that adhere as closely as possible to the principles of Green Chemistry without com-
promising the activity of involved processes. Several principles can be applied in the develop-
ment of this work, including the catalysis and the atomic economy, among others. The harsh
conditions and the disposal of subproducts that characterize typical oxidation reactions pose
significant challenges for the chemoselective oxidation of alcohols to benzaldehydes. To tackle
these issues, the use of copper(I) complexes comprising diimine ligands, usually bipyridine
and phenanthroline shown promising outcomes. Furthermore, new studies by our research
group, suggests that bis-aryldiiminoacenaphthene ligands may also be effective, and even in-
crease catalyst activity of such systems. However, such complexes regularly incorporate halo-
gens as counterions. The impact of the diimine backbone on the catalytic activity and stability
was investigated in the newly synthesised compounds. Additionally, the effects of the coun-
terion and chelating solvent on the activity and stability were examined. Characterization of
all compounds included mono and heteronuclear 1D and 2D-NMR, IR, EA, UV/Vis, and,
when possible, X-ray diffraction. The efficiency of all compounds was tested in the oxidation
reaction, and they all revealed to be active. Various conditions of the catalytic system were
studied to optimize it, and subsequently, the catalytic system was tested with benzyl, allylic,

and aliphatic alcohols for efficiency.

Keywords: DAB, DAD, BIAN, copper(I), benzylic alcohol, allylic alcohol, aliphatic alco-

hol, chemoselective oxidation.

Xi






RESUMO

Uma das principais preocupagdes da quimica contemporéanea é o desenvolvimento de
processos sustentdveis que se aproximem o mais possivel dos principios da Quimica Verde
sem comprometer a atividade em processos envolvidos. Diversos principios podem ser apli-
cados no decorrer deste trabalho, nomeadamente a catalise e economia atdmica, entre outros.
As condi¢oes adversas e a eliminacdo dos subprodutos que caracterizam reacoes de oxidagdo
representam desafios significativos para a oxidacao quimioselectiva de dlcoois a aldeidos. Para
resolver estas questoes, foram utilizados complexos de cobre(I) que incluem ligandos diimina,
geralmente bipiridina e fenantrolina. Além disso, novos estudos do nosso grupo de investiga-
¢do sugerem que os ligandos bis-arildiiminoacenafteno também podem ser eficazes e até au-
mentar a atividade catalitica deste tipo de sistemas. No entanto, esses complexos incorporam
regularmente halogéneos como contra-ides. O impacto da estrutura da diimina na atividade e
estabilidade do complexo foi investigado nos compostos recentemente sintetizados. Adicio-
nalmente, foram examinados os efeitos do contra-ido e do solvente quelante na atividade e
estabilidade do catalisador. A caracterizacdo de todos os compostos incluiu 1D e 2D-RMN
mono e heteronuclear, IV, AE, UV/Vis e, quando possivel, difracdo de raios-X. A eficiéncia de
todos os compostos foi testada na reacdo de oxidagdo, e todos eles se relaram ser ativos. Foram
estudadas varias condicdes do sistema catalitico para o otimizar e, subsequentemente, este foi

testado com alcoois benzilicos, alilicos e aliféticos para verificar a sua eficiéncia.

Palavas chave: DAB, DAD, BIAN, cobre(I), dlcoois benzilicos, dlcoois alilicos, dlcoois ali-

faticos, oxidagcdo quimioselectiva.
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INTRODUCTION

Oxidation reactions are among the most frequent types of industrial reactions.[1,2]
Therefore, they hold significance in several industries.[3,4] Combustion, a type of oxidation,
is employed in energy production as fossil fuels are burned to release energy through oxida-
tion. Redox reactions also find their role in electrochemical procedures, such as batteries and
fuel cells.[5,6] The food and beverage industry are also impacted by oxidation reactions,
mainly in terms of the quality and shelf life of food products. The spoilage of food caused by
oxidation can be prevented with antioxidants. Fermentation processes, which are used to pro-
duce various beverages and dairy products, are also impacted by these reactions.[7] Metal-
lurgy and Materials Science is impacted by oxidation reactions, for example, corrosion is a
major concern in industries that deal with metals and alloys. Therefore, understanding how
to prevent these oxidation processes is crucial to avoid the material degradation and increase
the lifespan of products such as automobiles, infrastructure, and machinery.[8] Moreover,
these reactions find application in various industries such as environmental applications, and
industries of polymers and plastics,[9] textile,[10] pulp and paper[11] and cosmetics and per-
sonal care. For instance, these reactions can be used for oxidising hair dyes and the stabilizing
of skincare products.[12] Finally, these reactions play a crucial role in chemical and pharma-
ceutical industries for synthesising diverse chemical compounds that add value to raw mate-
rials. For instance, these reactions can convert alcohols into aldehydes or fully oxidise them

into acids.[13]



1.1 Alcohol oxidation reactions

The common idea of an oxidation and reduction reaction is that when a compound or
atom is oxidized it loses electrons, and when it is reduced it gains electrons. An example of a
substrate is the alcohols, these compounds can be primary, secondary or tertiary. The primary
alcohols usually can be oxidised to aldehydes or carboxylic acids and the secondary to ketones.
The tertiary alcohols usually are not affected by oxidation due to the impediment to form a
double bond. These carbonyl containing compounds are important groups due to being im-
portant precursors and intermediates for many drugs, vitamins and fragrances, among others.

These reactions are particularly important in the field of organic chemistry for several
reasons, such as their selectivity, i.e. they do not suffer from overoxidation and the oxidation
process stops at the aldehyde or the ketone, which is an important intermediate in the synthe-
sis of several organic compounds; they are also important for their reactivity, this type of al-
cohol tends to be oxidized more easily than others. The versatility of this reaction is also an
important factor, as it can be performed using different reagents, such as chromium oxide (VI),
the pyridinium chlorochromate (PCC) and the Jones reagent, among many others. This versa-
tility in reagents provides many options for controlling the reaction outcome and product

characteristics (Figure 1.1).[14]
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Figure 1.1. Common reagents used for the oxidation of primary and secondary alcohols.

As it was previously mentioned, the ketones and aldehydes are important intermedi-
ates and precursors of other reactions. This occurs because these compounds can react to pro-

duce many others with a higher market value than the precursors. An example of a reaction



that uses ketones or aldehydes is the hydration and hemiacetal formation, which occurs when
a ketone or an aldehyde reacts with an alcohol. The next step in this process is the formation
of the acetal or ketal depending on the use of aldehyde or ketone, respectively. The formation
of imines and related compounds, also known as Schiff bases, is also an application of the
products of alcohol oxidation. These compounds are most relevant as intermediates for the
synthesis of nitrogen heterocycles. Depending on the conditions the enamine formation can
also be obtained by favouring the equilibrium to this compound by a basic-catalysed reac-
tion.[15] Another reaction is the cyanohydrin formation, these compounds are biologically ac-
tive and can be useful in the synthesis of B-aminoalcohols, a-hydroxyketones and a-hydroxy-
acids, which are important intermediates for fine chemicals, pharmaceuticals and agrochemi-
cals. All the previous uses of the products of the alcohol oxidation were reversible addition
reactions, but there are also the irreversible ones that corresponds to the reduction of these
compounds using metal hydrides, the Wolff-Kishner reaction and the Clemmensen one (Fig-

ure 1.2).
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Figure 1.2. Scheme showing the different reactions that the aldehydes and ketones are precursors.



1.1.1 Oxidation reactions in Pharmaceutical Industry

Oxidation reactions represent only 3% of the reactions used in the pharmaceutical in-
dustry. The major effort in this area is to find pathways that induce functionality in the correct
oxidation state and without the use of a protecting group.[13]

The oxidants commonly used produce by-products that can be relatively sustainable,
but most selective oxidants produce by-products that are undesirable and not so sustainable.
In large scale processes the main concern is safety, this because, the use of flammable organic
solvents and the risk of static electrical discharge in the solvent line or in the reactor is signifi-
cant. In other reactions that are not oxidations, the risk of fire is avoided by not using oxidants
in solvents and reagents, but in oxidations these compounds are needed so there is a safety
risk.[13]

Despite the risks mentioned above, these reactions are regularly used in the production
of commercial reagents or in the synthesis of various drugs, although some classes of drugs
involve a high number of oxidation reactions in their total synthesis, such as steroids and pros-
taglandins. An example of this is the conversion of deoxycholic acid into cortisone acetate
(Figure 1.3), a process developed by Merck in the 1950s and 1960s involving eleven different
oxidations.[13,16]
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Figure 1.3. Total synthesis of cortisone acetate with the different synthetic steps that use oxidation processes. Fig-

ure adapted from ref[13].

1.1.1.1 Moffat processes and derivates of Moffat to the oxidation of primary alcohols into

aldehydes

The Moffat oxidation, presented in 1965, has become the preferred method for the prep-
aration of aldehydes from primary alcohols. This procedure offers the advantage of forming
the oxosulfenic ion, which is deprotonated under mild conditions. Currently, the Swern mod-
ification is the most used procedure for this type of reaction in the pharmaceutical industry

(Figure 1.4).[17-20]
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Figure 1.4. Synthetic steps of different pharmaceutical relevant molecules using oxidation steps (adapted from ref
[18-20]).

One of the main drawbacks of the Swern oxidation process on a large scale is the signif-
icant production of CO; and CO in the reaction consequential from the (COCI), compound. A
relevant oxidant in the industry is the SOs.pyridine complex. This reagent possesses the prac-
ticality of being a solid and the reaction can be used at or near room temperature, in contrast
to the cryogenic conditions usually necessary when oxalyl chloride is employed in the reac-
tion. This promotes reagent addition in case the reaction is incomplete.[21] For example, the
phenyl alaninol is oxidized to its corresponding aldehyde on a scale of 190 kg without losing
its chiral purity. This step serves as a component of the synthesis of an HIV protease inhibitor

(Figure 1.5).[22]
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Figure 1.5. Synthetic step corresponding to the oxidation of an aminoacid derivate using the Swern conditions.

Figure adapted from ref[13].

1.1.1.2 Oxidation processes of aldehydes from primary alcohols mediated by TEMPO

The (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl, also known as TEMPO, has been estab-
lished as the go-to catalyst for oxidising primary alcohols. This is largely due to the hydroxyl
radical catalyst’s efficacy at modest conditions, such as room temperature, and with affordable
co-oxidants such as bleach (NaOCl) (Figure 1.6). Under appropriate conditions, TEMPO can
also exhibit chemoselectivity towards primary alcohols without experiencing total oxidation
to the carboxylic acid. This reaction is commonly utilised in biphasic conditions with dichloro-

methane as the solvent and works well with reactive substrates, such as prostaglandins.[23,24]
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Figure 1.6. Synthesis of Antifolate using the TEMPO as the oxidant. Figure adapted from ref [13].



1.2 Copper as a catalyst

A range of metals, including manganese, palladium and ruthenium, have the ability to
oxidise alcohols. However, copper stands out as a promising option for use as a building block
in catalytic systems due to its advantageous properties. Its low cost and toxicity, high availa-
bility and capability to be recycled make it an ideal candidate for sustainable processes.

Copper’s versatility and reactivity have made it a common metal in catalysis. It is par-
ticularly useful in hydrogenation reactions, where it aids the addition of hydrogen to unsatu-
rated compounds, enabling the synthesis of various chemicals, as alcohols, alkanes, and fatty
acids.[25] It can also be crucial in the production of methanol via the methanol synthesis reac-
tion, which involves the conversion of carbon monoxide and hydrogen into methanol. This
reaction holds significant importance in the chemical industry, since its products have the po-
tential to become a green fuel.[26] In the reverse reaction of hydrogenation, the dehydrogena-
tion, copper can also play an important role in it, whereby a hydrogen atom is removed from
a compound resulting in the formation of unsaturated products. This is particularly relevant

in the production of olefins and aromatics.[27]
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Figure 1.7. Scheme showing some copper applications.

The Nobel Prize-winning field of click chemistry also requires the presence of copper(I)
for the copper catalysed azide-alkyne cycloaddition (CuAAC), a powerful and versatile reac-
tion used in the synthesis of complex molecules and polymers.[28] The electrochemical appli-
cations of copper are significant in sustainable energy conversion and storage through water
splitting and CO, reduction.[29] Copper catalysts play a crucial role in the Haber-Bosch pro-
cess, which produces ammonia for fertilizer production.[30] Additionally, copper’s affinity to
certain compounds that promotes their oxidation makes it useful in wastewater treatment for
removing pollutants from industrial wastewater, thus aiding in mitigating environmental im-
pacts (Figure 1.7).[31]

While copper can be a useful tool in various reactions, it also poses hazards and consid-
erations, such as its toxicity, which can be harmful to both humans and aquatic organisms,

especially in an industrial scale. However, comparing to the toxicity of other metals that



undergo these reactions, copper exhibits low toxicity. Exposure to high levels of copper can
result in severe health issues, such as gastrointestinal disturbances, liver and kidney damage
and skin irritation. As noted earlier, the environmental impact must also be taken into account,
as high levels of copper concentration in industrial discharge can contaminate water bodies
and harm aquatic life if not properly managed.[32] Additionally, these catalysts can undergo
deactivation over time due to processes such as sintering or poisoning by impurities, ulti-
mately reducing their catalytic activity and efficiency. In certain applications where copper is
involved, it may corrode or leach copper ions into the reaction mixture, resulting in unwanted
side reactions or product contamination.[33] Finally, appropriate safety measures must be fol-
lowed during the handling, storage, and disposal of copper and copper-based catalysts to min-
imize risks and prevent accidents.

In brief, copper has a crucial role as a catalyst in numerous reactions and industrial pro-
cesses, allowing for the efficient generation of valuable chemicals and materials, due to its
reactivity and abundant availability. Nevertheless, it is necessary to contemplate and tackle
the possible hazards associated with this metal to guarantee its secure and sustainable appli-
cation. To promote cautious management and rigorous compliance with safety protocols can

aid in reducing the risks mentioned and maximising the benefits of using copper.

1.3 State of the art on the chemoselective oxidation of alcohols

to aldehydes

1.3.1 Brackman and Gaasbeek’s research

The research of Brackman and Gaasbeek, in 1966, led to the use of copper in catalytic
oxidation systems. They found that these systems were effective in oxidizing a variety of sub-
strates, including alcohols, amines and imines, and could operate within a temperature range
of 0-50 °C. Additionally, the use of co-catalysts or promoters, created an autocatalytic system.
Their work was significant for comprehending the promoter effect of the removal of a proton
with the aid of cupric complex assistance from a substrate AH, which cannot be oxidised

through the two-step alternative mechanism (Figure 1.8).[34]
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AH == A +H’
A"+ Cu' complex — A + Cu' complex

Figure 1.8. Representation of a two-step mechanism that the authors concluded that could not be the reaction

mechanism.

For this study, a (phenanthroline)Cu"/di-tertbutyl nitroxide was utilised (Figure 1.9).
This radical was selected based on its behaviour during the reaction, as it can be easily tracked
through UV spectra and NMR techniques, despite not being the most reactive. Nonetheless,
we have given limited attention to these findings as the circumstances have advanced in the

subsequent catalytic systems, but they were important as a starting point for future work.[34]

Cu(NO3),'H,0 (0.1 mmole)
phen (0.2 mmole)

NaOCHj; (0.2 mmole
~"OH o ) 0
(t-C4Hg),NO (0.002 mmole)
30 °C, anaerobic conditions

Figure 1.9. Scheme representing the reaction conditions of Brackmaan and Gaasbeek's reaction, using a catalyst

constituted by 2 equivalents of phen to 1 equivalent of Cu(NOs)s.

1.3.2 Semmelhack’s research

In 1984, Semmelhack published a catalytic system that facilitated alcohol and amine
oxidation through electrolysis. This system was mediated by TEMPO and resulted in the for-
mation of the nitrosonium ion, allowing oxidation to occur without the overoxidation to the
carboxylic acid. Semmelhack’s system, which has grown greater relevance than the previously
mentioned research, provides a valuable tool for the oxidation of alcohols and amines.[35]

The study focused on allylic and benzylic alcohols, was conducted at room temperature
with an oxygen atmosphere, utilizing a mixture of cuprous chloride and TEMPO. The catalytic
mechanism presented in this study comprises of five steps (Figure 1.10). Firstly, the nitro-
sonium radical is oxidized while the Cu" complex is simultaneously reduced to Cu'. Following
that, the alcohol is oxidized by the TEMPO radical resulting in the formation of the aldehyde,
where a hydroxylamine is also generated. The fast proportion of hydroxylamine syn in com-
bination with the TEMPO radical oxidized forms a radical. In the final step, Cu' is regenerated
by the oxygen. This process consumes protons and the results in the formation of Cu" and

water (Figure 1.10).[35]
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Figure 1.10. Proposed steps in the of oxidation of Semmelhack's catalytic system.

In this catalytic system, an alcohol was combined with TEMPO (10 mol%) and CuCl (10
mol%) were added, in 25 mL of DMF, within an oxygen atmosphere at 25 °C (Figure 1.11).
While these conditions proved unsuitable for aliphatic alcohols, benzylic and allylic alcohols
resulted in high yields. For converting benzyl alcohol to benzaldehyde, a 94% yield was
achieved within four hours using 5 mol% of CuCl and TEMPO.[35]

CuCl (10 mol%)

oH TEMPO (20 mol%)
J DMF (0.4 M) OH
R 25°C R

Figure 1.11. General conditions for the oxidation reaction of Semmelhack's catalytic system.

It was also noted that secondary alcohols are oxidized very slowly compared to primary
alcohols. An experiment to study the selectivity of this catalytic system, which involved a mix-
ture of 1-hexanol and cyclohexanol was performed and after 2h, the catalytic system shows
60% conversion of the primary alcohol and 0% of the secondary.

Beyond that, a range of substrates were examined. It was concluded that benzylic alco-
hols with electron-withdrawing groups in the aryl ring tend to slow down the reaction. Addi-
tionally, the cupric salts with non-coordinating counterions are more efficient, but CuCl, and
CuBr; salts exhibit decreased activity suggesting a stoichiometric amount of chloride is

needed.[35]
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1.3.3 Marko’s research

In 1996, Marko conducted a study based on a seminar led by Jallabert and Riviere. In
their work, CuCl (5 mol%), phen (5 mol%) and DBADH, (5 mol%) were used alongside 2
equivalents of K;COs in an oxygen atmosphere (Figure 1.12). It should be noted that this reac-
tion can also be carried out in an air atmosphere but required a longer amount of time. Toluene
was selected as the solvent and the reaction was performed at 70-90 °C. The p-chlorobenzyl
alcohol is oxidized to its corresponding aldehyde in 90 min with a conversion of 100% and
yielding 83%, meanwhile the cinnamyl alcohol is oxidized to its corresponding aldehyde in 60
min, yielding 89% and with a 100% conversion. It was also noted that no trace of carboxylic

acid was shown.[36]

CuCl (5 mol%)
OH phen (5 mol%
DY K,CO3 (200 mol%) 0
R™TR® " DRADH, (5 mol% 2
2 o R R
toluene, 70-90 °C, O,

Figure 1.12. General conditions for the oxidation reaction of Marko's catalytic system.

Supplementary investigations were undertaken to explore the impact of additives, coun-
terion nature, and solvent selection. Regarding this matter, it has been determined that azo
ligands, such as DEAD, '‘BuDEAD or the DBAB, improve reaction turnover, catalyst lifespan,
and the reaction rate. Concerning the counterion, chlorides, acetates and triflates are found to
be highly efficient, as are diimines, such as phenanthroline. Finally, it was concluded that polar
solvents, such as acetonitrile, inhibit the reaction, while apolar solvents, like benzene tend to
favour it. However, due to practicality, toluene and trifluoromethylbenzene are preferable op-
tions.[36,37]

A drawback of this Marko catalytic system is the need for 2 equivalents of potassium
carbonate. With further research, it was found that 1 equivalent of the base was sufficient if

the solvent was changed to fluorobenzene.[37]

1.3.4 Sheldon’s research

In 2003, new research emerges with the use of CuBr, and bipyridine (bpy). This system

differs from the ones mentioned before because of the use of Cu" as the starting material. In
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Sheldon’s mechanistic studies, he concluded that the mechanism involves a copper-mediated
dehydrogenation of the alcohol substrate rather than an oxoammonium-based mechanism as
it was thought to be before. This mechanism is similar to the one Galactose Oxidase performs,
which is supported by the feasibility of re-oxidizing Cu'to Cu" by TEMPO.[38,39]

This catalytic system uses 5 mol% of CuBr,and bpy to form the catalyst in situ, 5 mol%
of TEMPO and 5 mol% of ‘BuOK as base (Figure 1.13). Sheldon’s research allowed to under-
stand that when a diimine was not added the reaction was barely done possibly due to poor
solubility of the copper catalyst without the diimine ligand and the absence of the beneficial

electronic effects caused by the pyridine rings. In this catalytic system is used a mixture of

CuBrs (5 mol%)
TEMPO (5 mol%)
bpy (5 mol%)
OH R
t-BuOK (5 mol%)
air, CH3;CN/H,0 2/1, 25 °C

OH

Figure 1.13. General conditions for the oxidation reaction of Sheldon's catalytic system.

solvents (acetonitrile/water 2:1) and the reaction is performed at room temperature using the
oxygen of the air as the oxidant.[38,39]

The main advantage of this method is that has mild conditions, and it is efficient with
high conversions and selectivity to the corresponding aldehydes when using benzylic, allylic,
and aliphatic alcohols. The benzyl alcohol was oxidized to its corresponding aldehyde in 2.5h
with a conversion of 100% and for the entire substrate scope the selectivity was always supe-
rior to 99%. A substrate scope competition experiment was performed with benzyl alcohol and
octan-2-ol in which it was shown a 67 % of benzaldehyde and no presence of the correspond-

ing aldehyde from octan-2-0l.[38,39]

1.3.5 Stahl’s research

In 2013, Stahl devised a system to enhance the one published by Sheldon using copper
in its oxidation state of one. He recognized that oxidizing the copper was a crucial initial step
in initiating the reaction. So, he developed a system that would simplify the reaction condi-

tions and be accessible for every chemistry laboratory to utilize. Therefore, his initial
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conditions were to include the copper salt, bpy, NMI and TEMPO (10 mol% each) in acetone
at room temperature and open-air.[40] Upon further investigation, Stahl managed to refine his
conditions to only 5 mol% of [Cu(MeCN),](OTf), 5 mol% of bpy and TEMPO and 10 mol% of
NMI, in MeCN at room temperature and in open-air conditions (Figure 1.14).[14,41] The ben-
zyl alcohol was oxidized to its corresponding aldehyde in 3h yielding 95%. Studies were con-
ducted to determine the scope and functional group tolerance of this system, which showed
its efficiency in oxidizing alcohols containing alkynes, heterocycles, ethers and thioethers to
yield good-to-excellent products. It was also concluded that the alkenes and alkynes are not

subject to oxidation.[42]

[Cu(MeCN),4]OTf (5 mol%)
TEMPO (5 mol%)
bpy (5 mol%)
OH R
NMI (10 mol%)
air, CH4CN, 25 °C

OH

Figure 1.14. General conditions for the oxidation reaction of Stahl's catalytic system.

In a separate report, Stahl started his studies by comparing the reaction rates, yields, and
substrate scope of the different catalytic systems, and complemented his results with UV /Vis
and EPR spectroscopic to gain insight into the nature of the active catalyst species present
during the reaction.[43] A study investigating the mechanism of alcohol oxidation utilizing
copper(II) and nitroxyl catalysts revealed the involvement of a bimolecular pathway through
which hydrogen-atom transfer occurs from a copper(Il)-alkoxide species to the nitroxyl radi-
cal. The observed reactivity and chemoselectivity were in agreement with the results from
experimental and computational studies. This research was significant for gaining a better un-
derstanding of the reactivity variances among various nitroxyl cocatalysts, which entail dis-
tinct mechanisms.[44]

In another study, a suggested mechanism for the aerobic oxidation of alcohol is pre-
sented. It is believed to involve two distinct half-reactions. In the first reaction, the reduced
catalyst (Cu' and TEMPOH) undergoes oxidation by the O in the air. In the second reaction,
the alcohol is oxidized via Cu" and TEMPO mediation. This compound has a critical role as a
co-catalyst in the reaction, working alongside Cu' to achieve the net two-electron alcohol-to-

aldehyde catalyst. The NMI is believed to function as a ligand in the Cu' complex.[45]
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A subsequent study by Stahl observed the impact of changing the TEMPO compound
on the catalyst’s reactivity. It was concluded that bicyclic nitroxyl derivates with less steric
hindrance, such as ABNO (9-azabicyclo[3.3.1]nona N-oxyl), have a higher rate of alcohol oxi-
dation than more sterically hindered TEMPO derivates. This conclusion was supported by
kinetic studies conducted during the study. Relating to the previous section, this system
demonstrates efficiency in the aerobic oxidation of sterically unhindered primary alcohols and
electronically activated substrates. It overcomes the steric and electronic limitations of the pre-
vious system, leading to a broader range of substrate scope and increased reactivity. It also
utilises the oxygen of the air as the source of oxidiser, thereby obviating the necessity of ex-
pensive and potentially hazardous oxidants, such as molecular oxygen and peroxides. Addi-
tionally, it is readily available and easily accessible. Lastly, it simplifies the reaction setup and
reduces the overall cost of the process.[46]

Stahl also studied the utilization of continuous-flow processing for the aerobic oxidation
of primary alcohols compared to a batch process, which enables scalability and efficiency en-
hancements. This process provides various advantages, such as improved regulation of reac-
tion conditions, heightened safety, and the capacity to conduct reactions on a larger scale. It is
significant because it is a greener and more effective approach to producing pharmaceutical
intermediates.[47]

Stahl’s subsequent paper details the advancements made in the development of a superior
Cu/nitroxyl catalyst system for the oxidation of alcohols using aerobic conditions. These mod-
ifications comprise replacing [Cu(MeCN),]JOTf with the more affordable Cu', reducing ABNO
loading to 0.05-0.3 mol% and employing NMI as the sole ligand /additive. The cinnamy]l alco-
hol was able to be oxidized to its corresponding aldehyde in 1h with 95% yield, while with the
previous system this reaction takes 2h yielding 92%. This eliminates the necessity for ¥°bpy,
allowing for a more compatible integration in batch and flow processes (Figure 1.15).[48-50]
This optimized system demonstrated excellent performance in oxidising various alcohols with
a broad substrate scope, high selectivity for primary alcohols, and fast reaction rates for both
primary and secondary alcohols.[49,51,52] Additionally, the solvent found to be most useful
was acetonitrile due to its good performance, excellent solubility of reaction components, and
high potential operating temperature, allowing for effective and reproducible gas-liquid mix-
ing. Furthermore, it was safe to use in flow reactions with a slug flow reactor, even under

elevated pressures of dilute O, and organic solvents.[49]
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Cul (5 mol%)
ABNO (0.05-0.3 mol%)
NMP (0.5 M)

NMI (10 mol%)
air, CH,CN, 25 °C

Figure 1.15. Proposed modifications in the Stahl's first catalytic system.

After optimizing the system, Stahl identified other applications for this reaction. In a
subsequent article, he found that Cu/nitroxyl catalysts can efficiently and selectively promote
the aerobic oxidative lactonization of diols. This occurs under mild reaction conditions using
the oxygen present in the air as the oxidant. Moreover, it was discovered that the chemo- and
regioselectivity of the reaction can be adjusted by changing the identity of the nitroxyl cocata-
lyst. This being, the Cu/ ABNO system demonstrates exceptional reactivity with symmetrical
diols and hindered unsymmetrical diols, whereas the Cu/TEMPO system yields superior re-
sults for oxidising less hindered unsymmetrical diols while also favouring primary alcohols
over secondary alcohols. The selectivity observed in the reaction of oxidative lactonization can
be explained by the anticipated acidity of the alcohol, indicating that electronic effects can be
just as influential as steric effects in governing the selectivity of the reaction. This system is
compatible with all classes of alcohols (benzylic, allylic, aliphatic), enables efficient lactoniza-
tion of 1,4-, 1,5- and some 1,6-diols, and can tolerate diverse functional groups, including al-
kenes, heterocycles, and other heteroatom-containing groups. In the meantime, the Cu/ ABNO
system demonstrates substantial activity and selectivity in the aerobic oxidative lactonization
of symmetrical diols, like diethylene glycol, a critical precursor for biodegradable polyesters
extensively used in biomedical applications.[53,54]

Another work of Stahl that involves the system being studied is the oxidative coupling
of alcohols and amines to form amide bonds using aerobic copper/nitroxyl catalysis. The main
advantage of this system is its practical application and functional group compatibility, which
enables the synthesis of diverse a-heteroatom substituted amides that are essential in pharma-
ceuticals and bioactive compounds. The reaction tolerates more than 20 distinct functional
groups, can be executed on a large scale under mild conditions, and the catalyst components
are commercially obtainable, easily accessible synthetic procedures. The comprehensive sub-
strate scope and functional group tolerance of this catalytic system render it appropriate for

the synthesis of drug-like molecules.[55,56] For instance, the procedure was employed in the
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synthesis of alogliptin, saxagliptin, and oseltamivir, resulting in the required amides with over

90%.[52,57-60]

Table 1.1. Summary of catalytic conditions for the different catalytic system presented.

Cu(NO;3),.H,O phen NaOCH; MeOH 30 °C

Cu'Cl = = DMF 25°C
2:1
Cu"Br, bpy KO'Bu 25°C
MeCN/H,0O
CuCl DBADH,/ phen K,CO; Toluene 70 °C-90 °C
Cu'OTf bpy/ “Mebpy NMI MeCN 25 °C

1.4 Work objectives & strategy

1.4.1 Diimines as ligands

In the field of coordination chemistry, designing and manipulating metal complexes
with custom properties has piqued considerable interest for maximizing functional potential.
Within the gamut of ligands used, diimines stand out due to their structural and electronic
attributes. As a bidentate chelating agent comprising two nitrogen atoms as binding sites,
diimines offer diverse interaction possibilities with metal centres. Thus, they are a valuable
resource in complex design.[61]

Diimines, including bipyridine (bpy) and phenanthroline (phen) derivatives, are becom-
ing increasingly popular ligands for copper complexes due to their chelating abilities to pro-
mote the formation of stable complexes.[62] Among the most extensively studied diimines is
2,2"-bipyridine (bpy), known for its well-defined coordination geometry and rich photophys-
ical properties. Copper(I) and copper(Il) complexes with bpy may display varied geometries,
ranging from mononuclear to multinuclear species. These species can exhibit fascinating light-

emitting characteristics, which may prove beneficial for sensors and illumination systems.[63]
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Copper(I) complexes that contain diimine ligands have demonstrated excellent effi-
ciency in several catalytic reactions, including C-C and C-N bond formation. It should be noted
that selectivity and effectiveness of these reactions can be influenced by the electronic and
steric effects of the ligand. This is particularly relevant in Ullmann and Sonogashira reactions,
where copper-diimine catalysts are commonly used.[64]

The application of diimine ligands extends to biological and medicinal research, with
the study of copper complexes and diimine ligands as potential anticancer agents being an
example. These complexes have the ability to interact with DNA, which disrupts its structure
and inhibits replication. Certain copper-diimine complexes show selective cytotoxicity to-
wards cancer cells, sparking interest in their development as targeted chemotherapy
agents.[65]

Among the first non-innocent ligands that enabled new chemical reactivities trough their facile
redox activities were the a-diimines[66], diazabutadiene (DAB) and diazadiene (DAD), which
are the most relevant types of ligands for this study. These ligands possess the necessary prop-
erties to form stable complexes due to their multidentate coordination nature, proving multi-
ple sites for coordination, leading to well-defined geometries. These ligands possess both
o—donor (electron-donating) and m-acceptor (electron-accepting) properties. The nitrogen at-
oms in the ligands can donate electron density to the copper centre through c-bonding, which
influences the redox properties and reactivity of the complex. Moreover, the n-systems in the
ligands interact with the metal’s d-orbitals, thereby affecting the electronic structure of the
complex. The ligands’ capacity to donate and accept electrons permits regulating the com-
plexes of electronic properties, thereby affecting redox potential, electron transfer processes,
and catalytic behaviour. The substituents” steric bulk in the ligand may influence adjacent
functional groups and coordination geometry, potentially altering the complex’s reactivity
and selectivity in a given application.[67-70] These ligands can demonstrate intriguing lumi-
nescence depending on the substituents, enabling their application in sensors, light-emitting
devices, and photovoltaics.[71] In addition to chelating metallic centres, they can bridge mul-
tiple metal centres, resulting in the formation of multinuclear complexes that can affect the
electronic communication between the metal centres.[72] The redox activity of these ligands is
also significant in catalysis and electron transfer processes. Finally, the many applications in
medicinal chemistry arise from their ability interact with biomolecules and exhibit cytotoxic

properties, important in potential anticancer agents.[72]
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Figure 1.16. Most common types of diimines. Typical diimines of previous published catalytic systems (top) and

synthesised diimines for this dissertation (bottom).

Another type of ligand that has gained a lot of interest is the BIAN ligand
(bis(imino)acenaphthene), which is a diimine similar to DAB or DAD but has an acenaphthene
in its backbone. This ligand has characteristics like those mentioned above but imposes a cen-
tre, which can be related to the complex stability. It is less affected by the surrounding effects.
Due to their strong c—donor properties, these ligands have the potential to activate the copper

centre and impact the reactivity and selectivity in catalytic processes.[73]

1.4.2 Objectives

Following the previous catalytic system published by the group, which was formed by
the BIAN complex but with different counterions (Br, I and Cl) so the main objective is to
synthesize complexes that could optimize the catalytic conditions.[74] For that the use of
BIAN, DAB and DAD ligands to form copper(I) complexes is proposed. Two counterions, BFy
and OTf, were chosen due to the expected stability of the BF,  and reactivity and effect on the
solubility properties of OTf. These were combined with two different chelating solvents,
MeCN and PhCN, to investigate their effect on the compound’s stability. To investigate their

potential activity in oxidising benzylic alcohol into benzaldehydes, the efficiency of the
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designed system was studied, comparing the effect of the different counterions and determin-
ing the most suitable combination of ligand, chelating solvent and counterion for this reaction.

This dissertation comprises three main sections. One section is dedicated to ligands, with
subsections discussing the synthesis, structural characterization, and the synthesis of the cop-
per starting materials. Another section focuses on the complexes synthesised, discussing their
synthesis, structural characterization and the obtained X-ray structures. The final section, de-
scribes the catalysis process, including the catalyst scope, the catalyst loading, the additives
loading, the system concentration and substrate scope. In the following section, conclusions
and future perspectives will be presented, along with the obtained results. The detailed pro-

cedures performed in this work will be described in the next section.
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RESULTS AND DISCUSSION

Bis(imino)acenaphthene (BIAN), diazabutadiene (DAB) and diazadiene (DAD) ligands
were synthesised. The ligands were then coordinated with various copper salts including
([Cu(MeCN)4]X and [Cu(PhCN),]BF.. A more detailed discussion of the synthesis and charac-
terization of each ligand and complex synthesised will be presented in the relevant section.
These synthesised compounds were subsequently assessed for their potential as catalysts for
the oxidation of benzyl alcohol to benzaldehyde. The study examined the activity, concentra-

tion of catalyst and additive, concentration of system, solvent and substrate scope.

2.1 Ligands

2.1.1 Synthesis of the ligands

Five distinct ligands were synthesised under varying conditions, following literature
methods[72,75,76] but with changes in the solvent used (methanol or isopropyl alcohol), tem-
perature (0 °C, 25 °C and 65 °C) and the acid catalyst (formic acid or p-toluenesulfonic acid)
(Figure 2.1).

23



NHQ R2 R1 R R2

2 2
o 0 R R i, i or il 27—
H1 + [ R3 N N RB
R R
R2 R2

) (R1):R'=
i) (R2):R'= R%=H,RZ=Pr

) (R3): R'= acenaphthene, R?=iPr, R®=H
i) (R4): R'=CH,, R2=H, R3=CH,

iii) (R5): R'= CH5, R%=H, R3=iPr

Figure 2.1. Scheme of the synthesis used for the ligands. i) - 2,3 - butanedione (1 eq), aniline (2 eq), formic acid (0.1
eq), MeOH, 16h, reflux. ii) - 2,3 - butanedione (1 eq), aniline (2 eq), p-TsOH (0.1 eq), MeOH, 24h, r.t. iii) - aniline (2
eq), formic acid (0.1 eq), 2,3 -butanedione (1 eq), PrOH, 2.5h, 0 °C.

For the DAD" (R2), BIAN“*" (R3) and DAB"* (R4) (see Figure 2.2), Nolan's proce-
dure[76] was employed by adding butadione or glyoxal and aniline to a methanol mixture at
room temperature and stirring for 16h-24 hours (see Figure 2.1). The low yields resulted from
the formation of byproducts, particularly a polymeric compound that gives rise to a dark
brown oil (see Figure A.1 in the Annexes).

For the synthesis of DAB®PP (R1), it was followed the method by Pepas.[72] Here, we
added the butadione and the aniline to a solution of methanol at reflux temperature and stirred
it for 16 hours (Figure 2.1). Similar to the previous procedure, the formation of a dark brown
oil affected the yield.

For the preparation of DAB™ (R5), it was used an adapted procedure from Day’s
method.[75] In this case, it was added aniline to a solution of butadione and isopropanol, fol-
lowed by the addition of p-toluenosulfonic acid to catalyse the condensation reaction (Figure

2.1). Under these conditions, we obtained a dark brown oil.
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Figure 2.2. Synthesised ligands.

Two additional ligands (see Figure 2.3) were intended for synthesis but all attempts to
produce a pure product in substantial quantities failed due to the significant formation of the
polymer under the present conditions. We hypothesize that is caused by the use of glyoxal
starting material in an aqueous solution, whereby the presence of water appears to impede

reaction.

O OO

Figure 2.3. Ligands that were not able to be synthesised.

2.1.2 Structure characterisation of the ligands

2.1.2.1 NMR analysis of the ligands

The 'H NMR spectrum of the various ligands provides a structural representation of
the obtained compounds and their purity. In the case of the DAB ligands (R1, R4 and R5), the
corresponding spectra are illustrated in Figure 2.4. For compound R1 (Figure A.2 in Annexes),

the anticipated signals were fivefold, including a triplet. However, the NMR data display a
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duplet of duplets at 7.10 ppm, integrating for two protons, which corresponds to the para
proton from the aryl. Additionally, there is a duplet, integrating for four protons at 7.17 ppm
representing the meta protons from the aryl, a septet integrating for four protons at 2.72 ppm
representing the C-H from the isopropyl substituent, a duplet of duplets, integrating 24 pro-
tons at 1.19 ppm, is present due to rotation bond impediment arising from the different chem-
ical environment of each methyl groups from the isopropyl. This results in two signals, but
the shift in this case is weak, thereby leading to the observed multiplicity. Finally, a singlet,
integrating 6 protons at 2.07 ppm, are assigned to the methyls attached to the iminic carbon.
It is anticipated that the two other DAB ligands will produce the same backbone signal,
with only the signals for the distinct aryl substituents being differentiated. As for R4 (Figure
A.5 in Annexes), only one integration for six protons is expected. Determining which signal
corresponds to the methyl from the iminic carbon cannot be ascertained with certainty, but it

may be speculated that it is the signal at 2.36 ppm, as it is more unshielded than the aryl me-
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Figure 2.4. '"H NMR (CDCl) obtained for the DAB ligands. The blue spectrum corresponds to the R1 compound,
the yellow one to the R4 compound and the purple to the R5 compound.

thyl signal which may be the signal at 2.15 ppm. Two distinct duplets, each integrating four

protons, signify the four ortho protons. As in the preceding case, it can be inferred that the
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signal at 7.17 ppm indicates the ortho position, which has relatively unshielded protons. Sim-
ilarly, the signal at 6.70 ppm is expected to represent the four meta protons. For R5 (Figure A.6
in Annexes), the expected signals for the aromatic compound are 7.23 ppm for the ortho pro-
tons and 6.72 ppm for the mefa protons. Additionally, there is a septet integrating at 2.90 ppm
that represents the C-H of the isopropyl and a duplet integrating for 12 protons at 1.27 ppm
representing the methyl of the isopropyl.

For the DAD*? (R2) compound (Figure A.3 in Annexes), as depicted in Figure 2.5, five
signals ought to be detected are expected, one singlet at 8.11 ppm integrating for 2 protons
corresponding to the protons from the iminic carbon, one duplet integrating for 4 protons cor-
responding to the meta protons from the aryl substituent, one triplet integrating for 2 protons
corresponding to the para protons from the aryl substituent but what the spectrum show is a
multiplet superimposed with the deuterated solvent (CDCls) at 7.18 ppm integrating for 6 pro-
tons but also the protons from the solvent, it is also expected a septet at 2.94 ppm correspond-
ing to the C-H of the isopropyl and a duplet at 1.14 ppm from the CH; of the isopropyl.

For the BIAN“? (R3) (Figure A.4 in Annexes), as illustrated in Figure 2.5, additional
signals from the ligand are anticipated. The most unshielded signal corresponds to a duplet at
7.86 ppm integrating for two protons, which is attributed to the para proton from the acenaph-
thene backbone. The subsequent signal will correspond to the triplet at 7.36 ppm characteristic
of the meta proton from the acenaphthene backbone. The following multiplet corresponds to
the aryl meta and para protons at 7.26 ppm and integrates for 6 protons. However, due to
being superimposed with the deuterated solvent (CDCls) the integration is slightly higher. The
following signal corresponds to the C-H from the aryl group, a septet at 3.01 ppm integrating
to 4 protons. It was anticipated that a duplet integrating for 24 protons related to the methyl
groups of the isopropyl group, but two duplets at 1.13 ppm and 0.96 ppm integrating to 12
protons each are shown instead. This phenomenon may be attributed to the absence of group
rotation, which leads to two different chemical shifts due to steric hindrance and distinct chem-
ical environment. This is analogous to the case of R1, but the presence of the acenaphthene

leads to an even more hindered bond rotation.
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Figure 2.5. '"H NMR of the DAD ligand and BIAN ligand synthesised. In the green spectrum is represented the R2

compound and in the purple spectrum the R3 compound.

2.1.22 UV/Vis analysis of ligands

The UV /Vis spectroscopy is a valuable tool to better understand the electronic proper-
ties and coordination behaviour of the ligands in study. The diazabutadiene ligands are con-
jugated organic molecules, and so their lower energy electronic transitions can be observed in
a UV /Vis spectrum at ca 340 nm (348 (R1, Figure A.7 in Annexes) and 342 nm (R4, Figure A.10
in Annexes) and (R5, Figure A.11 in Annexes)) with low molar absorptivity, with additional
transitions at shorter wavelengths, 233 nm and 267 (R1), 228 nm and 284 (R4) and 229 nm and
287 (R5), represented in Figure 2.6. In the three spectra the transitions appear to be very simi-
lar, but a small deviation appears when the aryl substitution changes from the ortho to the
para position.

To precisely determine which type of orbitals are involved in the transitions would re-
quire additional experimental studies and computational methods, such as density functional

theory (DFT) or time-dependent DFT (TD-DFT).
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The similarity between the R1 and R2 (Figure A.8 in Annexes), in contrast to R4 and R5
could originate from the two isopropyl in the ortho positions, which do not allow for the rota-

tion of the bonds specially between the two imines (see Figure 2.7).
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Figure 2.6. UV /Vis spectra obtained in MeCN of the DAB ligands.
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Figure 2.7. UV /Vis spectra of the DAD ligand (in MeCN) and the BIAN ligand synthesised.
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2.1.2.3 IR analysis of the ligands

The infrared technique is valuable in the compound characterization as a complementary
method as it detects the impact of various functional groups through the vibrations produced.
The most prevalent and crucial vibrations are the stretching, a continuous alteration in the
interatomic distance along the axis of the bond between two atoms, while the modification in
the angle is called bending. Another piece of information that can be obtained from the infra-
red analysis is the alteration in bond strength. When a band shifts towards a higher wave-
length number, the bond is stronger.

Based on the structures of the synthesised molecules, the main bands of importance are
the C=N bands. These bands appear at 1630 cm™ (R1, Figure A.12 in Annexes), 1625 cm™ (R2,
Figure A.13 in Annexes, and R4, Figure A.15 in Annexes), 1668 cm™ (R3, Figure A.14 in An-
nexes) and finally at 1633 cm™ (R5, Figure A.16 in Annexes), as presented in Figure 2.8.
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Figure 2.8. IR spectra obtained for all synthesised ligands.

2.1.3 Copper starting materials

Three distinct copper starting materials were synthesised, all of which were previously
published in the literature, shown in Figure 2.9. The preparation of these compounds involved
the use of a copper(Il) complex with the corresponding counterion and an excess of metallic

copper, which was refluxed with either acetonitrile or benzonitrile depending on the target
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complex. The obtained complexes were sensitive to air and humidity which leads, to their

oxidation; thus, they were stored in Schlenk flasks under argon at -18°C.

PhCN NCPh MeCN NCMe MeCN NCMe
N/ A4 A4
Cu Cu Cu
AN A X AR
PhCN NCPh BF4 eCN NCMe P MeCN NCMe BF4

Figure 2.9. Synthesised copper starting materials.

2.2 Complexes

2.2.1 Synthesis of the complexes

Seven complexes were synthesised, with five being new and two previously reported in
the literature. The synthesis of the complexes involved the ligands R1-R5 described earlier, as
well as various copper starting materials and counterions, showcased in Figure 2.2, 2.4 and

2.9. These complexes were obtained with high yields and purity through the reaction pre-

sented in Figure 2.10.
R?CN  NCR? *
R" R \ /
7 Cu(R2CN),X avDeM S
+ -
N N u( )a inert atmosphere N< \N
16h, r.t. >_<f
R' R
- X’
C1:R'=R1, R? =Ph, X'=BF C4:R' =R1, R? =Me, X =OTf C7:R' =R2, R? =Me, X'=BF,’
C2:R'=R1, R? =Ph, X'=BF’ C5:R' = R2, R? =Me, X =OTf
C3: R' =R3, R? =Me, X=0OTf C6: R' =R1, R =Me, X=BF,"

Figure 2.10. Scheme of the synthesis of complexes C1-C7.
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The reaction of copper salts with ligands R1-R3 resulted in the formation of these com-
plexes, using 1:1 stoichiometric ratio, in dried dichloromethane under an argon atmosphere,
employing Schlenk techniques. The reaction proceeded for 16 hours at room temperature.
Eventually, the compounds underwent filtration and were subjected to the liquid-liquid dif-
fusion method, using pentane as a counter solvent. The compounds precipitated as brown
crystals, and filtering was repeated, as shown in Figure 2.11. Certain complexes, particularly
those containing the smaller groups, such as the acetonitrile and DAB or DAD ligands, proved
difficult to precipitate and tended to form oils. Obtaining the solid compound, required break-

ing the oil with liquid nitrogen and diethyl ether under vacuum.

RCN RCN NCR
F!CN\ “\NCR N -.‘NCR \
Cu Cu Cu
/N /
R-N N-R R-N N-R R-N N-R
NS A
R1 R2 R3
X X X

C2-R=Ph, X=BF,
C5- R=Me, X = OTF
C7-R=Me, X =BF,

C1-R=Ph,X=BF,
C4-R=Me, X = OTF
C6 - R = Me, X = BF-

C5-R=Me, X=0Tf J

Figure 2.11. Complexes synthesised.

R1
/ \
dry DCM \\ SN ONTR //
>_< v W4
— 7N — +  Cu(MeCN),OTf — Cu
S N N \ 5 inert atmosphere AN
R 7R! 16h, r.t. / N\ N 7\
15— \ / \
— OTf
C8: R'=R4
C9:R'=R5

Figure 2.12. Scheme of the synthesis of complexes C8 and C9.
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Bischelates C8 and C9 (Figure 2.13) are a newly synthesised complex family without
published information. These molecules were synthesised as previously described (Figure
2.12), producing a dark rose compound when in solution and a dark brown solid with high
yields and purity. Treatment with liquid nitrogen and diethyl ether under vacuum is required

due to the formation of an oily compound.

O 9O %@Nf ,NO%

- — Otk — oTf

Figure 2.13. Synthesised complexes.

2.2.2 Structural characterization

Various characterization techniques were employed in the confirmation of the desired
compound during the complex synthesis. Spectroscopic methods, including NMR, UV /Vis

and IR spectroscopies, as well as X-ray crystallography, when possible, were utilized.

2221 NMR analysis of the complexes

Comparing with the free ligand facilitated assignment of the chemical shift as it did not
deviate significantly from the free ligand. This aided in identification of chelating solvent’s
signal. The 'H NMR spectrum show significance across all the complexes, with the most nota-
ble change occurring due to the deviation of the hydrogen adjacent to the iminic carbon devi-

ating towards a lower magnetic field when compared to the free ligand.
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Figure 2.14. Stacked C NMR spectra of all the synthesised complexes.

The iminic carbon in the various complexes displays the impact of resonance in the
diimine backbone. Figure 2.14 illustrates how the signal shifts to a lower field, indication of a
stronger unshielding effect, when methyl groups constitute the diimine backbone. Conversely,
when there is no substitution, the signal appears at a higher field, indicating greater shielding.
The BIAN complex lies in between these two. There are two distinct effects at play. The elec-
tron-donating groups (methyl) activate the iminic bond by increasing the electron density sur-
rounding the copper atom. Another effect at play is resonance, involving the delocalization of
electrons in the aromatic groups or in conjunction with the aryl groups. This process leads to
an increase in electron density at the position where partial negative charges are present. As a
result, the signal is observed at a higher field and so is more shielded compared to the case of
methyl substitution.

The coordination of the metal in the adjacent methyl to the iminic carbon was compared
in the "H NMR of the complexes, resulting in a deviation to a lower magnetic field in all com-

plexes, as shown in Figure 2.15. The benzonitrile assignment in compound C2 (Figure A.24 in
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Annexes) was easily identified by comparing it to the 'H NMR spectrum of the free ligand,
which corresponded to the three-signals missing in the reagent spectrum. For the compound
C4, the signal of the MeCN is very broad and short, necessitating a zoom to make it visible.
The complete spectrum with the appropriate zoom can be viewed in Figure A.38 in Annexes.

No effect of the different counterions is visible in the ‘H NMR.
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Figure 2.15. '"H NMR of the free ligand R1 and the complexes C1, C4, C6.

Through comparing the free ligand with the different 'H NMR spectrum obtained for
the complexes, it can be concluded that the iminic hydrogens have been shifted toward a lower
magnetic field. This is consistent with a change in the chemical environment of these protons,
specifically the presence of the copper coordination (8.11 ppm (R2), 8.33 ppm (C2), 8.20 ppm
(C5), 8.19 ppm (C7)). The meta and para protons of the aryl in these complexes can be identi-
fied by two signals that are overlapping at 7.25-7.02 ppm (R2), 7.32 ppm (C2), 7.36-7.24 ppm
(C5), 7.28 ppm (C7). The remaining signals in the case of C2 correspond to the benzonitrile
present as a chelating solvent. Figure 2.16 displays these findings.
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Figure 2.16. 'TH NMR of the free ligand R2 and the complexes C2, C5, C7.

The shifts in signals when coordinating to copper were compared in the case of the C3
complex. The acenaphthene backbone's proton signals underwent the most significant change,
with para protons shifting from 7.87 ppm (R3) to 8.12 ppm (C3), in the ortho protons from 7.36
ppm (R3) to 7.52 ppm (C3), and meta protons shift from 6.64 ppm (R3) to 6.75 ppm (C3). The
remaining signals, which correspond to the aromatic and aliphatic signals from the aryl's sub-
stitution, showed no considerable change in their chemical shift upon coordination to the
metal. Another indication of the coordination is the presence of a signal at 2.15 ppm corre-
sponding to the acetonitrile, the chelating solvent present in this complex. These results are

shown in Figure 2.17.
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Figure 2.17. "H NMR of the BIAN free ligand R3 (blue) and the C3 complex (brown).

For compounds C8 and C9, bischelate formation of the bischelate is expected, due to the
absence of steric hindrance in ortho positions. To confirm this hypothesis, the presence of the
MeCN signal in the '"H NMR of these compounds, corresponding to the chelating solvent, was
taken into consideration but not found. Instead, only a common signal with the free ligand
was observed, with a slight deviation towards lower magnetic field. For instance, the adjacent
iminic carbon signal in C8 and R4 displays a 2.36 ppm deviation in the free ligand compared
to 2.39 ppm in the complexed form. In the case of the C9, a notable observation is made. The
"H NMR of the free ligand shows a mixture of two compounds, which we presume to be the
enantiomer of the cis compound that coordinates with the metal. The molecule seems to alter
its conformation in order to coordinate with the metal, leaving only one species in the 'H NMR
of the complex. Additionally, a small deviation is observed in the general signals of this com-
plex towards a lower magnetic field, which confirms the coordination of the copper to these

molecules. The stacked spectra are shown in Figure 2.18.
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Figure 2.18. "H NMR spectrum of the ligands R4 and R5 and complexes C8 and C9.

To verity the assigned signals, additional COSY, HSQC, HMBC, and NOESY experi-
ments were conducted. The COSY spectrum enabled the correlation of neighbouring protons
and identification of the corresponding proton signals based on the presumed molecules. The
HSQC spectrum were then utilized to correlate non-quaternary carbons with their respective
protons. Upon completing this assignment, the HMBC spectrum proved crucial in detecting
the signals associated with quaternary carbons. This spectrum has the capability to exhibit
signals with J* and J° coupling constants, confirming their presence, thereby enabling the iden-
tification of all °C spectrum signals. It was crucial to determine the spatial arrangement of the
molecule, and this was achieved through the use of NOESY. This method provided infor-
mation on the proximity of protons in space, rather than just in adjacent positions. Addition-
ally, it is noteworthy that the counterions employed, BF, and SO;CF; (OTf), contain fluorine in

their composition. The "F spectrum will confirm the presence of these species. The fluor signal
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for the BF, ion appears at -153.52 ppm (C1), -153.29 ppm (C2), -153.12 ppm (C6), -152.99 ppm
(C7) and for the SO;CF; ion at -78.85 ppm (C3), -77.90 (C4), -78.75 ppm (C5), -78.88 ppm (C8),
-76.24 ppm (C9). The shift obtained for the triflates anions seems to indicate that in any case

there is coordination to the metal centre.

2.2.2.2 UV/Vis analysis of the complexes

For the different complexes the UV /Vis was also performed as a characterization tech-
nique. For that, dry MeCN was used to conduct the analyses. For the DAB complexes (com-
pounds C1, C4 and C6) it is possible to observe that the spectra are similar to the ligand (R1)
expect for compound C1 (Figure A.80 in Annexes), which corresponds to the complex with

the benzonitrile as the chelating solvent. The results are shown in Figure 2.19.
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Figure 2.19. UV /Vis spectrum of the DAB ligand R1 and the complexes C1, C4, C6 in MeCN.

Regarding the DAD complexes, including C2 (Figure A.81 in Annexes), C5 (Figure A.84
in Annexes) and C7 (Figure 2.19, Figure A.86 in Annexes), the same behaviour occurs as the
benzonitrile complex appears with more transitions than the other compounds with almost
superimposable spectra. A transition metal-to-ligand charge transfer (MLCT) is expected
when a metal is in its low oxidation state and the ligands are composed with low-lying empty

orbitals but couldn't be observed, this can be due to the lack of the sumperimposed HOMO
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and LUMO orbitals resulting in low absorptivity and thus the MLCT transition is not ob-

served.
100000
80000
£ 60000 R2
o
T c2
2 40000
w s
20000 ¢7
0
200 250 300 350 400 450

A (nm)

Figure 2.20. UV /Vis spectrum of the free ligand R2 and the complexes C2, C5 and C7 in MeCN.

The R3 and C3 (Figure A.82 in Annexes) spectra (Figure 2.21) seem to be practically
superimposable, which indicates low influence when coordinated to the metal. For both com-

pounds transitions at 312 nm, 230 nm and 274 nm are observed.
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Figure 2.21. UV /Vis spectrum of the free ligand R3 (green) and the C3 complex (orange) in dry MeCN.
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Finally, the last compounds C8 (Figure A.87 in Annexes) and C9 (Figure A.89 in An-

nexes), show a very similar almost superimposable behaviour with the free ligand revealing

two transitions at ca 350 nm and 230 nm, as of the other compounds studied (Figure 2.22).

These compounds also show the higher molar extinction coefficient, which correlates with the

number of chromophore units that absorb light at the same wavelength.
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Figure 2.22. UV /Vis spectrum of the free ligands R4 and R5 and the complexes C8 and C9 in MeCN.
2.2.2.3 IR analysis of the complexes
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Figure 2.23. IR spectrum of the free ligand R1 and the complexes C1, C4 and C6.

The IR analysis mainly confirmed that the functional groups present in the molecules
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under study were reflected in the corresponding functional groups. Consequently, vibration
specific to B-F, S=0 and C-F were sought in various complexes. These bands typically appear
between 1200-1000 cm ™. Another significant zone is around 2280-2215 cm™, wherein the bands
-CN from the benzonitrile and acetonitrile will appear. Lastly, the band from the imines will
appear around 1600 cm™.

When comparing the free ligand with the complexes, new bands are observed and a shift
is noted in the C=N band at 1643 cm™ (C1), 1641 cm™ (C6) and 1639 cm™(C4). In the case of the
C1 complex (Figure A.89 in Annexes), which is composed of benzonitrile, the corresponding
band to this vibration band was found at 2226 cm™, while the BF, vibrations were noted at 1050
cm™ and 1047 cm™. As for the C6 complex (Figure A.93 in Annexes), a band characteristic of
the acetonitrile group was expected and found at 2277 cm™, along with BF, vibrations at 1048
cm™ and 1030 cm™. A vibration at 2273 cm™ corresponding to the MeCN vibrations was de-
tected for the C4 complex (Figure A91 in Annexes). The CF; vibrations were also observed,
with bands at 1261 cm™ and 637 cm™, as well as a band at 1142 cm™ characteristic of S=O. Fur-

thermore, a band at 1030 cm-1 characteristic of the C-F vibration was identified. These results

are shown in Figure 2.23.
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Figure 2.24. IR spectrum of the free ligand R2 and the complexes C2, C5 and C7.

As with the previous example, an increase in wavelength number is noticed in the
imine bond at 1635 cm™ (C2), 1633 cm™ (C7 and C5). Counterions vibrations were also detected.
A vibration of BF; at 1052 cm™ was established for the C2 (Figure A.90 in Annexes) and C7
complexes (Figure A.94 in Annexes). The C5 complex (Figure A.92 in Annexes) contains and
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exhibits a range of vibrations. CF; vibrations were identified at 1260 cm and 636 cm™, the S=O
vibrations were found at 1141 cm™, and C-F vibrations were detected at 1031 cm™. Addition-
ally, the C2 complex exhibit benzonitrile vibrations at 2241 cm™, while the C5 and C7 com-

plexes displayed acetonitrile vibrations at 2272 cm™ and 2275 cm™, respectively. These results

are shown in Figure 2.24.
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Figure 2.25. IR of the free ligands R4 and R5 and the complexes C8 and C9.

Contrary to the other complexes, the imine bands are more prominent in the free ligand
than in the complexed state. However, they still occur, at 1623 cm™ and 1620 cm™ for the C8
(Figure A.95 in Annexes) and C9 (Figure A.96 in Annexes), respectively, and appear to shift to
a lower wavelength number, which contrasts with the remaining complexes. Another way to
confirm that the bischelate is the species that formed is the lack of the acetonitrile vibration at
c.a. 2270 cm™. The CF;vibrations appear at 1261 cm™ and 636 cm™ for both complexes. Addi-
tionally, the S=O vibration is observed in both complexes at 1154 cm™ and the C-F vibration is
evident in both compounds at 1030 cm™, providing evidence of the counterion's presence.

These results are presented in Figure 2.25.
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2224 X-ray crystallography analysis

With the objective to characterize the new complexes through X-ray crystallography, to
better understand the geometry that the complexes adopted in solid state and their tridimen-
sional properties, it was required to obtain crystals. For that, a technique known as liquid-
liquid diffusion, where a second solvent is "layered" carefully on top of the solution containing
the compound was used. The compound must be insoluble (or have very low solubility) in the
second solvent, so when the two solvents mix, the compound starts to crystallize, usually at
the layers interface. The solvents used were dichloromethane for solubilising the sample, and
pentane as the counter solvent. It was possible to obtain good crystals for the analysis of com-

plexes C3, C4 and C7.

‘ —Iso5cF,

Figure 2.26. Mercury representation of the complex C3, with hydrogens and a dichloromethane solvent molecule

omitted for clarity (left) and its structural representation (right).
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SO4CF,

c4

Figure 2.27. Mercury representation of the complex C4, with hydrogens and a dichloromethane solvent molecule

omitted for clarity (left) and its structural representation (right).

Cc7

Figure 2.28. Mercury representation of the complex C7, with hydrogens and a dichloromethane solvent molecule

omitted for clarity (left) and its structural representation (right).

In complexes C3, C4 and C7, the asymmetric unit shows only one molecule of the cati-
onic complex, the respective counterion and one molecule of cocrystallized solvent molecule,
which in all the cases was dichloromethane. Figure 2.26, Figure 2.27 and Figure 2.28 shown

the cationic moiety of the metal complex, highlighting the metallic centre with the iminic
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Figure 2.29. Representation of the planes studied for the characterization of the complexes C3. A - shows the ®

angle relating the two planes formed by the aryl’s groups. B - shows the two ¢ angles, formed by the aryl's plane

and the backbone's plane. C - shows the 6 angle, formed by the backbone's plane and the chelating solvent's plane.

Table 2.1. Selected the bond lengths, bond angles and dihedral angles (®,¢ and 6) of the C3, C4 and C7 complexes.

Cu-N' [A] Cu-N [A] N-Cu-N? N-Cu-N* o[
C-N/[A] o] ori
Cu-N [A] Cu-N*[A] 7 7 o2/
1.30 3) 2.068 (17) 1.89 2) 73.8 (6)
c3 79.2 (6) 1068(@8)  206() 883 (5)
128 (2) 2.169 (14) 2.004 (18) 86.2 (6)
1275 (7) 2.057 (4) 1.962 (5) 86.03 (16)
c4 7842(18)  1063(2)  202(2) 89.92 (14)
1.276 (6) 2.057 (6) 1.939 (6) 81.46 (18)
1273(3) 20829 (17) 1.939 (18) 80.04 (6)
c7 7876 (6) 114699 696 (8) 91.90 (6)
12753)  2.0816(16) 1.945 (2) 79.05 (7)

carbons and in all the cases was dichloromethane, it is also highlighted the nitrogen atoms of

the organic ligand, and the nitrogen atoms of the coordinated acetonitrile labelled. Next to the

X-ray structure is the simplified representation of the molecules for easier understanding. The

C3 complex crystallized in the monoclinic system, space group 2,/ n; The C4 complex crys-

tallized in the triclinic system, space group F-1; And finally, the C7 complex crystallized in

the monoclinic system, space group 2;/c.
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Figure 2.29. shows a representation of the planes defined to calculate the dihedral an-
gles.!

Upon analysis of the results obtained from the X-ray crystallography technique, the first
conclusion to consider is the geometry of the complexes, what they appear to be tetrahedral
due to the analysis of the highlighted angles obtained in Table 2.1. For a perfect tetrahedral
geometry is required that the compound shows a dihedral angle 6 of 90°, which means that
the synthesised compounds have a slightly distorted tetrahedral geometry, since their dihe-
dral angle 6 are 88.3° (C3), 89.92° (C4) and 91.90° (C7).

The dihedral angle o consists in the angle between the two aryls. Comparing the three
complexes, discrepancies can be observed, since the two complexes that have a more hindered
backbone either, with acenaphthene or methyl groups (C3 and C4) show a 20.6° and 20.2°,
respectively, while the derivative with a less hindered backbone (C7) allows for a more aligned
position of the aryls, which shows an angle of 6.96 °.

The dihedral angles ¢, defined between the ligand's aryls and the complex's backbone
are all very similar. In fact, the main difference between the two angles is obtained with the
complex C3, which is consistent with the statement above that the steric hindrance of the bulky
backbone will interfere with the position that these aryls will adopt. This conclusion is sup-
ported by the decrease of the difference between the two angles when decreasing the bulkiness
of the backbone.

Finally, the diimine ligand's bite angles show very similar results, all around 79°. All
remaining bond distances are similar within the three structures and in agreement with other

derivatives already reported in the literature.[77]

' A dihedral angle is defined as the angle when two planes intersect, i.e. in the plane's intersection. These
complexes are characterized by three different angles: ¢ (which involves each aryl plane and the back-
bone's plane; o (which involves the angle formed by each aryl's plane); and finally, 6 (which involves
the two planes crossing the metallic centre) this angle allows for the determination of the complex's
geometry.
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2.3 Catalytic studies

Various parameters were studied in order to assess the possible activity of the synthe-
sised complexes in catalysing the oxidation reaction of benzyl alcohol to benzaldehyde. Ini-
tially, the Stahl conditions were applied to identify the most suitable complex for catalysing
this reaction. The catalytic activity of the Cu' complexes was then analysed using acetonitrile
as the solvent and 1 mol % of the Cu' complex at room temperature. 4-Dimethylaminopyridine
(DMAP) was utilized as the base due to its ability to facilitate the formation of Cu"-OH species
that can react directly with the alcohol to produce the intermediate Cu" - alkoxide without
requiring an organic base. 10 mol% of DMAP was employed. Another additive utilized was
the 2,2,6,6 — tetramethylpiperidinyloxy (TEMPO). This compound acts as a cocatalyst, working
as a one-electron oxidant to enable the net two-electron oxidation reaction of alcohol-to-alde-
hyde. Hence, oxidation of both the Cu' complex and TEMPOH occurs via O,. The completion
of the reaction is signalled by a change in the solution's colour. The oxidation process con-
cludes when only Cu" is present, identifiable by the green hue of the solution. This mechanism

is depicted in a simplified manner in Figure 2.30.

1. catalyst oxidation

2. Substrate oxidation

o) OH

2
Ho0 + é |/\
o e

R R

Figure 2.30. Simplified representation of the catalytic mechanism involving the oxidation of the benzyl alcohol via

Cu' complexes.
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The experimental conditions remained constant, and only the reaction time was modi-
fied to determine which catalyst produces the aldehyde in the shortest time. The results are
presented in Table 2.2.

All synthesised complexes exhibit activity in oxidizing this type of alcohols. However,
in order to optimize the catalytic system's conditions, it was necessary to identify the most
active compound. To do so, three separate experiments were carried out, each with the same
quantity of additives and catalyst loading. The reactions were performed in 2h, 1h and 0.5h.
The ideal complex would have the least impact on its activity. These results are shown in Table
2.2. By analysing the highlighted entries (1, 2, 10, 11, 13 and 14) it becomes apparent that all
the complexes were able to complete the oxidation at the 2-hour mark. At 1-hour mark, differ-
ences between the complexes were observed, and it can be concluded that C1, C3, C4 and C5
exhibit higher activity. However, at the 0.5-hour mark, it is evident that complex C3 experi-
ences a more rapid decrease in activity compared to the other three complexes.

The most effective compound for this reaction is C4 due to its higher activity in compar-
ison to the other three complexes (entry 10, 11 and 12 in Table 2.2., respectively). Consequently,
all studies on the catalytic system were conducted solely with this compound. The data anal-
ysis highlights that the reaction favours the OTf counter-ion as opposed to the BE, (entry 10
and 16, respectively, and entry 13 and 19, respectively). A more adaptable backbone is prefer-
able to a BIAN backbone as it restricts ligand adjustment around the metal centre due to its
inflexible conformation (entries 3 and 10). C3, C4 and C5 exhibit higher activity. However, at
the 0.5-hour mark, it is evident that complex C3 experiences a more rapid decrease in activity
compared to the other three complexes.

The most effective compound for this reaction is C4 due to its higher activity in compar-
ison to the other three complexes (entry 10, 11 and 12 in Table 2.2., respectively). Consequently,
all studies on the catalytic system were conducted solely with this compound. The data anal-
ysis highlights that the reaction favours the OTf counter-ion as opposed to the BF, (entry 10
and 16, respectively, and entry 13 and 19, respectively). A more adaptable backbone is prefer-
able to a BIAN backbone as it restricts ligand adjustment around the metal centre due to its

inflexible conformation (entries 3 and 10).
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cat (1 mol%)

OH DMAP (10 mol%) o
TEMPO (5 mol%) -
X AN
| MeCN, r.t |
S A
R R

Table 2.2. Catalytic activities of complexes C1-C9 in the oxidation reaction of benzyl alcohol into benzalde-

hyde and catalysts screening.

Entry Cat. Cat. Loading (mol %) Time (h) Conversion (%)
1 C1 1 0.5 79.5
2 C1 1 1 95.0
3 C1 1 2 >99
4 C2 1 0.5 66.5
5 C2 1 1 83.5
6 C2 1 2 >99
7 C3 1 0.5 52.0
8 C3 1 1 99.3
9 C3 1 2 >99

10 C4 1 0.5 89.5
11 C4 1 1 >99
12 C4 1 2 >99
13 C5 1 0.5 78.5
14 C5 1 1 >99
15 C5 1 2 >99
16 C6 1 0.5 63.3
17 Cé6 1 1 94.3
18 Cé6 1 2 >99
19 C7 1 0.5 50.4
20 C7 1 1 70.2
21 C7 1 2 82.9
22 C8 1 0.5 38.1
23 C8 1 1 52.9
24 C8 1 2 95.7
25 9 1 0.5 30.7
26 C9 1 1 60.4
27 C9 1 2 92.2

General reaction conditions: benzylic alcohol (1.00 eq), DMAP (0.10 eq), TEMPO (0.05 eq) in 2
mL dry MeCN.
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The reaction is favoured by the presence of an electron-withdrawing group, as evi-
denced by the superior results obtained with DAB results compared to DAD (entries 10 and
13). Table 2.2 highlights the impact of chelating solvents and indicates that acetonitrile pro-
motes the reaction more effectively than benzonitrile (entries 1 and 10, respectively, and en-
tries 4 and 13, respectively). Excess of acetonitrile present as the reaction solvent can justify
this outcome. A further justification is that acetonitrile occupies less space, enabling the com-

plex to adopt a better conformation during the reaction.

cat
OH DMAP (10 mol%) o
TEMPO (5 mol%) i
X X
| MeCN, r.t |
S S

Table 2.3. Catalyst loading study of complexes C1, C4 and C5 in the oxidation reaction of benzyl alcohol into ben-
zaldehyde.

Entry Cat. Cat. Loading (mol %) Time (h) Conversion (%)
28 C1 0.5 1 49.0
29 C1 0.5 2 83.8
30 C4 0.5 1 60.5
31 C4 0.5 2 91.3
32 C5 0.5 1 47.7
33 C5 0.5 2 89.0
34 C4 0.1 6 15.6
35 C4 0.1 16 30.8
36 C4 0.1 24 434

General procedure: benzylic alcohol (1.00 eq), DMAP (0.10 eq), TEMPO (0.05 eq) in 2 mL dry
MeCN.

After testing several catalysts with 1 mol %, we decreased the loading to find the most

effective one. The three best catalysts were studied at 0.5 mol % and the complex that main-

tained the highest conversion was further examined at 0.1 mol %. However, this resulted in a
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significant decrease in conversion, leading us to the conclusion that the optimal catalyst load-
ing for this reaction is 0.5 mol % in 2 hours. The results can be found in Table 2.3.

The solvent effect on the catalytic system was evaluated via multiple studies, testing
THEF, acetone, MeOH, AcOEt, toluene, DCM and acetonitrile. By maintaining uniform condi-
tions, with only one observed solvent change between experiments, it was found that non-
polar solvents (e.g. toluene) did not facilitate the desired reaction. Polar protic and aprotic
solvents were also analysed to ascertain their effect on the outcome of the reaction. It was
concluded that aprotic solvents promote the reaction more effectively than protic solvents
such as MeOH. This rationale can be attributed to the by-product produced in the reaction
(H20), which acts as a harmful agent to the reaction at higher concentrations. This was wit-
nessed when dry MeCN was compared to bottled MeCN, resulting in a minor growth in con-
version being noted in dry MeCN. The conversion rates show similarity among the aprotic
solvents, except for MeCN. It is possible that the coordinating ability of MeCN affects the sta-

bility and activity of the catalytic active species, as illustrated in Figure 2.31.

THF ) 74,2

Acetone ) 72,9%

MeOH ) 53,7 %

AcOEt D 61,0%

Toluene '4916 %

DCM D502 %

MeCN _ ) >008%

Figure 2.31. Scheme representing the results obtained for the oxidation reaction. General Conditions: benzyl alcohol

(1 eq), C4 (0.01 eq), DMAP (0.10 eq), TEMPO (0.05 eq), 1h, 1 mL of solvent at room temperature.

Regarding the use of solvent, the required volume was examined, i.e., the concentra-
tion of the catalytic system. Volumes of 2 mL, 1 mL, 0.5 mL and neat conditions (without sol-

vent) were used for this purpose. Results are presented in Table 2.4. The optimal volume of
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solvent was found to be ImL due to the low solubility of the catalyst under neat conditions
and the catalyst becoming too diluted at 2mL. Between 0.5 mL and 1 mL, there is no significant

increase in activity, and the probability of the reactants not solubilizing is reduced.

C4 (0.5 mol %)

OH  DMAP (10 mol %) _0
TEMPO (5 mol %)
S = R
\ MeCN, 1h, r.t. I/
R// R =

Table 2.4. Study regarding the influence of the concentration of the catalytic system in the conversion of benzyl

alcohol to aldehyde.
Entry Cat. Cat Loading (mol %)  Volume (mL) Conversion (%)
37 C4 0.5 0 55.7
38 C4 0.5 0.5 96.6
39 C4 0.5 1 94.2
40 C4 0.5 2 60.5

General Conditions: benzylic alcohol (1.00 eq), DMAP (0.10 eq), TEMPO (0.05 eq) in dry MeCN
for 1h.

The study examines the impact of various quantities of base and co-catalyst. Specifi-
cally, tests were conducted on the base with no additive, at 1 mol% and at 10 mol%, and on
the co-catalyst with no additive, and at 5 mol%, 7.5 mol%, and 10 mol%. This study was able
to identify the minimum quantity necessary for a successful reaction under mild conditions,
which consists of catalyst (1 mol%), TEMPO (5 mol%) and DMAP (10 mol%) in 1 mL of dry
acetonitrile, to ensure total solubility of the catalyst. Our tests have determined the necessity

of using each compound.
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OH _0O
€3 (1 mol %)

S X
\ MeCN, 2h, r.t. |
= Az

R R

Table 2.5. Study of the required loading of the additives (TEMPO and DMAP) in the oxidation reaction of benzyl
alcohol into benzaldehyde.

Entry Cat. TEMPO (mol %) DMAP (mol %) Conversion (%)
37 C3 0 10 49
38 C3 5 10 83.8
39 C3 7.5 10 60.5
40 C3 10 10 91.3
41 C3 5 0 47.7
42 C3 5 10 89

General conditions: benzylic alcohol (1.00 eq), C3 (0.01 eq) in 2 mL dry MeCN for 2h.

The substrate scope of this reaction was expanded to include variously substituted ben-
zylic, allylic and aliphatic alcohols (Figure 2.32). All alcohols were selectively oxidized to their
corresponding aldehydes, demonstrating the chemoselective nature of the catalyst. Moreover,
different substituents in the benzylic alcohols were found to affect the reaction development.
It was determined that electron-withdrawing groups favour this chemical reaction, whereas

electron-donating groups take longer to complete.
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cat

OH DMAP (10 mol %) _0
TEMPO (5 mol %)
x>
\ = dry MeCN, r.t \
A /o
R R
s ™\
0
O\ O\ O\ O\ ~
F : NH,
OMe Br cl
2hlb] 0.75h 2.5h 1.5h 5hlel
>99% >99% 94% >99% >99%
o)
\}
o 0
X Ox S 48h
©AA0 30%
OMe
OMe NO,
16h 1.5h(b! 1.5h 1h
>99% >99% >99% >99%
. J

Figure 2.32. Substrate scope performed for the optimized catalytic system, representation with the respective reac-
tion duration and conversion obtained. General Conditions: alcohol (1.00 eq), C4 (1 mol %), DMAP (0.10 eq),
TEMPO (0.05 eq) in dry 1 mL dry MeCN. P& alcohol (1.00 eq), C4 (0.005 eq), DMAP (0.10 eq), TEMPO (0.05 eq) in
dry 1 mL dry MeCN. & alcohol (1.00 eq), C4 (0.02 eq), DMAP (0.10 eq), TEMPO (0.05 eq) in dry 1 mL dry MeCN.
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CONCLUSION AND FUTURE PERSPEC-
TIVES

Two new families of copper(I) complexes given by [Cu(RCN).DAB]JX and
[Cu(RCN).DAD]X were successfully synthesised and characterized by known methodologies
for the synthesis of this type of reaction and also Schlenk techniques. Most complexes were
obtained by an equimolar quantity of the ligand and the copper salt, but two of the new com-
plexes were obtained with two equivalents of the ligand and only one of the copper source.
These complexes were obtained in good yields (70%-80%) and very pure. Some complexes
were more difficult to obtain in the solid state due to the formation of an oil when the com-
plexes were precipitated with dichloromethane and pentane to obtain crystals. Five different
DAB complexes that differ in the counterion, the chelating solvent and the aryl's substitution
were prepared. Three different DAD complexes (with different counterions and the chelating
solvent), and one BIAN complex were also synthesised. All complexes were characterized by
NMR, FTIR, UV/Vis and EA, and, when possible, by single-crystal X-ray crystallography.

All complexes were then tested to see their potential activity in the catalytic oxidation of
benzyl alcohol to benzaldehyde, for which all of them were active. At any point on all the tests
and analysis of the catalytic tests results, it found any evidence of the overoxidation of the
alcohol function to acid. After a catalyst screening, it was concluded that the DAB complexes
were in general more active than the others, that acetonitrile seems to favour more the reaction
than benzonitrile and also that the triflate counterion increases the catalytic activity of the

complex when compared to BF.. The reason why is still not fully understood, but the study of
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some hypothesis, higher solubility, ability of the counterion to coordinate and stabilize the
reactional intermediate, are being currently undertaken. It was also studied the quantity of the
additives (DMAP and TEMPO) and their necessity in the reaction. Different solvents were also
studied, where the acetonitrile seem to be the one that mostly favoured the reaction. Curiously,
the reaction can also be carried out in a MeOH medium, even though water is one of the reac-
tion's by-products, and that the water concentration in MeOH is not irrelevant. This is in con-
trast with a previous Stahl study that showed that water can be an inhibitor depending on its
concentration. It was also performed the substrate scope that allowed to see how the electron-
withdrawing groups favoured the reaction more than the electron-donating ones.

For the future perspectives it is expected to increase the DAD and DAB complexes fam-
ilies and study how the changes in the aryl substituents would affect the catalytic system. It is
also expected to study different nitroxyls or another radical initiators and bases that could turn
the catalytic conditions more sustainable and maintain the activity. It is also expected to in-
crease the substrate scope specially with pharmaceutical relevant aldehydes.

Finally, it would be important to carry out mechanistic studies to get a better idea of the
electronic effects of the substituents on the substrates, i.e. the alcohols, but also to get a better

idea of how the additives are favouring the reaction.
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EXPERIMENTAL PROCEDURES

4.1 Chemicals and Solvents

All the alcohols used in the catalytic studies were commercially obtained from TCI, Alfa
Aesar or Sigma Aldrich. The alcohols used were specifically benzyl alcohol, which was ob-
tained through the Sigma Aldrich; 4-methylbenzyl alcohol, 4-chlorobenzyl alcohol, 4-methox-
ybenzyl alcohol, 4-bromobenzyl alcohol and 2-bromobenzyl alcohol, which were bought at
Aldrich, and the 4-nitrobenzyl alcohol was obtained through TCI. When Schlenk techniques
were performed, dry solvents were used through a distillation setup with the corresponding
drying agent: sodium for diethyl ether and pentane; calcium hydride for acetonitrile and di-

chloromethane.

4.2 General experimental conditions

Thin-layer chromatography (TLC) was carried out using pre-coated aluminium sheets
ALUGRAM? Xtra silica gel 60 with fluorescent indicator UVas, and were observed with 254
nm light.

The “C {'H} NMR and 2D mononuclear and heteronuclear spectra were acquired using
a Bruker Avance III 500, the "°F {'H} NMR spectra were acquired with a Bruker Avance III 400
spectrophotometer and the "H NMR spectra were acquired with both at 25 °C using either
CDCl; or CDxCl; as deuterated solvent. Chemical shifts were reported in ppm at low field
relative to TMS using the 7.26 ppm signal of CDCl; or 5.30 ppm signal of CD,Cl, for the 'H
NMR spectra and 53.84 ppm signal of CD,Cl; for the °C {'H} NMR spectra. The signal multi-
plicities have been abbreviated as s (singlet), d (duplet), t (triplet), qt (quintuplet), sx (sextet),
sept (septet), m (multiplet) and dd (duplet of duplet). The coupling constants given in the 'H
NMR spectra are Jun. Signal assignments were confirmed by COSY, HSQC and HMBC. The
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"H NMR characterisation is shown as: chemical shift (multiplicity, [coupling constant], inte-
gration, attribution) in the "H NMR spectrum, and chemical shift (attribution) for the remain-
ing spectra.

The FT-IR Spectrum Two (Perkin-Elmer) was used to acquire using the IR spectra in
ATR mode without prior sample preparation. The intensity of the IR bands is classified as
weak (w), medium (m) and strong (s).

The Varian Cary Bio spectrophotometer was used to acquire the UV /Vis spectra. Prior
solutions of each compound were prepared with a concentration of 1 x 10° M in acetonitrile.
The calibration line necessary for calculating the molar extinction coefficient is shown in Fig-
ure A.7 to A.11 and Figure A.80 to A.88 in Annexes. The characterization is described as: wave-
length of the absorption maximum (molar extinction coefficient).

The crystal structures were determined using the X-ray crystallography service of small
molecules provided by LAQV-REQUIMTE (DQ). The single crystals were chosen, coated with
Fomblin oil, and arranged in a nylon loop. The data were obtained at a temperature of 110 (2)
K using a Bruker D8 Venture diffractometer and a Photon II detector, equipped with an Oxford
Cryosystems. The monochromatic radiation used was Mo-Ka (A = 0,71073 A). Crystal data
and structure refinement for complexes C3, C4 and C7 are presented in Table 4.1. The crystals
of C3 were twinned and with low diffracting power. This led to low quality data and, conse-

quently, a high R1.

Table 4.1. Crystal data and structure refinement for complexes C3, C4 and C7.

C3 C4 C7
Formula C42H42C12C11F3N4038 C34H48C12CL1F3N403S C31H44BC12CUF4N4
M 874.29 784.26 693.95
A (A) 0.71073 0.71073 0.71073
T(K) 11002) 110(2) 150(2)
crystal system Monoclinic Triclinic Monoclinic
space group P2./c 21 ./ c
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Crystal  descrip-

tion
Crystal color
a(A)
b (A)
c(A)
o (deg)
B (deg)
v (deg)
V (A3)
Z
Peac (g cm”)
p (mm™)
Omax (deg)
total data
unique data
Rint
R [I>35(D)]
wR2

Goodness of fit

p min
p max

Prism

Bronze
16.948(6)
14.697(5)
19.107(7)
90
93.165(12)
90
4752(3)

4

1.222
0.666
22.781
122339
6115
0.2542
0.2810
0.6896
0.949

-4.548
2.044

Block

Red
12.8820(16)
12.8966(16)
14.0920(17)
64.205(4)
84.955(4)
85.172(4)
2097.0(5)

2

1.242

0.746
25.681
81523

7943
0.2438
0.0937
0.2014
1.040

-0.780
1.137

Prism

Black
12.1217(14)

16.7634(17)
18.810(2)
90
108.112(4)
90
3632.9(7)
4

1.269
0.794
25.681
232851
6890
0.0740
0.0422
0.1263
1.085

-0.814
0.852
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Synthesis and Characterization

421 General conditions for the ligands

General procedure A: To a solution of MeOH, it was added the 2,3-butanedione (1 eq)
and the corresponding aniline (2 eq), after solubilization of the compounds, formic acid (2 mL)
was added. The reaction was refluxed and stirred for 16h. At the end of the reaction, the solu-
tion was filtered under vacuum and washed with cold methanol. A yellow solid was obtained.

General procedure B: The 2,3-butanedione (1 eq), the corresponding aniline (2 eq) and
p-toluenesulfonic acid (0.1 eq) were added to a solution of MeOH. The reaction was carried
out for 24 hours at room temperature. At the end of the reaction, it was filtered with cold
MeOH and the mother liquor was concentrated and hexane was added to precipitate a yellow
compound corresponding to the desired diimine.

General procedure C: The corresponding aniline (2 eq) and formic acid were added to a
solution of PrOH. After cooling the reaction to 0 °C the 2,3-butanedione was added dropwise
with vigorous stirring. The reaction was carried out at 0 °C and for 2.5 hours. The mixture was
then filtered and washed with cold 'PrOH. Giving a yellow solid, the mother liquor was stored

at -18 °C to precipitate the remaining compound.

42.1.1 Synthesis and characterization of R1

Following the general procedure A, the 2,3-butanedione (2.50

N N mL, 27.89 mmol, 1 eq), the 2,6-diisopropylaniline (12.44 mL, 59.34
H mmol, 2 eq) and the formic acid (2 mL) were added to a solution of
R1 | MeOH (46 mL). A yellow solid was obtained (7.59 g, n= 62%). The char-

acterization agrees with the previously reported. [78]
'H NMR (400 MHz, CDCLs) § (ppm): 7.21 —7.06 (m, 6H), 2.72 (hept, /= 6.9 Hz, 4H), 2.07 (s,
6H), 1.32 - 1.10 (m, 24H).
IR ATR v max (cm™): 1643 (C-N).
UV/Vis (MeCN) Amax (nm) [€ ( x 10* M .cm™)]: 233 (2.38), 267 (1.27), 348 (0.60).
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42.1.2 Synthesis and characterization of R2

) According to general procedure A, the diisopropylaniline
N N (94.00 g, 530 mmol, 2 eq) was added to a solution of glyoxal 40 w/w%
\_7
(30.29 mL, 265.11 mmol, 1 eq) and formic acid (244.3 mg, 5.30 mmol).
R2 | The ligand was obtained after 48h stirring as a yellow powder (150g,
n= 75 %). The NMR characterization agrees with the previously re-
ported.[76]

'H NMR (400 MHz, CDCls) & (ppm): 8.1 (s, 2H), 7.25 — 7.02 (m, 6H), 2.94 (hept, / = 6.9 Hz,
4H), 1.25 - 1.04 (d, 24H).

IR ATR v max (cm™): 1625 (C-N).

UV/Vis (MeCN) Amax (nm) [g ( x 104 MLem™)]: 228 (1.67), 258 (5.51), 354 (1.42).

42.1.3 Synthesis and characterization of R3

According to general procedure A, the acenaphthenequinone

N N (2.7 g, 15.10 mmol, 1 eq) was added to methanol (120 mL), then the

\/ 2,6-diisopropylaniline (7.2 mL, 38.17 mmol, 2 eq), the formic acid

OO (0.5 mL) and water (150 mL), and the ligand R3 was obtained as an
R3

orange powder (5.71 g, n= 76 %) after being washed with diethyl
ether. The NMR characterization agrees with the previously reported. [79]

"H NMR (500 MHz, CDCL) 8 (ppm): 7,87 (d, /= 8,3 Hz, 2H); 7,36 (t, /= 7,8 Hz, 2H); 7,31 - 7,22
(m, 6H); 6,64 (d, /=7,2 Hz, 2H); 3,03 (sept, /= 7,0 Hz, 4H); 1,24 (d, /= 6,9 Hz, 12H); 0,97 (d, /=
6,9 Hz, 12H).

IR ATR v max (em™): 1667 (C-N)

UV/Vis (MeCN) Amax (nm) [ ( x 10* M'.cm™)]: 229 (8.51), 253 (2.49), 278 (0.90), 312 (0.91).

42.14 Synthesis and characterization of R4

According to general procedure B, the 2,3-butanedione (0.41
2 I\!)—{\I C mL, 4.51 mmol, 1 eq), the p-methylaniline (0.99 mL, 9.01 mmol, 2

R4 eq) and the p-toluenosulfonic acid (77.61 mg, 0.45 mmol, 0.1 eq)
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were added to a solution of MeOH (5 mL). The reaction was allowed to proceed for 24 hours
at room temperature. A yellow solid was obtained (0.42 g, n= 70%). The characterization
agrees with the previously reported.[78]

"H NMR (400 MHz, CDCls) § (ppm): 7.17 (d, /= 7.9 Hz, 2H), 6.74 - 6.66 (m, 2H), 2.36 (s, 3H),
2.15 (s, 3H).

IR ATR v max (cm™): 1625 (C-N).

UV /Vis (MeCN) Amax (nm) [ ( x 10* M .cm™)]: 228 (3.06), 284 (0.22), 342 (0.39).

42.1.5 Synthesis and characterization of R5

Following the general procedure C, it was added p-iso-
O <

propylaniline (1.54 mL, 11.05 mmol, 2 eq), the formic acid (0.15

R5 mL) in a solution of 'PrOH (6 mL) and the 2,3-butanedione (0.50

mL, 5.53 mmol, 1 eq) was added dropwise. A yellow compound was obtained (1.42 g, n=80%).
"H NMR (400 MHz, CDCL) § (ppm): 7.23 (m, 4H), 6.72 (m, 4H), 2.99 - 2.84 (m, /= 6.7 Hz, 4H),
2.90 (m, 2H), 2.16 (s, 6H), 1.27 (dd, /= 7.0, 1.9 Hz, 12H).

IR ATR v max (cm™): 1633 (C-N).

UV/Vis (MeCN) Amax (nm) [ ( x 10* M™.cm™)]: 229 (3.42), 342 (0.43).

4.2.2 General Conditions for the salts

In this procedure, Cu(X),, where X corresponds to the counterions OTf or BF,, and an
excess of metallic copper, Cu’, were added to a 100 mL round-bottomed flask and then ap-
proximately 20 mL of dried acetonitrile was added. The reaction was refluxed and stirred for
2-4 hours. The reaction has the peculiarity of changing colour, first blue, then green and finally
is colourless. While the reaction remained hot, it was filtered into a Schlenk with a porous
plate funnel containing silica and purged with argon. The reaction was then concentrated to

half volume at 60 °C and stored at -18 °C where the compounds precipitated as white solids.
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4221 Synthesis of R6

Ph
N
\N\
V.
///
Ph
R6

BF,

4222 Synthesis of R7

R7

N

-~
/Cu\

OTF

Following the general procedure, Cu(BF.), (500.00 mg,
2.07 mmol, 1 eq) and Cu’ (346.6 mg, 5.45 mmol, 2 eq) were added
in about 20 mL of dried acetonitrile. The reaction was refluxed
and stirred for 2 hours. A white powder was obtained yielding

(1.32 g, n=56%). [80]

Following the general procedure, Cu(OTf), (201.60 mg,
0.948 mmol, 1 eq) and Cu’ (124.60 mg, 1.96 mmol, 2 eq) were
added, in about 5 mL of dried acetonitrile. The reaction was re-
fluxed and stirred for 2 hours. The compound precipitated as a

white powder (0.186 g, n= 52%). The compound obtained agrees

with the previously described in the literature. [80]

42.2.3 Synthesis of R8

N
N,Cu
7
- R8

BF,

Following the general procedure, Cu(BF.), (500.40 mg,
2.11 mmol, 1 eq) and Cu’ (267.30, 4.21 mmol, 2 eq) were added to
approximately 15 mL of dried acetonitrile. The reaction was re-
fluxed and stirred for 4 hours. The compound precipitated as a
white powder (0.325 g, n=49 %). The compound obtained agrees

with the previously described in literature. [80]

4.2.3 General Conditions for the complexes

To carry out this reaction the ligand R1-R3 (1 eq or 2 eq when indicated) and the corre-

sponding copper salt R4-R6 (1 eq), were prepared using Schlenk techniques and an argon at-

mosphere. Approximately 20 mL of previously dried dichloromethane was added, and the
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reaction was stirred at room temperature for 16 hours. After filtrating to another Schlenk, pen-

tane was added to obtain the precipitated compound.

4.23.1 Synthesis and characterization of C1

The ligand R1 (302.00 mg, 0.75 mmol, 1 eq) and the copper salt R4 (418.40, 0.75 mmaol,
1 eq) were added to ca. 20 mL of dry dichloromethane and stirred for 16 hours. When pentane
was added, the compound did not precipitate, so the solvent was evaporated, and the com-

pound was left to dry under vacuum. A yield of 81% (460.00mg) was obtained.

"H NMR (400 MHz, CD,CL,) § (ppm): 7.70 (t, /=7.6 Hz, 2H,
Q H13),7.64 (d, J=7.7 Hz,4H, H11),7.52 (dd, /= 7.7 Hz, 4H,
N H12),7.33 (s, 6H; H1-H2), 2.82 (p, /= 6.8 Hz, 4H, H5), 2.26

(s, 6H, F18), 1.26 (dd, /= 16.0, 6.8 Hz, 24H, 6).
)_ﬂ “C {'"H} NMR (101 MHz, CD.CL) § (ppm): 170.21, 142.92,

137.88, 134.48, 129.91, 127.24, 124.67, 117.29, 110.94, 29.00,

—IBF,
C1 24.26,23.65,19.54.

“F {'H} NMR (376 MHz, CD,Cl,) § (ppm): -153.52.
IR ATR v max (cm™): 1643 (C-N), 1047 (BFy).
Elemental Analysis (%) calculated for Ci,,Hs0BCuF:Na: C, 66.27; H, 6.62; N, 7.36. Found: C,
66.79; H, 6.02, N, 7.68.
LC/MS (MeCN/H,0) m/z Positive mode: 508.3 [R1+CuMeCN]" (90%); 405.3 [R1+H]* (100%).
Negative mode: 87.2 (100 %) [BF.]".
UV/Vis (MeCN) Amax (nm) [ (x 10* ML.cm™)]: 231 (3.92), 268 (0.25), 276 (0.23), 347 (0.07).

4.2.3.2 Synthesis and characterization of C2

R2 (300.00 mg, 0.80 mmol, 1 eq) and R4 (448.38 mg, 0.80 mmol, 1 eq) were added to ca.
20 mL of dried dichloromethane and stirred for 16 hours. When the solution was ready, it was
transferred to a round-bottomed flask and was evaporated in a rotary evaporator, to give a
brown oil was obtained which was washed with diethyl ether and stirred (3x), then filtrated
in a porous-plate funnel. A reddish-brown compound was obtained, which was dried under

vacuum to give 95% (496.00mg) yield.
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—BF,

'H NMR (400 MHz, CD,Cl,) 8 (ppm): 8.33 (s, 2H, H7), 7.74
(t, J=7.6 Hz, 2H, H12), 7.64 (d, /= 7.7 Hz, 4H, H10), 7.54 (t,
J=7.8Hz, 4H, H11), 7.32 (q, / = 5.1 Hz, 6H, H1-H2), 3.03
(h, /= 7.0 Hz, 4H, H5), 1.27 (d, / = 6.8 Hz, 24H, H6).

BC {*H} NMR (101 MHz, CD,Cl,) & (ppm): 160.63 (C7),
145.30 (C3), 139.06 (C4), 135.02 (C12), 132.93 (C10), 130.10
(C11),127.70 (C1), 124.34 (C2), 110.10 (C9), 28.75 (C5), 24.22
(C6).

“F {'H} NMR (376 MHz, CD,Cl,) 8 (ppm): -153.29.

IR ATR v max (cm™): 1635 (C-N), 1052 (BF.).

Elemental Analysis (%) calculated for CoHiBCuFiN4,1/6CH,Cl: C, 64.55; H, 6.25; N, 7.50.
Found: C, 64.54; H, 6.30; N, 7.36.

LC/MS (MeCN/H;0) m/z Positive mode: 480.3 [R2+CuMeCN]* (90%); 377.3 [R2+H]"* (25%).
Negative mode: 87.1 (100 %) [BF.]".

UV/Vis MeCN) Amax (nm) [€ ( x 10* ML.cm™)]: 224 (5.83), 259 (0.85), 356 (0.19).

4.2.3.3 Synthesis and characterization of C3

The ligand R3 (222.00 mg, 0.44 mmol, leq) and the copper salt R5 (154.30 mg, 0.41
mmol, 1 eq) were added to ca. 20 mL of dried dichloromethane and stirred for 16 hours. When

the reaction was complete, the reaction was filtrated, and pentane was added to precipitate

the complex. Yield of 72% (206.70 mg).

"H NMR (400 MHz, CD,CL) & (ppm): 8.12 (d, /= 8.3 Hz,
i 15;4\\N N,/ ] 2H), 7.56 - 7.39 (m, 2H), 6.75 (d, /= 7.3 Hz, 2H), 3.00 (m, /=
ol 6.8 Hz, 4H), 2.15 (s, 6H), 1.30 (d, /= 7.0 Hz, 12H), 0.97 (d, J
11 5 N< /\N =7.0 Hz, 12H).
10 9112 6 13C {'H} NMR (101 MHz, CD,CL,) & (ppm): 165.00, 143.09,
i b 2 L. | 14280,137.73,131.50, 131.20, 128.78, 127.11, 126,67, 125.16,
3 124.57,28.71, 23.67, 23.51, 2.30.

F {('H} NMR (376 MHz, CD,Cly) & (ppm): -78.85.
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Elemental Analysis (%) calculated for CuHicCuFsNLOsS: C, 61.92; H, 5.83; N, 7.04; S, 4.03.
Found: C, 61.92; H, 5.82; N, 6.99; S, 3.7

UV/Vis (MeCN) Amax (nm) [ (x 10* ML.cm™)]: 227 (6.73), 276 (0.63), 313 (0.65).
MALDI-TOF-MS (m/z, positive mode): 501.2 (100%) [0,0%iPr.CsHs-BIANH]", 604.2 (52%)
[Cu(o,0% iPr,CsHs-BIAN)(MeCN)]".

4234 Synthesis and characterization of C4
The ligand R1 (202.90 mg, 0.50 mmol, 1 eq) and the copper salt R5 (186.25, 0.49 mmol,
1 eq) were stirred for 16 hours in about 20 mL of dried dichloromethane. At the end of the

reaction, the mixture was filtered, and pentane was added. The complex precipitated as a

brown solid. Yield 70% (196.00mg).

'H NMR (400 MHz, CD;Cl,) 8 (ppm): 7.30 (s, 5H, H1-H2), 2.70
(hept, J = 7.0 Hz, 4H, H5), 2.21 (s, 6H, H8), 2.06 (s, 6H, H10),

10\‘%N N///
oy 123 (dd, /= 8.9, 6.9 Hz, 24H, H6).
1@3“}{“@ 1%C NMR (101 MHz, CD,CL,) 8 (ppm): 169.67 (C7), 142.41 (C4),
| 7 ¢ o | 13724 (C3), 12678 (C2), 124.19 (C1), 29.58 (C5), 23.59 (C6),
C4

23.04 (C9), 18.95 (C8), 2.23 (C10).

F {('H} NMR (376 MHz, CD,CL,) § (ppm): -77.90.

IR ATR v max (cm™): 2273 (MeCN), 1639 (CN), 1261 (CFs), 1142 (S=0), 1030 (C-F), 637 (CFs).
UV/Vis (MeCN) Amax (nm) [ ( x 10* M™.cm™)]: 230 (3.51), 273 (0.19), 343 (0.10).

423.5 Synthesis and characterization of C5

The ligand R2 (256.00 mg, 0,68 mmol, leq) and the copper salt R5 (194.60 mg, 0.52
mmol, 1 eq), were stirred for 16 hours in about 20 mL of dried dichloromethane. At the end of
the reaction, pentane was added, but the compound did not precipitate so it was stored at -18
°C and, after the complex precipitated a filtration was performed. A brown solid was obtained

as the complex, yielding 70% (250.00 mg).
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— ) 'HNMR (400 MHz, CD,Cl) 8 (ppm): 8.20 (s, 2H, [17), 7.36 —
g\ﬁN N/ 7.24 (m, 6H, H1-12), 2.92 (hept, / = 6.8 Hz, 4H, 115), 2.09 (s,
\/Cu: 6H, H9), 1.24 (d, /= 6.8 Hz, 24H, H6).
\ : NN 1%C NMR (101 MHz, CD,CL) § (ppm): 159.71 (C7), 145.38
5
| 7 o | (C4), 13894 (C3), 12751 (C1), 12423 (C2), 28.58 (C5), 24.10
cs | (©o),263(CO).

F {'"H} NMR (376 MHz, CD,Cl,) § (ppm): -78.75.
TR ATR v max (cm™): 2272 (MeCN), 1633 (C-N)), 1260 (CFs), 1141 (5=0), 1031 (C-F), 636 (CF).
UV/Vis (MeCN) A (nm) [ ( x 10* MLcm™)]: 232 (2.49), 257 (0.79), 359 (0.19).

42.3.6 Synthesis and characterization of C6

After adding the ligand R1 (102.00 mg, 0.32 mmol, 1 eq) and the copper salt R8 (129.1
mg, 0.32 mmol, 1 eq), they were stirred together in nearly 20 mL of anhydrous dichloro-
methane for 16 hours. The reaction was completed by adding pentane at the end, and the com-

plex precipitated as a brown solid, producing a yield of 78% (138.60 mg).

[ _ | 'HNMR (400 MHz, CD,CL) 8 (ppm): 7.30 (s, 6H, H1-H?2),2.71
(hept, /= 7.0 Hz, 4H, H5), 2.20 (s, 6H, H8), 2.06 (s, 6H, H10),
1.22 (dd, /= 12.2, 6.8 Hz, 24H, Hé6).

13C NMR (101 MHz, CD;Cly) 8 (ppm): 169.87 (C7), 142.83 (C4),
Jgr, | 137.74 (C3), 127.14 (C1), 124.59 (C2), 28.90 (C5), 24.03, 23.56
(C6), 19.37 (C8), 2.88 (C10).

F {*H} NMR (376 MHz, CD,CL,) § (ppm): -153.12.

IR ATR v max (cm™): 1641 (C-N), 1030 (BF.).

\J, \O
C\

Elemental Analysis (%) calculated for CsHiBCuFiN..1/4CH,Cl: C, 58.84; H, 7.12;; N, 8.51.
Found: C,58.72; H,7.17; N, 8.06.

LC/MS (MeCN/H,0) m/z Positive mode: 508.3 [R1+CuMeCN]" (90%); 405.3 [R1+H]* (100%).
Negative mode: 87.2 (100 %) [BF.]".

UV/Vis (MeCN) Amax (nm) [€ ( x 10* MLem™)]: 236 (2.20), 273 (1.56), 339 (0.91).
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423.7 Synthesis and characterization of C7

The ligand R2 (171.40 mg, 0.54 mmol, 1 eq) and the copper salt R8 (203.70 mg, 0.54
mmol, 1 eq) were combined and stirred in ca 20 mL of anhydrous dichloromethane for 16
hours. Pentane was added at the completion of the reaction, and the complex was precipitated

as a brown solid with a yield of 75% (250.00 mg).

(— — ) 'HNMR (400 MHz, CD;ClL) 8 (ppm): 8.19 (s, 2H, H7), 7.28 (q,
g\f\N N/ J=5.1Hz, 6H, H1-H2), 2.88 (hept, /= 6.9 Hz, 4H, H5), 2.12 (s,
) Cu’ 6H, H9), 1.23 (d, /= 6.8 Hz, 24H, Hé6).
1 \—(, \\7_,/N 13C NMR (101 MHz, CD;Cly) 8 (ppm): 159.69 (C7), 145.28 (C4),
L 7/ ’ Jer, | 13896 (C3), 127.50 (C1), 124.23 (C2), 28.55 (C5), 24.13 (C6),
c7 | 256(C9).

F {'H} NMR (376 MHz, CD;Cl,) 8 (ppm): -152.99.
IR ATR v max (cm™): 2275 (MeCN), 1633 (C-N), 1052 (BE,).
UV/Vis (MeCN) Amax (nm) [e ( x 10* ML.cm™)]: 233 (1.84), 255 (0.65), 358 (0.15).

4.2.3.8 Synthesis and characterization of C8

The ligand R4 (200.00 mg, 0.76 mmol, 2 eq) and the copper salt R5 (142.53 mg, 0.38
mmol, 1 eq) were combined and stirred in ca 20 mL of anhydrous dichloromethane for 16
hours. Pentane was added at the completion of the reaction, and the complex was precipitated
as a dark rose oil, which was treated with diethyl ether and liquid nitrogen to obtain a dark

brown solid with a yield of 75% (210.60 mg).

'H NMR (400 MHz, CD,Cl,) 8 (ppm): 7.21 (d, /= 8.0

Hz, 4H, 114), 6.64 — 6.57 (m, 4H, 113), 2.39 (s, 6H, H1),
< > < > 2.10 (s, 6H, H7).
AQN’\ ‘:NO, 13C NMR (101 MHz, CD,CL) & (ppm): 167.23 (C6),

o | 145.47 (C2), 137.05 (C5), 130.40 (C4), 121.19 (C3),
21.13 (C1), 18.66 (C7).

F {*H} NMR (376 MHz, CD,Cl,) & (ppm): -78.88.

IR ATR v max (em™): 1623 (C=N), 1261 (CFs, s), 1154 (S=0), 1030 (C-F), 636 (CF, b).

c8
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Elemental Analysis calculated for Cs;HaoCuF;NyOsS: C, 59.95; H, 5.44; Cu, 8.57; F, 7.69; N, 7.56;
O, 6.47; S, 4.32. Found: C, 60.09; H, 5.50; N, 7.68; S, 4.07.

LC/MS (MeCN/H>O) m/z Positive mode: 591.2 [C8-OTf]* (100%); 368.0 [R4+CuCH;CN]*
(14%); 265.1 [R4+H]" (75%). Negative mode: 148.9 (100 %) [CFsSOs].

UV/Vis (MeCN) Amax (nm) [ (x 10* M.cm™)]: 229 (6.8), 284 (0.5), 340 (0.8).

4239 Synthesis and characterization of C9

The ligand R2 (200.00 mg, 0.62 mmol, 2 eq) and the copper salt R5 (117.58 mg, 0.31
mmol, 1 eq) were combined and stirred in ca 20 mL of anhydrous dichloromethane for 16
hours. Pentane was added at the completion of the reaction, and the complex was precipitated
as a black oil which was treated with diethyl ether and liquid nitrogen and the compound

precipitated as a brown solid with a yield of 75% (204.10 mg).

'H NMR (400 MHz, CD;Cl) & (ppm): 7.26 — 7.19 (m,
4H, H5), 6.59 (dd, /= 8.2,1.9 Hz, 4H, H4),2.96 (p, /=

@—< 6.9 Hz, 2H, H2), 2.12 (d, /= 1.8 Hz, 6H, H8), 1.29 (dd,

\
V
\ C < J=6.9,1.8 Hz, 12H, H1).
3C NMR (101 MHz, CD:CL) & (ppm): -167.01 (C7),

— OTf

Cg 148.03 (C1), 145.62 (C4), 127.77 (C2), 121.43 (C3),
34.15 (C5), 24.15 (C6), 18.74 (C8).

“F {'"H} NMR (376 MHz, CD,Cl,) § (ppm): -76.24.

IR ATR v max (cm™): 1620 (C=N), 1261 (CF;, s), 1154 (5=0), 1030 (C-F), 636 (CF;, b).

Elemental Analysis (%) calculated for CssHssCuF3:N.O55.2/3CH,Cl: C, 60.26; H, 6.35; N, 6.16;

S, 3.52. Found: C, 60.09; H, 5.50; N, 7.68; S, 4.07.

LC/MS (MeCN/H;O) m/z Positive mode: 703.3 [C9-OTf]* (100%); 424.1 [R5+CuCH;CN]"

(20%); 321.2 [R5+H]" (62%). Negative mode: 149.0 (100 %) [CFsSOs]".

UV/Vis (MeCN) Amax (nm) [e ( x 10* M.cm™)]: 231 (7.2), 336 (0.8).

/

::‘c

:()f
\
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4.3 Catalytic studies

General procedure: The flask was charged with alcohol, TEMPO (5 mol%), catalyst (1
mol%) and MeCN (1 mL) as the solvent. The reaction was initiated by adding DMAP (10

mol%) and a colour change was observed (yellow to orange or brown to red for the BIAN

complex case). When the reaction was complete the solution presented a green colour. After

the reaction time has elapsed, the procedure involved two different work ups. One involved

filtering through silica gel with an eluent mixture of pentane/ diethyl ether (1:1), followed by

drying the compound under vacuum (option A). The other possible work up involved a lig-

uid-liquid extraction with water and pentanes, then washing with a brine solution and drying

the organic layers with Na,SO,, and drying the solvents under vacuum (option B).

o)

s

The alcohol (0.1 mL, 0.96 mmol, 1 eq), the C4 (3.36 mg, 0.004 mmol, 0.005 eq), the
TEMPO (7.56 mg, 0.048 mmol, 0.05 eq) were added to a solution of 1 mL of dry
MeCN, then it was added the DMAP (11.75 mg, 0.096 mmol, 0.10 eq). The mix-
ture was treated according to option B, and a yellow oil was obtained with quan-

titative yield.

'H NMR (400 MHz, CDCls) & (ppm): 10.04 (s, 1H), 7.90 (d, 2H), 7.64 (t, 1H), 7.55 (dd, /= 8.3, 6.9 Hz,

2H).

S —

titative yield.

The alcohol (100 mg, 0.82 mmol, 1 eq), the C4 (2.85 mg, 0.004 mmol, 0.005 eq), the
TEMPO (6.44 mg, 0.041 mmol, 0.05 eq) were added to a solution of 1 mL of dry
MeCN, then it was added the DMAP (10.00 mg, 0.082 mmol, 0.10 eq). The mix-

ture was treated according to option A, and a yellow oil was obtained with quan-

'H NMR (400 MHz, CDCLy) & (ppm): 9.98 (s, 1H), 7.80 (d, 2H), 7.35 (d, / = 7.8 Hz, 2H), 2.46 (s,

3H).

OMe

The alcohol (100 mg, 0.72 mmol, 1 eq), the C4 (5.06 mg, 0.007 mmol, 0.01 eq), the
TEMPO (5.69 mg, 0.036 mmol, 0.05 eq) were added to a solution of 1 mL of dry
MeCN, then it was added the DMAP (8.84 mg, 0.072 mmol, 0.10 eq). The mixture

was treated according to option A, and a yellow oil was obtained yielding 87%.
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'H NMR (400 MHz, CDCls) & (ppm): 9.90 (s, 1H), 7.86 (d, 2H), 7.02 (d, 2H), 3.91 (s, 3H).

Br

The alcohol (100 mg, 0.53 mmol, 1 eq), the C4 (3.74 mg, 0.005 mmol, 0.01 eq), the
TEMPO (4.20 mg, 0.026 mmol, 0.05 eq) were added to a solution of 1 mL of dry
MeCN, then it was added the DMAP (6.53 mg, 0.053 mmol, 0.10 eq). The mixture
was treated according to option B, and a white powder was obtained yielding

94%.

'H NMR (400 MHz, CDCL) 6 (ppm): 9.99 (s, 1H), 7.77 (d, 2H), 7.70 (d, /= 8.5 Hz, 2H).

Cl

87%.

The alcohol (100 mg, 0.70 mmol, 1 eq), the C3 (5.58 mg, 0.007 mmol, 0.01 eq), the
TEMPO (5.51 mg, 0.035 mmol, 0.05 eq) were added to a solution of 1 mL of dry
MeCN, then it was added the DMAP (8.57 mg, 0.070 mmol, 0.10 eq). The mixture

was treated according to option A, and a yellow powder was obtained yielding

'H NMR (400 MHz, CDCls) & (ppm): 9.99 (s, 1H), 7.83 (d, 2H), 7.53 (d, 2H).

OMe

OMe

The alcohol (0.1 mL, 0.68 mmol, 1 eq), the C4 (4.81 mg, 0.007 mmol, 0.01 eq),
the TEMPO (5.41 mg, 0.034 mmol, 0.05 eq) were added to a solution of 1 mL
of dry MeCN, then it was added the DMAP (8.40 mg, 0.069 mmol, 0.10 eq).

The mixture was treated according to option A, and a yellow solid was ob-

tained with a quantitative yield.

'H NMR (400 MHz, CDCls) & (ppm): 9.87 (s, 1H), 7.47 (dd, /= 8.2, 1.9 Hz, 1H), 7.43 (d, /= 1.9
Hz, 1H), 6.99 (d, /= 8.2 Hz, 1H), 3.97 (d, /= 9.2 Hz, 6H).
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The alcohol (100.40 mg, 0.59 mmol, 1 eq), the C4 (4.70 mg, 0.006 mmol, 0.01
eq), the TEMPO (5.20 mg, 0.033 mmol, 0.05 eq) were added to a solution of 1
mL of dry MeCN, then it was added the DMAP (7.90 mg, 0.065 mmol, 0.10

eq). The mixture was treated according to option A, and a yellow solid was

obtained with a quantitative yield.

'H NMR (400 MHz, CDCL) 6 (ppm): 10.17 (s, 1H), 8.41 (d, 2H), 8.08 (d, 2H).

NH,»

The alcohol (100.00 mg, 0.81 mmol, 1 eq), the C4 (11.36 mg, 0.016 mmol, 0.02
eq), the TEMPO (6.38 mg, 0.041 mmol, 0.05 eq) were added to a solution of
1 mL of dry MeCN, then it was added the DMAP (9.92 mg, 0.081 mmol, 0.10

eq). The mixture was treated according to option A, and a yellow solid was

obtained with a quantitative yield.
"H NMR (400 MHz, CDCls) 6 (ppm): 9.89 (s, 1H), 7.50 (dd, /= 7.7, 1.6 Hz, 1H), 7.33 (ddd, / =
8.5,7.1,1.6 Hz, 1H), 6.81 - 6.71 (m, 1H), 6.66 (d, /= 8.3 Hz, 1H).

Oy

The alcohol (100.00 mg, 0.75 mmol, 1 eq), the C4 (5.21 mg, 0.007
mmol, 0.01 eq), the TEMPO (5.86 mg, 0.037 mmol, 0.05 eq) were
added to a solution of 1 mL of dry MeCN, then it was added the
DMAP (9.11 mg, 0.074 mmol, 0.10 eq). The mixture was treated ac-

cording to option A, and a yellow oil was obtained with a 99% yield.

'H NMR (400 MHz, CDCls) 6 (ppm): 9.73 (d, /= 7.7 Hz, 1H), 7.62 — 7.55 (m, 2H), 7.52 (s, 1H),
7.49 — 7.42 (m, 2H), 6.74 (dd, /= 16.0, 7.7 Hz, 1H).

NSNS

The alcohol (100.00 mg, 0.53 mmol, 1 eq), the C4 (7.48 mg,
0.011 mmol, 0.01 eq), the TEMPO (4.20 mg, 0.027 mmol,
0.05 eq) were added to a solution of 1 mL of dry MeCN,

then it was added the DMAP (6.53 mg, 0.053 mmol, 0.10

eq). The mixture was treated according to option A, and a yellow oil was obtained with a

quantitative yield.
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'H NMR (400 MHz, CDCls) & (ppm): 9.77 (q, ] = 2.0 Hz, 1H), 3.64 (t, ] = 6.6 Hz, 5H), 2.42 (td, ]
=7.4,1.9 Hz, 2H), 1.69 - 1.51 (m, 8H), 1.39 — 1.26 (m, 72H), 0.88 (t, ] = 6.7 Hz, 11H).
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ANNEXES

A.1 Ligands spectra
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Figure A.1."H NMR in CDCl; obtained from the dark brown oil proposed to be the polymer formed during the

reaction
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Figure A.9. UV /Vis spectrum in MeCN of the synthesised R3 ligand. A- molar extinction coefficient for the transi-
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transition at 278nm. D- molar extinction coefficient for the transition at 312 nm.
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Figure A.10. UV /Vis spectrum in MeCN of the synthesised R4 ligand. A- molar extinction coefficient for the tran-
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Figure A.11. UV /Vis spectrum in MeCN of the synthesised ligand R5. A- molar extinction coefficient for the tran-
sition at 229 nm. B- molar extinction coefficient for the transition at 285 nm. C- molar extinction coefficient for the

transition at 342 nm.
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Figure A.12. IR spectrum obtained for the R1 ligand.
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Figure A.13. IR spectrum obtained for the synthesised R2 ligand.
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Figure A.14. IR spectrum obtained for the synthesised R3 ligand.
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Figure A.16. IR spectrum obtained for the synthesised R5 ligand.
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Figure A.19. F NMR spectrum in CD,Cl, of the C1 complex.

XCVII



r1.0

ri.s

r2.0

r2.5

:
8.0 7.5 7.0 6.5 6.0 5.5 50 45 4.0 35 3.0 25 2.0 15 1.0 0.5
2 (ppm)

Figure A.20. COSY spectrum in CD,Cl, of C1 complex.

120

f1 (ppm)

8.0 7.5
2 (ppm)

-

N
4

i Q,,
— Cu
_ ° EAERY
E— a° N\ /N
L —BF,

f1 (ppm)

110

120

r130

r150

8.0 75 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 15 1.0
2 (ppm)

Figure A.21. HSQC spectrum in CD,Cl, of C1 complex.
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Figure A.27. COSY spectrum in CD,Cl, of the C2 complex.
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Figure A.31. '"H NMR spectrum in CD,CL, of the C3 complex.

5.0

2.5

3.0

3.5

4.0

5.5

6.0

6.5

7.0

7.5

8.0

8.5

CIII



Figure A.33. ’F NMR spectrum in CD,Cl, of the C3 complex.
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Figure A.35. HSQC spectrum in CD,Cl, of the C3 complex.
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Figure A.39. *C NMR spectrum in CD,Cl, of the C4 complex.
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Figure A.41. COSY spectrum in CD,Cl, of the C4 complex.
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Figure A.48. COSY spectrum in CD,Cl, of the C5 complex.
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Figure A.49. HSQC spectrum in CD,Cl, of the C5 complex.
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Figure A.51. NOESY spectrum in CD,Cl, of the C5 complex.
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Figure A.53.°C NMR spectrum in CD,Cl; of the C6 complex.
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Figure A.55. COSY spectrum in CD,Cl, of the C6 complex.
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Figure A.57. HMBC spectrum in CD,Cl, of the C6 complex.
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Figure A.60. *C NMR spectrum in CD,Cl, of the C7 complex.
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Figure A.61. ’F NMR spectrum in CD,Cl, of the C7 complex.
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. | !

N A
N, N
? Cu E
- N, N .
"

BF,

T T T T T T T T T T T T T
85 80 75 70 65 60 55 50 45 40 35 30 25
f2 (ppm)

Figure A.63. HSQC spectrum in CD,Cl, of the C7 complex.
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1.0

0.5

0.0

~210

r6

-0.5

f1 (ppm)

f1 {ppm)



ﬁﬁﬁﬁﬁﬁ

:/ \:
—4 >—N\ /N—< —
Cu
( > /N ( )
N N
N/
L —s05CF;
ﬂt n Je
] : P
7‘.0 6‘.5 6‘.0 5.‘5 5.‘0 ZjU 1:5 1:0
Figure A.66. 'H NMR spectrum in CD,Cl, of the C8 complex.
:/ \:
—4 >—N\ /N—< —
Cu
( > /N < >
N N
N/
L —Js0,CF;
1;0 léU 150 1“‘0 léO 12‘0 Sb 4‘0 3‘0 2‘0

Figure A.67. *C NMR spectrum in CD,Cl, of the C8 complex.
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Figure A.68. ’F NMR spectrum in CD,Cl, of the C8 complex.
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Figure A.69. COSY spectrum in CD,Cl, of the C8 complex.
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Figure A. 71. HMBC spectrum in CD,Cl, of the C8 complex.
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Figure A. 72. NOESY spectrum in CD,Cl, of the C8 complex.
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Figure A.73. "H NMR spectrum in CD,CL, of the C9 complex.
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Figure A. 75. F NMR spectrum in CD,CL, of the C9 complex.
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Figure A.77. HSQC spectrum in CD,Cl, of the C9 complex.
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Figure A.79. NOESY spectrum in CD,Cl, of the C9 complex.
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Figure A.80. UV /Vis spectrum in MeCN of the synthesised C1 complex. A- molar extinction coefficient for the

transition at 231 nm. B- molar extinction coefficient for the transition at 268 nm. C- molar extinction coefficient for

the transition at 276 nm. D- molar extinction coefficient for the transition at 347 nm.
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Figure A.81. UV /Vis spectrum in MeCN of the synthesised C2 complex. A- molar extinction coefficient for the

transition at 224 nm. B- molar extinction coefficient for the transition at 276 nm. C- molar extinction coefficient for

the transition at 356 nm.
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Figure A.82. UV /Vis spectrum in MeCN of the synthesised C3 complex. A- molar extinction coefficient for the
transition at 227 nm. B- molar extinction coefficient for the transition at 276 nm. C- molar extinction coefficient for

the transition at 313 nm.
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Figure A.83. UV/Vis spectrum in MeCN of the synthesised C4 complex. A- molar extinction coefficient for the

transition at 230 nm. B- molar extinction coefficient for the transition at 273 nm. C- molar extinction coefficient for

the transition at 343 nm.
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Figure A.84. UV /Vis spectrum in MeCN of the synthesised C5 complex. A- molar extinction coefficient for the
transition at 232 nm. B- molar extinction coefficient for the transition at 257 nm. C- molar extinction coefficient for

the transition at 359 nm.
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Figure A.85. UV /Vis spectrum in MeCN of the synthesised C6 complex. A- molar extinction coefficient for the
transition at 236 nm. B- molar extinction coefficient for the transition at 273 nm. C- molar extinction coefficient for

the transition at 339 nm.
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Figure A. 86. UV/Vis spectrum in MeCN of the synthesised C7 complex. A- molar extinction coefficient for the
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the transition at 358 nm.
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Figure A.87. UV /Vis spectrum in MeCN of the synthesised C8 complex. A- molar extinction coefficient for the
transition at 229 nm. B- molar extinction coefficient for the transition at 284 nm. C- molar extinction coefficient for

the transition at 340 nm.
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transition at 231 nm. B- molar extinction coefficient for the transition at 336 nm.
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Figure A.92. IR spectrum of the synthesised C5 complex.
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Figure A.96. IR spectrum of the synthesised C9 complex.
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A.3 Catalytic studies

CL—

=

B

o

79 78 77 76 75 74 73
f1 (ppm)

el

o
©
~
h b
T W

T6'LY

HoT—

TF1a0]]

4.0 3.5 3.0 2.5 2.C

4.5

5.0

9.5 9.0 8.5

10.0

f1 (ppm)

Figure A.97. '"H NMR obtained for the catalytic studies with internal standard (mesitylene).
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Figure A.99. '"H NMR spectrum of the obtained p-methylbenzaldehyde.
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Figure A.103. 'H NMR spectrum of the obtained m,p-dimethoxybenzaldehyde.
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Figure A.106. 'H NMR spectrum of the obtained mixture of dodecanol and dodecanal.
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Figure A.107. "H NMR spectrum of the obtained cinnaldehyde.
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