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Abstract

Schiff base compounds are a significant class of ligands in coordination chemistry which have
been applied widely as they are precise and versatile towards different metal salts. These
compounds could be commonly chelating operators, particularly when a compound attached
like hydroxide or alkyl thiols (— OH or — SH) is available near the azomethine group to form a
five or six-membered ring with the metal center. The metal complexes of Schiff bases
contracted from substituted salicylaldehydes, particularly the heterocyclic based metal
complexes and different amines have been highly explored due to their broad applicability in
mild oxidation catalysis.In this study, five Schiff base ligands namely { HL* : (E)-4-(tert-butyl)-
2-(((2-(thiophen-2-yl) ethyl) imino) methyl) phenol. HL?: (E)-2, 4-di-tert-butyl-6-(((furan-2-
ylmethyl) imino) methyl) phenol. HL3: (E)-4-chloro-2-(((furan-2-ylmethyl) imino) methyl)
phenol. HL*: (E)-2bromo-4chloro-6-(((2-(thiophen-2-yl) ethyl) imino) methyl) phenol. HL?:
(E)-4-nitro-2-(((2(thiophen2-yl) ethyl) imino) methyl) phenol.} were synthesized and fully
characterized for use in the synthesis of copper (11) salicylaldimine compounds. The ligands,
HL-HL>, reported herein were synthesized by reacting the commercially available,2-hydroxy-
5-methylbenzaldehyde,3,5-di-tert-2-hydroxybenzaldehyde,5- chlorosalicylaldehyde, 3-bromo-
5-chloro-salicyaldehyde and 2-hydroxy-5-nitrobenzaldenyde  with either 2-
thiopheneethylamine or 2-furfurylmethylamine, respectively. The reactions were stirred at room
temperature for 12 hours in the presence of a drying agent, anhydrous magnesium sulfate, in
dry ethanol. The ligands were isolated as stable yellow solids with yields ranging from 70% to
97%. The ligands were soluble in most common organic solvents such as dichloromethane,
chloroform, and acetonitrile. The complexes were derived from the ligands (HL-HL®)
respectively, by reacting commercially available Cu (CH3COQ) 2, while the EtsN was used to
deprotonate the ligands to catalyze the reactions. Thereafter the solvent volume was then
reduced under vacuum to ~3 mL and the complex precipitated with cold diethyl ether. The
precipitate was filtered and washed with a copious amount of cold diethyl ether and isolated,
the product was left to dry overnight in a fume cupboard. The characterizations of the
synthesized ligands and their complexes was performed through NMR, FTIR spectroscopy,
UV-Vis spectroscopy, Mass spectroscopy, Elemental Analysis, Cyclic voltammetry. The FTIR
spectra demonstrated that the coordination sites are the azomethine nitrogen and carbonyl
oxygen atoms of the Schiff base ligand. The compounds were further characterized by elemental

analyses which showed that the compounds were relatively pure with the difference of at least



0.1. The mass spectrometer results of the ligands showed calculated molecular ion peak being
in agreement with the experimental results observed. The Cu isotopes are known to be
quadrupolar and usually yield broad signals in the NMR experiments. Therefore, the
characterization using the NMR was not possible and thus a cyclic voltammetry study was
carried out for the Cu (Il) complexes instead. The CV of the complexes showed interesting

results where the increase in the scan rate also increases the redox reaction.
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Chapter 1

1.1 Introduction

Coordination chemistry can be classified as the interaction between ligands and metal centre,
where in the later, they can be complexing group that can accept or donate electron density
from the metal atom, it is a substance in which a metal atom or ion accepts electrons from (and
thus associates with) a group of neutral molecules or anions called ligands [1]. On the other
side, ligands can be classified as either neutral molecules, or charged ions that carry lone
electron pairs that interact with the metal centre in a variety of ways [2] [3]. Changes in the first
coordination sphere of a metal ion can have a drastic impact on the entire complex and its
chemical properties, according to the basic principles of coordination chemistry. To understand
the chemical characteristics of metal complexes, it is critical to understand the bonding theories

governing the ligands and metal atoms.

Copper is the third most abundant trace element in the body after zinc and iron. Copper, like
silver and gold, is a noble metal. High thermal and electrical conductivity, low erosion, alloying
capacity, and flexibility are all useful mechanical qualities. Electrical applications need a
significant amount of metallic copper [4]. In general, simple Cu (1) mixtures do not stay stable

in water and are quickly oxidized.

Cu (1) mixtures such as CuCl and CuCN, that are extremely insoluble. Cu (1) can also be used
to frame structures using chelating ligands. Cu (1) complexes typically have four geometries:
tetrahedral, trigonal— pyramidal (TBP), tetrahedral.There are also three and two facilitated Cu
(1) structures, but five coordinated Cu(l) structures are aberrant and have at least one
fundamentally protracted Cu—ligand link [5]. Cu (1) structures have recently received a lot of
attention. They exhibit extremely interesting spectroscopic properties and changed reactant
workouts because of their adaptability, aptitude to settle odd oxidation states, and successful

execution in replicating specific geometries around metal focuses [6].

1.1.1 Schiff base ligands
A chemist from Germany who is also a Noble Prize winner called Hugo Schiff discovered
Schiff base in the year 1864, and the ligands were then named after him [7] [8][9]. The Schiff
bases are one of the most commonly used groups of chemical molecules. They are products of

condensation reactions of a primary amine and a carbonyl compound. The Schiff bases all

1



possess azomethine (C=N-) as the main functional group [10][11]. The azomethine structure is
made up of a carbon-nitrogen double bond, with the nitrogen attached to the alkyl or aryl group
rather than the hydrogen, (see Scheme. 1.1) [12][13].

\ 1‘\'1 an

Scheme 1.1. Schiff base Schiff base reaction for the establishment of imines [12], where R', R",

and R™ are alkyl, aryl, cycloalkyl, or heterocyclic groups that stabilize the Schiff base.

These compounds have the ability to coordinate with metal ions via imine nitrogen and any
other group linked to a Schiff base. Because of the versatility of the active groups, Schiff base
ligands are referred to as "privileged ligands” [14] [15]. The literature reports show a
multidentate Schiff base ligands with different terminals containing the S, N, and O donor

atoms with a wide range of applications [16].

1.1.2 Schiff base formation mechanism

The general mechanism of Schiff base is depicted in scheme 1.2 this occur during its formation,
a nucleophilic added amine to the carbonyl group. The lone pair of electrons in the amine
nitrogen attack the ketone or aldehyde during the first phase of the mechanism, producing an
unstable carbinolamine [17] [18]. A 1.3-hydrogen shift takes place, which promotes the
elimination of H20 via acid/base catalysis. Because carbinolamine is an alcohol, it undergoes
acid-catalysed dehydration [19][20].



H™ H OH

’ _h..
H ‘HT
H H H - ¥
H,;N \R
a Carbinolamine
1.3-H
shift
H
H
-H E.}
__h... 2
- R
R -H,0
R \Nf . \m»’//——zh— R H
=y =
HI.";I\

Scheme 1.2. The general mechanism of Schiff base, which is one of the possible pathways for the

reaction of aldehydes with amines [20].

The dehydration of carbinolamine is the rate-determining step in the formation of the Schiff base
[20] [21], consequently, acids or Lewis acids are used to catalyze this reaction. However, the
concentration of acid present for catalysis cannot be greater than that of the amine. Deprotonation
occurs, and the amine becomes non-nucleophilic [22], when equilibrium shifts to the left, the
carbinolamine reverts to a ketone or aldehyde and a primary amine. Base catalysis is used in the
dehydration of carbinolamines [23]. The elimination reaction is related to alkyl halide E2
elimination. Schiff base formation can be divided into two steps by adding an anionic intermediate
(for example) followed by elimination. The geometry of the imine double bond is typically trans,
which limits the steric interaction of the bulkier R group with R being an ether alkyl or aryl
substituent [24][25] [26].



Under mild conditions, hydrolysis of the Schiff-base ligands reveals a remarkable problem with
cleavage of the preceding imine bond. [27] [28]. Despite the use of anhydrous solvents
throughout, the commercially obtained salts, in their hydrated forms, provided enough water
into the system for imine bond hydrolysis to occur, which is aided by the presence of metal
cations, which have Lewis acid properties and can speed up this bond cleavage scheme. 1.10

[29]. The mechanism for imine formation and its reversible response are depicted in Schemes

1.3 and 1.4 [39].

OH
I i
_ —_ R C R
R—C R + R NH
Aldehyde/ketone Primary amine NHR
Carbinolamine
HR /
R—C—rR T HO
Imine
Schemel.3. Mechanism of Schiff base formation [30]
OH
OH 2 R
| ) H+ R\(/'/— o \ ®
C—N R= /C N R C=—N—-rR" 4+ H,0
|| ] {
R N H H

Acide catalyzed dehydration

R

®
C=—N—m~R' + H;0
R/ ’
Imine
Scheme 1.4. Heating causes a reversible reaction of Schiff base from aldehyde/ketone under

acid/base catalysis. [31].



In the development of imine-ligands, this hydrolysis could be reversible [29]. Nonetheless,
imine-ligands are frequently very stable in acidic conditions. It is still unknown why some
imine compounds withstand hydrolysis while others remain stable under similar conditions [32]
[33]. Anhydrous MgSQs is always used to stop likely hydrolysis of the imine group in
dichloromethane under gentle conditions to prevent the hydrolysis of the imine group thereby

decomposing the product. [34].

1.1.3 Chelating properties of different types of Schiff base

Classes of Schiff base bidentate (1), tridentate (2), tetradentate (3) and others (Scheme 1.5-
1.10) are known to be able to form stable complexes with transition metal ion and are easy to
synthesize and can be obtained in good yield [35][36]. The resultant Schiff bases can act as
mixed-donor ligands that can participate in bi-, tri-, tetra-, and higher coordination modes if
they contain additional functional groups like —OH, —=NH2, or —SH. N,O- donor sites can be
found in salicylaldimine Schiff base bidentate chelating ligands. The nitrogen atom is a soft
donor atom that stabilizes lower oxidation state metal ions when they are coordinated, whereas

oxygen is a strong donor atom that stabilizes high oxidation state metal ions [37].

Type 1: Bidentate

OCH,

OCH, H

Scheme 1.5. O, N-bidentate Schiff base ligand donors [38].



Type 2: Tridentate

VRN
\_/ Wz
AN

ozno

Scheme 1.6. Schiff base ligand tridentate with O, N, donors [39].

Type 3: Tridentate

H
Cc

AN N

N

/O
C,/ ‘ IS
Cl
Scheme 1.7. Tridentate Schiff base ligand with donors of O, N, and N [40]

Type 4: Tridentate

\ N—=CH
CH; C:N<
~
' N
Ny o H,0

Scheme 1.8. Tridentate Schiff base ligand with donors of O, N, and S [41].



Type 5: Tetra dentate
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Scheme 1.9. Tetra dentate Schiff base ligands with donors of O, N, N, O Schiff

base ligand structure proposed [42].

l C3Hy
C3Hy c
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Scheme 1.10. Suggested metal complex structure with O, N, N, O donor Schiff base and A, B,
C, and M being any of those listed in table 1.1 below. [42] [43].

Table 1.1 A,B,C and M symbols with what can be substituted in their space [42]

M A B C
oVv(IV) i H20 -
Cr(ly / Fe(l1) H20 H20 NOs
Fe(11), Ni(l1), Cu(11) ol Hz0 H20 -
zn(1l)

uo2 (VI) : - H20




The number of donor atoms contained in a ligand determines whether it is uni, di, tri, or
quadridentate. When a ligand's donor sites occupy two or more coordination positions on the
same central metal ion, a complex with a closed ring is formed, a phenomen which was coined
in the year 1920 by Morgan and Drew [23][44][45]. The primarily nitrogen donor Schiff bases,
can also function as bi-, tri-, tetra-, or polydentate mixed donors. The nature of donor of the
ligand depends on the nature of 1° amine or diamine or the nature of aldehyde or ketone used
in the synthesis [46].

1.1.4 Preparation of Schiff base ligands

Schiff base ligands are supporting ligands in the synthesis of metal complexes and organic
products, as shown in Scheme 1.11 [47][48][49]. To form desirable metal complexes, Schiff
base ligands coordinate to the metal centre [50]. Schiff base ligands offer a variety of biological
and catalytic properties that seem to improve with metal center coordination [51]. Schiff base
compounds containing functional groups such as thiosemicarbazones, imidazoles, indoles,
pyrazoles, furylglyoxal, azomethine, ptoluidene, thiazole, benzothiazole, isatin, azo
compounds, pyridoxal, hydrazones, and other fussed heterocyclic compounds have shown
antibacterial, anticancer, antifungal, antimicrobial[52][53][54][55]. The features of Schiff base
ligands make them attractive candidates for oxygenation, hydrolysis, electro-reduction, and
decomposition in industry; plant management as iinsecticides in agriculture [56][57]; and

therapeutic application as antiviral [55], antibacterial [58], and anticancer drugs [59]. Scheme

1.11shows the use of Schiff bases as intermediates in organic and inorganic synthesis.
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Scheme 1.11. Schiff bases as intermediate during synthesis [60].

1.1.5 Salicylaldimine Schiff Base Transition Metal Complexes

The salicylaldimine ligands are a sub-class of Schiff-base compounds that have been widely
used as metal ligands because they have intriguing attractive, reactant, and redox properties and
could be used as biomimetic models for various organic metal sites [61]. These compounds
provide opportunities for inducing substrate chirality, fine-tuning the metal-focused electronic
factors, and improving the solvency and security of homogeneous or heterogeneous catalysts.
[62]. Such ligands are synthesized by means of by nucleophilic addition, some of these ligand
that were studied were successfully synthesized from an amine and a carbonyl molecule,
yielding a hemi-aminalfunctionality that was then dehydrated in situ to yield an imine
functionality (vide supra). These ligands have a unique structure that is represented by the
formula RR1C=NR:2 (R = R1 = R2= alkyl, aryl, or hydrogen).



Schiff base ligands can either polymerize or decompose very fast, except there is at least one
aryl group attached to carbon or nitrogen of the >C=N double bond [63]. As a result, Schiff
base ligands with aryl substituents are significantly more stable and they are easy to synthesize,
whereas on the other hand those with alkyl substituents are relatively unstable, Aliphatic
aldehyde Schiff base are relatively unstable and polymerizable [64][65] , but those with

aromatic aldehyde are efficient conjugation are more stable [66][67].

OH

Scheme 1.12 Example of structure of Salicylaldime[68]

Condensation of aldehydes and amines occurs under various reaction conditions and in various
solvents. Methanol or ethanol are the most common solvents used to make the SB ligands.
The ligands can be prepared at room temperature or in a refluxing environment. MgSQOais a
reagent that is mostly used to dehydrate water in the reaction [68] [69]. Literature shows that it
is possible to develop new SB compounds as there is enough aldehydes and amines that can be
reacted [70]. Schiff base ligands that are general mono-, di-, tri- and multi- dentate chelating

are usually designed according to the binding environments of metal ions [71].

1.1.6 Methods that are used to prepare Schiff base ligands and their metal complexes

Direct ligand synthesis then complexation

The preparation, segregation and purification of Schiff base are carried out prior to complexation

[72]. Thereafter the complexation is then carried out by treating the metal ion and Schiff bases

with the desired metal salts. This method is advantageous because spectral characterization can
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be easily performed to both ligands their metal complexes and it is easy to compare the data of

both ligand and complexes [73].

Template Synthesis

According to Busch, the Template synthesis is an assembly of atoms, with respect to one or
more geometry, in order to achieve particular linking of atoms. The technique prepares the
complexes in situ, without the isolation of Schiff bases by amalgamating the metal compound,
amine and aldehyde in one step reaction [74][75]. By using a reaction template, the metal ions
do catalyze the process” [76]. This method has been previously used to carry out the assembles
that have unusual topologies, such as rotaxanes, helicates, macro cycles and catenanes [77]. As
a result, a templating agent is the organization of a set of building blocks so that they can be

linked together in a specific manner.

Rearrangement of Heterocycles (oxazoles, thiazoles etc.)

The direct method of synthesizing a Schiff base by condensation of an o-hydroxy-, o-amino-,
or o-mercaptoamine with a carbonyl molecule sometimes leads in an undesirable side reaction
involving ring closure and the production of a heterocyclic compound [78] [79]. This technique
was proposed by Schiff in 1869. It is where the Schiff base is prepared by a chelate of one of
the starting materials (aldehyde or amine) with the other reacting with the metal complex [80].
Usually, the presence of metal ions, the benzothiazoline and benzoxazole rings are reported to
open, and ring rearrangement results in the formation of corresponding metal chelates of the

Schiff bases as shown in scheme 1.13 below[81].

i OH
AN OH S N/
| + — e, \
CHO | M—0

2

Scheme 1.13 2-(2-Hydroxyphenyl) benzothiazoline: (1)synthesis; (2) interaction with metal
ion[81].

Literature reports indicate that Schiff base ligands are most convenient and highly attractive
ligands for forming complexes [82]. The steric and electronic effects surrounding the metal

complex can be finely tuned by incorporating bulky and/or electron withdrawing or donating
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substituents into the Schiff bases [9] [73]. The chemistry changes when we have two donor
atoms such as N and O, because they have opposing electronic effects. The phenolate oxygen
is a hard donor that stabilizes the metal ion's with higher oxidation state, whereas the imine

nitrogen is a border line donor that stabilizes the metal ion's with lower oxidation state [83].

The most popular method is actually the one step method of preparing the Schiff base ligand
via the condensation reaction produces high quantitative yield [73]. Busa et al used this
technique with compounds very close to our study. The direct ligand synthesis was followed
by a metal salt complexation. The compounds were all subjected to the standard spectroscopic
techniques such as FT-IR, UV-Vis, NMR, MS and elemental analysis to characterize them [68].
It can be concluded that the major advantage for this preparation method is simplicity of
synthesis and high stability of the complexes with nitro- groups on ligands and thus produces
good yield.

Schiff base compounds with nitrogen, oxygen, and Sulfur chelating groups in their structures
have gotten a lot of attention in the field of research recently [62]. Other reports also
demonstrated that copper (Il) ions with salicylaldimine ligands have shown a high
recoverability and stability [84].

Mononuclear Schiff-base structures are significant in demonstrating metalloenzymes, just as
they are from a modern standpoint [85]. Salicylaldiminato-copper (I1) structures have been
discovered to catalyze a variety of oxidation reactions, for example, oxidation of essential
alcohols, and specific oxidation of essential alcohols with atmospheric oxygen compare to
aldehydes [61][62][84]. It has been demonstrated that the synergist changes of alkanes continue
through the formation of thermally unstable dynamic mononuclear copper(l1)-peroxo (LCuO2)
and copper(I1)-hydroperoxo (LCull-OOH) intermediateswhich uses salicyaldimine compounds
[61]. As a result, salicylaldimine ligands were combined with the goal of balancing out the
resulting copper (1) structures in reactant cycles. Furthermore, it has been demonstrated that
endowing the chelating phenolate ligands with cumbersome tert-butyl substituents at the ortho-
and para-positions improves the stability of the resulting phenoxyl radical complexes [62][69].
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These Schiff base is a class of ligands known to be very efficient. As previously discussed in
the mechanisms, Schiff base ligands contain a lone pair of electrons in the nitrogen atom of the
amine bond, which can then be donated to a suitable metal ion. Several Schiff bases have a
second or even third functional group that can include OH (salicylaldehyde or its derivatives),
a nitrogen atom from a heterocyclic ring, imidazole rings, or pyridine rings. Electron donation
in conjugation with a functional group implies the possibility of preparing a large number of

transition metal complexes for various applications. Earlier research indicates that several

Schiff base complexes have been used for catalytic activities [86] [87] [88], biological activities
[89] [90], in oxidations, polymer-supported [91], and many more. However, in this work, an
overview of Cu(ll) coordination in Schiff base ligands with a preliminary application in

catalysis will be investigated further.

1.2 Copper

Copper, along with Silver and Gold, are transition metals that are found in group 11 of the
periodic table of elements. Copper typically forms compounds with oxidation states +1 and
+2, which are commonly referred to as cuprous and cupric, respectively [92] [93]. The
oxidation states +1 with electronic configuration  3d'® form the complexes which are
diamagnetic. On the other hand, there is also an unusual/least common case of +3 and +4 [92].
In this work, the focus is on the most stable and common coordination of Cu?* ion with an

electronic configuration of 3d°.

Table 1.2 Experimental values for selected physical properties of copper

Property Cu
Atomic number 29
Naturally occurring isotopes 2
Atomic weight 63.546
Electronic configuration [Ar]3d*4st
Electronegativity 1.9
metal radius / pm 128
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(eV) ond 20.28
3rd 37.07

(adapted from reference 15)

The Cu(ll) d® electron configuration favours the coordination with different ligands which

adopt the square planner or distorted octahedral geometry.

This effect implies that molecules must adopt geometries that do not result in valence level
orbital degeneracy [92] [94] [95] [96] [97]. When the Cu?* ion is coordinated to six homoleptic
ligands resulting in octahedral complex, it usually exhibits a distorted octahedral geometry
because of Jahn Teller distortion.

Schiff base copper (I1) complexes could exhibit a coordinated of 4 or 5 ligands. The octahedral
complexes of these Cu(ll) Schiff base are typically found in situations where the axial group is
coordinating solvent or counter ions. The five-coordinate complexes and the axial phenomenon
are mostly similar of course with an exception of the Cu(ll) diphosenolate complex [98] [99].
A work which was reported by Franks and co-workers [100] showed that Cu(ll) complexes
which contain pentadentate N3O Schiff base ligand with Cu(ll) ion have trigonal bipyramidal
geometry. It is clearly seen that the Schiff base ligands and their complexes have been widely
investigated in the field of chemistry. They are found to be very much effective in the
preparation of various useful analytical reagents, industrial catalysts, medicine, agrochemicals,
and other industrial products [73][101][102]. Furthermore, Cu(l1)-Schiff base complexes based
on salicylaldehyde ligands are popular due to a plethora of applications as found in the literature
[100][102]. These types of complexes are mostly used in the Catalysis applications [103][104]
[105] [106] as well as some biological fields such as the antimicrobial activity.

1.3 Catalysis

Cu (I1) Schiff base complexes are frequently used as oxidation catalysts. They are known to be
effective and selective in a variety of organic reactions. They are relatively inexpensive, stable,
and simple to prepare [107] [108]. The Schiff base ligands have a high electron-donating ability
which makes them help to increase the rate of electron transfer. In other words, these ligands
can boost an imine functionalized composite's overall catalytic activity [107]. The oxidation of
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alcohols to their carbonyl, aldehyde, and ketone groups is a fundamental reaction that occurs
occasionally in organic amalgamation. Researcher Adams and co-workers [109] reported a
suitable catalytic oxidation scheme 1. 14 (PhlO/cat, CH2Cl,, ca. 20 °C) of primary and
secondary alcohol with allylically and benzylically activated C-H bond [109].

Y

by . P

2 PhIO, PPNO

2

Rl,R2 = H, Alky1, Aryl
Scheme 1.14 Catalytic activity of Cr (111) salen Schiff base complex in oxidation reaction [70].

The oxidation of alcohols to aldehydes, ketones, and carboxylic acids is perhaps the most
widely utilized class of oxidation responses in natural science [110]. Numerous reagents and
impetuses exist for these changes. Yet, for prudent and natural reasons, the improvement of
effective and specific impetus for oxidation of alcohols into their relating carbonyl mixes is a
fundamental essential in the substrate [111]. Change metal catalysed oxidation of natural
substrates is of current intrigue [112]. Efferent reactant techniques dependent on change metals
have been developed [113]. However, synergist oxidation was inspired first by the need to
understand the capacity of conventional catalysts, and later by its importance in the compound
[114][115] thus, exquisite advancement metal structures have been blended, and their synergist
properties in oxidation, epoxidation, carboxylation, hydrogenation, and other useful gathering

changes have all been accounted for [113].

Copper is a significant metal biologically. It exists in different metalloproteins especially for

catalysis [116], Galactose oxidase (GO), laccases, hemocyanin, cytochrome C oxidase, and
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superoxide dismutase are a few examples. These catalysts assume a significant role in various
bio— oxidation responses. In this way copper has attracted specific consideration as an impetus
structure and energizing exploration exercises in the domain of coordination science with little
sub-atomic model edifices which have been accounted for [117]. These model buildings offer
a profitable stage for the advancement of Cu based homogeneous scaffolds. They can oxidize
a range of natural substrates. Be that as it may, from the mechanical perspective, basic and
reasonable copper catalysts, which can enact sub-atomic oxygen or hydrogen peroxide with
high reactant action and selectivity, are attracting choices for ordinary stoichiometric oxidation
strategies.

Atomic oxygen is a non-poisonous and modest oxidant for the oxidation of alcohols. It is
currently used in a few large— scale oxidation reactions, which are catalysed by stoichiometric
reactions of heterogeneous catalysts such as chromium (V1) [113]. These reagents are unsafe
and produce overwhelming metal waste which currently counter their usage as far as the green
chemistry and UN sustainable development number 12 are concerned [124]. Likewise, these
oxidation responses are carried out at raised temperatures. The heterogeneous oxidation
strategies, in any case, are inappropriate for the responses required in the fine chemical industry,
where an exceedingly effective oxidation framework under gentle response conditions are

required as a result of the efficient and ecological requirements [118].

In another instance, the conjugated nitroxyl radicals, for instance the diphenylnitroxyl radical
have been known for a century [119]. Stable non-conjugated free radicals particularly TEMPO
(2,2,6,6-tetramethyl— piperidinyloxyl) detailed during the 1960s have discovered significant
applications as amazing inhibitors of free extreme chain procedures, for example,
autooxidations and polymerizations [120] [121]. Furthermore, TEMPO and its subordinates are
outstanding as probably the best middle precursors in oxidation responses and they have a
wide— scope of uses in natural reactions [27]. They can be used to catalyze the oxidation of
alcohols to their corresponding aldehydes and ketones in particular by an assortment of oxidants
and impetuses [122]; including ruthenium [4] and copper [123].
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1.4 Problem statement

The advancement of new or improved catalysts is highly involving, including their
characterization and broad testing. Since the scope of the factors necessary for producing them
is regularly enormous, and the connections between changes in these factors and catalyst
executions are frequently obscured, the catalyst development can be a monotonous and costly
exercise. Researchers have to consider the nature of new catalysts and their reactions to evaluate
their after effects which is of prime importance. These properties are largely controlled by the

attached ligands.

The transition to greener, more sustainable manufacturing processes that efficiently use raw
materials, crash waste, and avoid the use of harmful/toxic and risky materials is the challenge
confronting the chemical and related industries in the twenty-first century. It necessitates a shift
in perspective from traditional concepts of process efficiency, which focus on chemical yield,
to one that provides economic incentives for replacing fossil resources with renewable raw
materials, eliminating waste, and avoiding the use of toxic as well as hazardous substances. An
understanding of the amount of waste generated per kilogram of product in various areas of the

chemical industry demonstrates the need for green chemical manufacturing.

The development of metal catalysts with unrivalled performance is the ultimate quest. Vast
amounts of the most useful soluble and solid catalysts, such as the PGM metals; rhodium,
palladium, platinum, and ruthenium, are used to produce highly active catalysts, however, these
metals are costly and their supply is limited even in a mineral rich country such as South Africa.
Valuable metals must be used more effectively and sparingly if not avoided altogether,
alternatively, we need to turn to non-valuable metal catalysts such as copper catalysts, which
must be developed as replacements. Consequently, the focus of this work was to develop new
Copper (1) complexes that will be chelated by a salophen ligand endowed with different
electron donating and withdrawing groups purposely for the ease of the oxidation of primary
alcohols. The addition of sterically demanding substituents to the salicylaldimine moiety, such
as tert-butyl groups, alters the resulting electronic and chemical properties of the metal

complexes for a better activity.
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1.5 Aims and Objectives
Aim

The general aim of this study is to synthesize salicylaldimines Schiff base ligands and their
salicylaldiminato-copper complexes that are endowed with different substituents at the ortho-

and para-position that possess a pendant hemilabile thiophenyl/ furfuryl amine moiety.

The complexes have the potential to act as efficient and selective catalysts in the mild oxidation
of alcohols.

Objectives

e Synthesis and characterization of salicylaldimine ligands using standard spectroscopic
techniques (FT-IR, NMR, Mass Spec., UV-VIS) and elemental analysis.

e Synthesis and characterization of salicylaldiminato-copper (1) complexes using standard
spectroscopy (FT-IR, UV-Vis,), elemental analysis and Electrochemical studies using

cyclic voltammetry.

e Preliminary evaluation of catalytic activity and selectivity for mild oxidation of alcohols.

1.6 Thesis Organization
This thesis is organized as follows:

Chapter 1, gives a brief introduction to the concept of Schiff base ligands and their copper (ii)
complexes, Catalysis and challenges that have been encountered in the industry catalytic. The

literature review of the work aims and objectives of this work.

Chapter 2, focuses on the methods that were used to synthesize the ligands and their complexes,

and the characterization techniques that were used to characterize the compounds.

Chapter 3, delves into results from various characterization techniques used and discussion of
these results in relation to the properties of the newly synthesized ligands and complexes. A

preliminary application is also given here.

Chapter 4, focuses on the conclusions that were drawn from the work and highlights

recommendations for future work.
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Chapter 2

Methodology and instrumentations

This chapter is mainly focusing on the methodology used for the synthesis and the
instrumentation used for the characterization of the Schiff base ligands and their Cu (I1)
complexes. The methodology of synthesizing the ligands and the complexes was found in the
literature by Busa [1]. This chapter entails the chemicals that were used in the study.

Furthermore, the details of all the characterization techniques are also explained in detail.

2.1 Experimental Section

2.1.1 General remarks

All experimental manipulations were carefully carried out under inert nitrogen atmosphere
using standard dual vacuum/nitrogen lines and Schlenk techniques. All commercial chemicals
were purchased from the Sigma-Aldrich and were used as received. The solvents were dried
and purified by heating at reflux under nitrogen in the presence of a suitable drying agent;
ethanol was dried over magnesium. Ethanol was dried over 3 A molecular sieves. Reaction
progress and product mixtures were monitored by using the IR spectroscopy. The anhydrous
magnesium sulphate (MgSOa4) was used for drying of the product. The NMR spectra were
recorded on Bruker Avance IIIHD 400 MHz (University of the Western Cape, South Africa)
spectrometers using the solvent resonance as an internal standard for the *H NMR and $3C NMR
shifts. Infrared spectra were recorded on a FT-IR spectrometer (University of the Western Cape
Chemistry Department). The GC-MS spectra were recorded using an Agilent technology gas
chromatograph. Samples of 10 pl were injected into the GC analyser Helium gas was used as
the carrier gas.The cyclic voltammetry (CV) experiments were performed using Palmsens
PTrace (Sensor lab) electrochemical work station using a three electrode cell. Elemental
analysis was conducted at the central analytical facility (CAF). Laboratory (Stellenbosch

University).
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2.1.2 Chemicals used for all the synthesis

Table 2.1: List of all chemicals used for the synthesis of ligands and complexes

Chemical Name Chemical Formula M/W Purity Company
Furfurylamine CsH/NO 97.12 99.9% Sigma
3,5-Di-tert-butyl- HOCeH2[C(CHz3)3].CHO 234.33 99% Sigma
2hydroxybenzaldehyde
2-thiopheneethylamine CeHoNS 127.21 96% Sigma
5-chlorosalicylaldehyde CICgH3(OH)CHO 156.57 98% Sigma
3-bromo- BrCsH.(ClI)-2- 235.46 98% Sigma
5chlorosalicylaldehyde
(OH)CHO
2-Hydroxy- HOCsH3(NO2)CHO 167.12 98% Sigma
5nitrobenzaldehyde
2-hydroxy- HOCsH3(CH3)CHO 136.15 98% Sigma
5methylbenzaldehyde
Ethanol CH3CHOH 46.07 99.9% DLD
Trimethylamine (CH3)sN 59.11 >99% Sigma
Copper(Il) acetate Cu(CO,CHj3), 181.65 99.99% Sigma
Dichloromethane CHCl; 84.97 >99.8% Sigma
2-amino-1-hexadecanol C16H3sCINO 341.92 >99% Fluka
hydrochloride
Dimethylformamide CsH/NO 73.09 >99.5% DLD
Acetonitrile CH+CN 41.05 >99.9% Sigma
Nitric acid HNO:3 63.01 >90% Sigma
Benzyl alcohol CeHsCH,OH 108.14 99.8% Sigma
Decane CH3(CH,)sCH3s 142.28 >99% Sigma
Dimethyl sulfoxide C2Hs0S 78.13 99.5% KIMIX
TEMPO 2,2,6,6- 156.25 98% Sigma
Tetramethylpiperidine 1oxyl
Benzyldehyde CeHsCHO 106.12 >99% Sigma
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2.1.3 Synthesis of salicylaldimine ligands (HL*-HLY5)

2.1.3.1 HL': (E)-4-(tert-butyl)-2-(((2-(thiophen-2-yl) ethyl) imino) methyl) phenol

A solution of 2-hydroxy-5-methylbenzaldehyde (1000 mg-, 0.78 mmol) in 10 mL dry ethanol
was added to 50 mL round bottomed flask equipped with a a stirrer bar and a condenser. A
solution of 2-thiopheneethylamine (0.092 mL, 0.78 mmol) in 10 mL dry ethanol was added to
the solution in the round-bottomed flask. Upon addition of the 2-thiopheneethylamine solution,
a color change was observed from a clear solution to a bright yellow solution, and there was a
formation of a precipitate. The solution was stirred at room temperature under nitrogen gas for
12 hours. The solvent was removed from the product with a rotary vapour followed by the
addition of 20 mL of dichloromethane (DCM) to the resulting ligand. The ligand was washed
3 times with 15 mL of deionized water and the product was recovered through separatory
funnel. Magnesium sulphate was added to the recovered ligand to remove any water present in
the product followed by gravity filtration. Subsequently, the remaining solvent was removed
from the filtrate with rotary vapour resulting in a yellow, oily product, which crystallized when
left overnight at room temperature. HL! with product mass of 518.4 mg. (91.4%). M.P (109°C).
IR data (KBr, v/icm™): 3688(vco-#) 1620 (vc=n),1432 (vc=c), 1361 (vc-s-c), EA: N 4.87,C

70.63,H 7.36, S 11.15 Found N 4.59, C 71.04, H 8.568, S 11.168. 'H NMR data (CDCls, ppm):
8 1.29 (s, 9H, C(CHa)3), 3.38 (s, 2H, =N-CHby), 6.84 (d, 1H), 7.35 (dd, 1H), 6.80 (dd, 1H), 7.19 (d,
1H), 7.15(d, 1H), 7.35 (d, 1H), 8.30 (s, 1H, H-C=N), 13.07 (s, 1H, C-OH). 13C NMR (CDCls,
ppm): & 165.90 (HC=N), 165.87 (C-OH), 141.67 (4-C), 141.27 (2-C), 123.11 (11-C), 129.61 (10
C), 127.73 (8-C), 117.9 (7-C), 116.51 (9-C), 110.4 (3-C), 107.9 (1-C), 55.1 (5-C), 33.96 (t-Bu-C).

2.1.3.2 HL?: (E)-2, 4-di-tert-butyl-6-(((furan-2-ylmethyl) imino) methyl) phenol

A solution of 3.5-di-tert-butylsalicyladehyde (0.23 g, 0.981 mmol) in 10 mL dry ethanol was added
to 50 mL round bottomed flask equipped with a condenser. A solution of furfurylamine (0.1148
mL, 0981 mmol) in 10 mL dry ethanol was added to the solution in the round bottomed flask.
Upon addition of the furfurylamine solution, a colour change was observed from a clear solution
to a bright yellow solution. The solution was stirred at room temperature under nitrogen gas for 12
hours. The solvent was removed from the product with a rotary vapour followed by the addition
of 20 mL of dichloromethane (DCM) to the resulting ligand. The ligand was washed 3 times with
15 mL of deionized water and the product was recovered through separatory funnel. Magnesium

sulphate was added to the recovered ligand to remove any water present in the product followed
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by gravity filtration. Subsequently, the remaining solvent was removed from the filtrate with rotary
vapour resulting in a yellow, oily product, which crystallized when left overnight at room
temperature. HL? with product mass of 1087 mg (90.58%). M.P (106°C). IR data

(KBr./cm™): 1620 (vc=n), 1460 (ve=c), 1215 (vc-o-c). EA Calc N 4.47, C 76.3, H 9.984, S 0.1
Found N 4.12, C 76.64, H 8.68, and S 0.389. 'H NMR data (CDCls, ppm): & 1.23 (s, 9H, C(CHa)3),
4.68 (s, 2H, =N-CHy), 6.24 (d, 1H), 6.34 (dd, 1H), 6.80 (dd, 1H), 7.07(d, 1H), 7.33 (d, 1H), 7.38
(d, 1H), 8.40 (s, 1H, H-C=N), 13.60 (s, 1H, C-OH). 13C NMR (CDCls, ppm): & 166.49 (HC=N),
156.92 (C-OH), 150.50 (4-C),141.36 (2-C), 125.12 (11-C), 126.16 (10-C), 127.73 (8-C), 116.82
(7-C), 116.51 (9-C), 109.78 (3-C), 106.74 (1-C), 54.18 (5-C), 33.99 (tBu-C).

2.1.3.3 HL3: (E)-4-chloro-2-(((furan-2-ylmethyl) imino) methyl) phenol

A solution of 5-chlorosalicylaldehyde (0.3131 g, 2 mmol) in 10 mL dry ethanol was added to 50
mL round bottomed flask equipped with a condenser. A solution of furfurylamine (0.1176 mL,2
mmol) in 10 mL dry ethanol was added to the solution in the round bottomed flask. Upon addition
of the furfurylamine solution, a colour change was observed from a clear solution to a bright yellow
solution. The solution was stirred at room temperature under nitrogen gas for 12 hours. The solvent
was removed from the product with a rotary vapour followed by the addition of 20 mL of
dichloromethane (DCM) to the resulting ligand. The ligand was washed 3 times with 15 mL of
deionized water and the product was recovered through separatory funnel. Magnesium sulphate
was added to the recovered ligand to remove any water present in the product followed by gravity
filtration. Subsequently, the remaining solvent was removed from the filtrate with rotary vapour
resulting in a brownish-yellow powder. The brownish-yellow, powder ligand HL® with product
mass of 485.1mg (97.02%). M.P (121°C). IR data (KBr,v/cm™): 1613(vc=n), 1480 (vc=c), 1278
(vc-o-c). EA Calc N 5.27, C 63.27, H 6.07, S 0.1 Found: N 6.4, C 64.9, and H 4.4 S 0.1. 'H NMR:
5 4.78 (2H, s), 6.28 (2H, 6.21 (dd, 1.1 Hz), 6.32 (dd, J = 25 Hz)), 6.90 (1H, dd, J = 4.22), 7.25
(2H, 7.32 (dd, J = 5.32), 7.32 (dd, J = 8.02)), ). **C NMR (CDCls, ppm) 6 165.16 (HC=N), 159.58
(C-OH), 150.62(4-C), 142.69(2C), 123.42 (11-C), 132.31(10-C), 130.67 (8-C), 119.52(7-C),
118.63 (9-C), 110.50 (3-C),

108.26 (1-C), 54.99 (5-C).

2.1.3.4 HL*: (E)-2-bromo-4-chloro-6-(((2-(thiophen-2-yl) ethyl) imino) methyl) phenol
A solution of 3-bromo-5-chlorosalicylaldihyde (0.23 g, 0.981 mmol) in 10 mL dry ethanol was
added to 50 mL round bottomed flask equipped with a condenser. A solution of 2-
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thiopheneethylamine (0.1148 mL, 0981 mmol) in 10 mL dry ethanol was added to the solution in
the round bottomed flask. Upon addition of the 2-thiopheneethylamine solution, a colour change
was observed from a clear solution to a bright orange-yellow solution, and there was a formation
of precipitate. During the stirring the precipitate the turned orange-yellow. The solution was stirred
at room temperature under nitrogen gas for 12 hours The solvent was removed from the product
with a rotary vapour followed by the addition of 20 mL of dichloromethane (DCM) to the resulting
ligand. The ligand was washed 3 times with 15 mL of deionized water and the product was
recovered through separatory funnel. Magnesium sulphate was added to the recovered ligand to
remove any water present in the product followed by gravity filtration. Subsequently, the
remaining solvent was removed from the filtrate with rotary vapour resulting in a orange-yellow
powder. The orange-yellow, powder ligand HL® with product mass of 162.3mg (81.15%). M.P
(114°C). IR (KBr,/em™): 1627(vc=n), 1439 (vc=c), 1355(vc-s—c). EA Calc N 4.06, C 45.30, H 3.22,
$9.30 Found: N 4.2, C 46.1,H 2.6, and S 10.6 *H NMR: & 3.24 (2H, t, J = 6.66 Hz), 3.90(2H, t,
J=6.2 Hz), 7.57 (3H,1.22 Hz), 8.06 (dd, J = 5.0, Hz)), 7.54 (1H, d, J = 1.4 Hz), 7.92 (1H, d, J =
1.4 Hz), 8.27 (1H, s). *C NMR (CDCls, ppm)  163.95 (HC=N), 157.38 (C-OH), 140.68(4-C),
135.14(2-C), 125.72 (11-C), 129.77(10-C), 139.05 (8-C), 124.33(7-C), 127.05 (9-C), 119.08 (3
C), 112.06 (1-C), 60.01 (5-C).

2.1.3.5 HL® : (E)-4-nitro-2-(((2-(thiophen-2-yl) ethyl) imino) methyl) phenol

A solution of 2-hydroxy-5-nitrobenzaldehyde (0.3342 g, 2 mmol) in 10 mL dry ethanol was added
to 50 mL round bottomed flask equipped with a condenser. A solution of furfurylamine (0.1767
mL, 2 mmol) in 10 mL dry ethanol was added to the solution in the round bottomed flask. Upon
addition of the furfurylamine solution, a colour change was observed from a clear solution to a
bright orange-yellow solution. During the stirring the solution then turned bright orange. The
solution was stirred at room temperature under nitrogen gas for 12 hours. The solvent was removed
from the product with a rotary vapour followed by the addition of 20 mL of dichloromethane
(DCM) to the resulting ligand. The ligand was washed 3 times with 15 mL of deionized water and
the product was recovered through separatory funnel. Magnesium sulphate was added to the
recovered ligand to remove any water present in the product followed by gravity filtration.
Subsequently, the remaining solvent was removed from the filtrate with rotary vapour resulting in
a oreng-yellow product, The orange-yellow, powder ligand HL® with product mass of 216.5 mg
(72.17%). M.P (119°C). IR data (KBr,/em™): 1662(vc=n), 1432 (vc=c), 1306 (vc-s-c). EA Calc N
10.14, C 56.51, H 4.38, S 11.60 Found: N 9.56, C 55.94, H 4.597, and S 11.964.'H NMR: § 3.27
(2H, t, J = 6.6 Hz), 3.93(2H, t, J = 6.2 Hz), 7.57 (3H,1.22 Hz), 8.06 (dd, J = 5.0, Hz)), 7.36 (1H,
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d, J=1.29 Hz), 7.23 (1H, d, J = 1.29 Hz), 8.18 (1H, ). *C NMR (CDCls, ppm) 168.64 (HC=N),
164.50 (COH), 140.43(4-C), 139.05(2-C), 128.09 (11-C), 129.77(10-C), 128.09 (8-C), 124.31(7-
C), 125.82 (9-C), 118.82 (3-C), 112.06 (1-C), 59.67 (5-C).

2.1.4 Synthesis of salicylaldiminato-copper complexes (C*-C?)
2.1.4.1 Complex 1: (E)-4-(tert-butyl)-2-(((2-(thiophen-2-yl) ethyl) imino) methyl) phenol
and Copper (I1) Acetate
Ligand HL? (300 mg, 1.09035 mmol) was stirred with EtsN (151.97 uL, 1090 umol) in EtOH
(10 mL) for 1hr to deprotonate HL! followed by addition of Cu (CHsCOO) (198 mg, 1.09035
mmol) in EtOH (10 mL). The reaction mixture was stirred overnight. Thereafter, the solvent
was removed under reduced pressure resulting in a yellow residue, which was the product.
There after complexation the solvent volume was then reduced under vacuum to ~3 mL and the
complex was precipitated with cold diethyether. The precipitate was filtered and washed with
copious (3 times with 30 ml) amount of cold diethyl ether and isolated, the product was left to
dry overnight inside fume cabinet. The color of the product was pale yellow with mass of 92.7
mg (32.4%). M.P (205°C). IR data (KBr,/cm %): 1613 (vc=n), 1453 (vc=c), 1375 (vc-s-c). EA
Calc N 4.40, C 64.17, H 6.34, S 10.0 Found: N 3.61, C 63.65,

H 6.208, and S 10.115.

2.1.4.2 Complex 2: (E)-2, 4-di-tert-butyl-6-(((furan-2-ylmethyl) imino) methyl) phenol and
copper (I1) Acetate

Ligand HL? (400 mg, 1.27616 mmol) was stirred with EtsN (177.69 uL, 1276 umol) in EtOH

(10 mL) for 1hr to deprotonate HL? followed by addition of Cu (CH3COO) 2 (231.79 mg,

1.27616 mmol) in EtOH (10 mL). The reaction was stirred overnight. Thereafter, the solvent

was removed under reduced pressure resulting in a dark brown residue, which was the product.

The complex was allowed to dry overnight then scraped off to obtain salicylaldiminato-copper (11)
complex as a black solid with mass product of 348 mg (87%). M.P (198°C). IR data

(KBr,/cm™): 1613(vc=n), 1425 (ve=c), 1271 (ve-o-c). EA Calc 2.07, C 63.79, H 7.61, S 0.1. Found:
N 2.72, C 62.78, H 8.626, S 0.24.
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2.1.4.3 Complex 3: (E)-4-chloro-2-(((furan-2-ylmethyl) imino) methyl) phenol and Copper
(11) Acetate

Ligand HL® (50 mg, 0.21216 mmol) was stirred with EtsN (29.6 uL, 212 umol) in EtOH (10
mL) for 1hr to deprotonate HL2 followed by addition of Cu (CHsCOO) 2 (38.6 mg, 0.21216
mmol) in EtOH (10 mL). The reaction was stirred overnight. Thereafter, the solvent was
removed under reduced pressure resulting in a yellow residue, which was the product. There
after complexation the solvent volume was then reduced under vacuum to ~3 mL and the
complex was precipitated with cold diethyether. The precipitate was filtered and washed with
copious (3 times with 30 ml) amount of cold diethyl ether and isolated, the product was left to
dry overnight inside fume cabinet. The color of the product was pale green with mass of 26.4
mg (52.8%). M.P (247°C). IR data (KBr,/cm1):1627 (vc=n), 1467 (vc=c),1306 (vc-0-c). EA
Calc N 3.26, C 45.10, H 3.40, S 0.1 Found 3.3, C 44.82, H 3.023, and S 0.82.

2.1.4.4 Complex 4: (E)-2-bromo-4-chloro-6-(((2-(thiophen-2-yl) ethyl) imino) methyl)
phenol and Copper (I1) Acetate

Ligand HL* (50 mg, 0.14507 mmol) was stirred with EtsN (20.22 uL, 145.07 umol) in EtOH
(10 mL) for 1hr to deprotonate HL* followed by addition of Cu (CHsCOO) 2 (26.35 mg, 0.14507
mmol) in EtOH (10 mL). The reaction was stirred overnight. Thereafter, the solvent was
removed under reduced pressure resulting in a yellow residue, which was the product. There
after complexation the solvent volume was then reduced under vacuum to ~3 mL and the
complex was precipitated with cold diethyether. The precipitate was filtered and washed with
copious (3 times with 30 ml) amount of cold diethyl ether and isolated, the product was left to
dry overnight inside fume cabinet. The color of the product was pale green with mass of 23.8
mg (47.6%). M.P (200°C). IR data (KBr,/cm™): 1606 (vc=n), 1453(vc=c), 1327 (vc-s—c). EA
Calc N 3.73,C 41.59, H 2.68, S 8.54 Found: N 3.4, C40.3,H 1.7, and S 7.3.

2.1.4.5 Complex 5: (E)-4-nitro-2-(((2-(thiophen-2-yl) ethyl) imino) methyl) phenol and
Copper (1) Acetate

Ligand HL® (40 mg, 0.16256 mmol) was stirred with EtsN (29.53 uL, 162.56 umol) in EtOH

(10 mL) for 1hr to deprotonate HL® followed by addition of Cu (CH3CO0) 2 (22.66 mg, 0.16256

mmol) in EtOH (10 mL). The reaction was stirred overnight. Thereafter, the solvent was

removed under reduced pressure resulting in a yellow residue, which was the product. There
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after complexation the solvent volume was then reduced under vacuum to ~3 mL and the
complex was precipitated with cold diethyether. The precipitate was filtered and washed with
copious (3 times with 30 ml) amount of cold diethyl ether and isolated, the product was left to
dry overnight inside fume cabinet. The color of the product was pale green with mass of 37 mg
(92.5%) and was kept in sealed vile and covered with foil to avoid any decomposition .M.P
(246°C). IR data (KBr,/cm™): 1627(vc=n), 1453 (vc=c), 1327 (vc-s—c). EA Calc N 6.12, C
43.84, H 3.61, S 8.44 Found: N 6.32, C 42.46, H 3.694, and S 7.88

Method for catalysis

The solution of complex 1 (2mg, 3.14 uL) was dissolved in SmL dry MeCN, H202 (81.26 uL,
2.70mmol) and Tempo (421.88mg, 2.7mmol) was added and stir for a short time. Benzyl alcohol
(172.64 pL, 0.17mmol) was added subsequently and the reaction was started. The reaction was
then allowed to stir for 36 h at room temperature. 100uL were aliquoted from the reaction mixture
at specific time intervals during the reaction. Decane (9uL, internal standard) 90 puL of ether was
added from the aliquots to extract the substrate and products. An appropriate volume was sampled
from the mixture and injected into a GC. Retention times from the catalytic mixture was compared

with commercial standards.

2.2 Instruments

2.2.1 Fourier transform infrared (FTIR) spectroscopy.

The FTIR or Fourier transform infrared, is the most preferable method of measuring the
vibration bands of a molecule. In the FTIR spectroscopy, the infrared radiation is passed
through a sample. Some of the radiations is absorbed by the sample and some of it is passed
through (transmitted). The resulting spectrum represents the molecular absorption and
transmission, creating a molecular fingerprint of the sample. As two fingerprints never match,
similarly no two unique molecular structures produce the same IR spectrum. This makes IR
spectroscopy useful for several types of analysis. IR spectroscopy has been a workhorse
technique for materials analysis in the laboratory for over 70 years. An IR spectrum represents
the fingerprint of a sample, with absorption peaks that correspond to the frequencies of
vibrations between the bonds of the atoms making up the material [2]. Infrared Spectroscopy

is the evaluation of the interaction of infrared light with matter. Analysis of infrared spectra can
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reveal what molecules are present in a sample and at what amounts; this is why infrared

spectroscopy is useful [3].

Figure 2.1 Example of a FT-IR.

2.2.2 Ultraviolet-visible spectroscopy

The Ultraviolet-visible spectroscopy or ultraviolet-visible spectrophotometry (UV-Vis or
UV/Vis) involves the use of light in the visible and adjacent (near ultraviolet (UV) and near
infrared (NIR)) ranges in a molecule. The absorption in the visible ranges directly affects the
color of the compounds involved. In this region of the electromagnetic spectrum, molecules
undergo electronic transitions. This technique is complementary to fluorescence spectroscopy,
in that fluorescence deals with transitions from the excited state to the ground state, while
absorption measures transitions from the ground state to the excited state [3]. UV/Vis
spectroscopy is routinely used in the quantitative determination of solutions of transition metal
ions and highly conjugated organic compounds [3]. * Solutions of transition metal ions can be
colored (i.e., absorb visible light) because d electrons within the metal atoms can be excited
from one electronic state to another. The color of metal ion solutions is strongly affected by the
presence of other species, such as certain anions or ligands. For instance, the color of a dilute
solution of copper sulfate is a very light blue; adding ammonia intensifies the color and changes

the wavelength of maximum absorption (Amax) [3].
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. Organic compounds, especially those with a high degree of conjugation, also absorb
light in the UV or visible regions of the electromagnetic spectrum. The solvents for these
determinations are often water for water soluble compounds, or ethanol for organic-soluble
compounds. (Organic solvents may have significant UV absorption; not all solvents are suitable
for use in UV spectroscopy. Ethanol absorbs very weakly at most wavelengths.) Solvent

polarity and pH can affect the absorption spectrum of an organic compound.

. While charge transfer complexes also give rise to colors, the colors are often too intense
to be used for quantitative measurement. The Beer-Lambert law states that the absorbance of a
solution is directly proportional to the concentration of the absorbing species in the solution
and the path length. Thus, for a fixed path length, UV/VIS spectroscopy can be used to
determine the 18 concentration of the absorber in a solution. It is necessary to know how

quickly the absorbance changes with concentration.

2.2.3 NMR spectroscopy

Nuclear magnetic resonance spectroscopy (NMR) is a technique which exploits the magnetic
properties of certain nuclei to produce desired results. It’s most important utilization is found in
the organic chemistry in the proton NMR and carbon-13 NMR experiments. In principle, the
NMR is applicable to any nucleus possessing spin [4]. A lot of information can be obtained from
an NMR spectrum. Much unlike using infrared spectroscopy to identify all the groups and not
just the functional groups. The analysis of a 1D NMR spectrum provides information on the
number and type of chemical entities in a molecule. It is seen that the NMR provides much more
information than IR. The impact of NMR spectroscopy on the natural sciences has been
substantial. It can, among other things, be used to study mixtures of analyses, to understand
dynamic effects such as change in temperature and reaction mechanisms, and is an invaluable
tool in understanding protein and nucleic acid structure and function. It can be applied to a wide
variety of samples, both in the solution and the solid state. When placed in a magnetic field, NMR
active nuclei (such as *H or *3C) absorb at a frequency characteristic of the isotope [3]. The
resonant frequency, energy of the absorption and the intensity of the signal are proportional to the
strength of the magnetic field. Depending on the local chemical environment, different protons in
a molecule resonate at slightly different frequencies. Since both this frequency shift and the
fundamental resonant frequency are directly proportional to the strength of the magnetic field, the
shift is converted into a field-independent dimensionless value known as the chemical shift. The

chemical shift is reported as a relative measure from some reference resonance frequency. For the
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nuclei *H and *3C, are commonly used as a reference. This difference between the frequency of
the signal and 15 the frequency of the reference is divided by frequency of the reference signal to
give the chemical shift. The frequency shifts are extremely small in comparison to the
fundamental NMR frequency. A typical frequency shift might be 100 Hz, compared to a
fundamental NMR frequency of 100 MHz, so the chemical shift is generally expressed in parts
per million (ppm). By understanding different chemical environments, the chemical shift can be

used to obtain some structural information about the molecule in a sample.

The conversion of the raw data to this information is called assigning the spectrum. For
example, for the *H NMR spectrum for ethanol (CH3sCH>OH), one would expect three specific
signals at three specific chemical shifts: one for the CHs group, one for the CH group and one
for the OH group. A typical CHs group has a shift around 1 ppm, a CH> attached to an OH has
a shift of around 4 ppm and an OH has a shift around 2—-3 ppm depending on the solvent used.
Because of molecular motion at room temperature, the three methyl protons average out during
the course of the NMR experiment (which typically requires a few ms). These protons become
degenerate and form a peak at the same chemical shift which is difficult to interpret in more
complicated NMR experiments. The shape and size of peaks are indicators of chemical
structure too. In the example above—the proton spectrum of ethanol—the CHs peak would be
three times as large as the OH. Similarly the CH> peak would be twice the size of the OH peak
but only 2/3 the size of the CH3 peak. The analyst must integrate the peak and not measure its
height because the peaks also have width—and thus its size is dependent on its area not its
height. However, it should be mentioned that the number of protons, or any other observed
nucleus, is only proportional to the intensity, or the integral, of the NMR signal, in the very
simplest one-dimensional NMR experiments. In more elaborate experiments, for instance,
experiments typically used to obtain carbon-13 NMR spectra, the integral of the signals
depends on the relaxation rate of the nucleus, and its scalar and dipolar coupling constants.
Very often these factors are poorly understood - therefore, the integral of the NMR signal is

very difficult to interpret in more complicated NMR experiments [4][5].

2.2.4 Elemental analysis

Elemental analysis (E.A) is used determine the precise amounts of elements (carbon,
hydrogen, nitrogen, sulphur) present in an unknown substance, a quantitative analysis is
required. Commercially available elemental analyzers are capable of determining
simultaneously the percentages of carbon, hydrogen and nitrogen in a compound. In these
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instruments the sample is burned in a stream of oxygen. The gaseous products are converted to
carbon dioxide, water, and nitrogen, which can be detected via gas chromatography, using
thermal conductivity detectors. The precise amount of each gas produced in the combustion is

determined by integration of the corresponding gas chromatography peaks.

Gas chromatography/mass spectrometry

Gas chromatography (GC is an analytical technique used to analyze complex mixtures of volatile
compounds in the gas phase. The main components of a gas chromatograph are an injector, a
capillary column housed in an oven (Figure 1.8) and a detector. A sample is injected, volatilized
and carried through the column by a carrier gas, typically helium or nitrogen, where the mixture is
separated by a substituted polysiloxane stationary phase based on volatility and structure. In a
typical GC experiment, temperature is increased at a certain rate to elute analytes. The temperature
ramp determines analyte retention times and separation efficiency.The detector used throughout
this dissertation was a mass spectrometer. Mass spectrometry (MS) coupled to a gas
chromatograph not only provides sensitivity, but it allows for structural elucidation. A mass
spectrometer analyzes ions based on size and charge. Mass spectrometers are comprised of three
main components: an ionization source, mass analyzer and a detector. Gas chromatography/mass
spectrometry (GC/MS) techniques have two common ionization techniques, electron ionization

(El) and chemical ionization (CI).

|njector

Fecorder

et |

Gas || =
Supply ven

Figure 2.2 Gas Chromatography.
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2.2.5 Cyclic voltammetry

Cyclic Voltemmetry (CV) is the basic electrochemical material test. In this, the current is
detected by sweeping the potential back backwards and forwards (from positive to negative and
from negative to positive) between the chosen limits. Information collected from CV can be
used to learn about the electrochemical activity of the material. The graphical analysis of the
cyclic voltammogram shows redox peaks (Figure 2.4), which are reduction and oxidation peaks
of the material, predicting the capacitive behaviour of the electrode. Therefore, the potential to
oxidize and reduce the material can be deduced.

Figure 2.3 PalmSens Potentiostat.
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Figure 2.4 Example of a reversible cyclic voltammegram. Image extracted from the internet.
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Experimental setup:

An electrochemical setup for voltammetry studies is usually made up a potentiostat and three
electrodes, Figure 6. A potentiostat is an electronic instrument that is used to control the voltage
difference between the working electrode and the reference electrode. The set up includes three
electrodes reference electrode, working electrode and counter electrode. At the working electrode
the potential is controlled, the current is measured and the chemical reaction takes place at the
surface of the working electrode [6] Examples of working electrodes are, glassy carbon electrode,
gold electrode, platinum electrode etc. The working electrode potential is measured at the reference
electrode. The counter electrode carries the current flow through the electrochemical cell and it

passes the same current as the working electrode [6] [7].

F i

Figure 2.5 Example of a three-electrode system.
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Chapter 3

Results and discussion

This chapter focuses on the results and discussion of the synthesized ligands and their copper
(I1) complexes. The first part of the chapter gives the results while the second part discusses

them.

3.1 Synthesis of salicylaldimine ligands (HL!-HLY5)

The ligands, HL'-HL®, reported herein were synthesized by reacting the commercially
available3-tert-butyl-2-hydroxybenzaldehyde,3,5-di-tert-2-hydroxybenzaldehyde,5-

chlorosalicylaldehyde, 3-bromo-5-chloro-salicyaldehyde and 2hydroxy-5-nitrobenzaldehyde
with either 2-thiopheneethylamine or 2-furfurylmethylamine, respectively. The reactions
mixtures were stirred at room temperature for 12 hours. The solvent was removed from the
product with a rotary vapour followed by the addition of dichloromethane (DCM) to the
resulting ligand. The ligands were washed with deionized water and the product was recovered
through separatory funnel. Magnesium sulphate was added to the recovered ligand to remove
any water present in the product followed by gravity filtration. Subsequently, the remaining
solvent was removed from the filtrate with rotary vapour and obtaining the product. The ligands
were isolated as stable yellow solids (fig 3.1) with yields ranging from 70% - 97 %. The ligands
were soluble in most organic solvents such as dichloromethane, chloroform, acetonitrile and

dimethylsulfoxide which was very favourable for their characterization.

Figure 3.1. Schiff Base Ligands (HL!-HL?).
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The ligands were all prepared as shown in Scheme 3.1 and described in details in experimental
section 3.3t0 .3.7.

Hengenis amd Conditions: HIL.! = |
(ol G, MgSia,, m, 12l ey
i

QP\MQ

Y

Scheme 3.1. General outline for the synthesis of salicylaldimine ligands (HL-HL®).

3.2. Synthesis of salicylaldiminato-copper complexes (C*-C®)

The ligands HL!-HL?® obtained in Scheme 3.1 above were used for the preparation of respective
copper complexes C!-C® (fig 3.2) giving a total of 10 new compounds. The complexes ranged

from yellow to green and black coloured products.
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The complexes were prepared by reacting copper acetate with appropriate ligand in ethanol
solvent. The reaction was catalysed by triethyl amine. The products which were obtained in

moderate to high yields are shown in fig 3.2 below.

Ry

Ry X
Ry | X 10) | \
OH N N \ o\c“/ " AN
RN n

Reagent and conditions:
(i) EtOH, Cu(CH3COO)2, EtsN, rt, overnight
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Scheme 3.2. General outline for the synthesis of salicylaldiminato-copper complexes (C*-C®).

3.3 Physical properties of the prepared ligands and complexes

The physical properties of the Schiff base ligands and their copper (I1) complexes were obtained

using appropriate instruments and recorded as shown in Table 3.1 below.
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Table 3.1. Physical properties of salicylaldehyde ligands and their copper(1l) complexes.

Compound Color Yields (%) Melting  Point | Texture
(°C)
SB-HL! Yellow 91.4 109 Crystals
SB-HL?2 Yellow 90.58 106 Crystals
SB-HL? Brownishyellow | 97.02 114 Powder
SB-HL* Orange-yellow | 81.15 121 Powder
SB-HL® Orange-yellow | 72.17 119 Powder
Complex ! Yellow 32.4 205 Powder
Complex? Black 87 198 Powder
Complex 3 Pale green 52.8 220 Powder
Complex * Pale green 47.6 238 Powder
Complex® Pale green 92.5 235 Powder

The ligands and the complexes were all obtained as solids either in the form of crystals but
most were powdery. This is the nature in which these compounds are usually obtained [1]. The
ligands displayed yellow colour as expected because they generally absorb in the UV-Vis
region thereby reflecting in the yellowish region [480*-590* nm] [2]. Different solvents were
used to test the solubility of the complexes, and they were found to be soluble in the common
solvents such as the DCM, Chloroform, and ethanol. However, a few of them required heating
and thus were regarded as poor in solubility rather than insoluble. Due to the variability in their
solubility, unfortunately the the highly desired crystals for X-ray diffraction studies were

unattainable.
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The melting point of ligands were determined and the results were given in the Table 3.1 above.
It can be seen that the melting point of the ligand depends upon the attached group to the
nitrogen atom of C=N [3]. Kamellia Nejati et al had made similar observation from their
thermogravimetric studies. Ligand HL! and HL? melting points were found to be lower
compared to those of the other ligands with a difference of only 3°C. The two ligands show
similarities which could be arising from the fact that both HL! and HL? are para substituted
with tert-butyl substituent although the latter is both ortho and para substituted. It may be
envisaged that the bulky groups could be contributing to uneven packing of the molecules
within the unit cells of the compound’s arrangement. The m.p of the compounds HL*-HL® are
found to be in slightly closer 121 and 119°C respectively, looking at the structures of the
compound it can be observed HL* and HL® contain ethyl arm just after the azomethine group

which could suggest that there is similarity in their packing.

3.4 Infrared (IR) spectroscopy

The functional groups of the prepared Schiff's bases were confirmed by infrared spectroscopy.
To probe the presence of the functional groups and to validate the formation of the ligands and
their complexes HL-HL® and C-C®, Infrared spectroscopy was employed which confirmed
the presence of a new iminic bond on all the ligands. The absorption bands of the ligands
namely HL!— HL> were obtained as KBr pellets which showed the presence of the important
functional groups. The FT-IR spectra showed the expected heterocyclic ring absorption bands
(C-O-C) for HL2,and HLS3 in the range 1242 cm™ and 1263 cm™, however for HL!, HL*and
HL5 the heterocyclic ring absorption bands differed (C-S-C) for the ligands and were observed
in the range 1302 to 1395 cm™ respectively. Motswainyana et al observed similar results [4]
[5]. There was a very strong band observed in all the ligands in the region 1619 to 1640 cm ™!,
which was assigned for the azomethine (C=N) group and is in agreement with the literature [6].
A close observation showed that there were other bands in the region 1432 cm™ to 1464 cm™
which could be assigned to the C=C stretching frequency. An absorption band at 3137 to 3456
cm ! was attributed to the stretching frequency of the phenolic OH bond present as a substituent
for all the ligands HL!to HL®[7] [8].
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In the FTIR spectra of the complexes, four major bands were observed v(C=N), v(C—-0),
v(Cu—0), and v(Cu—N) [1]. The imine reduction was confirmed by the appearances of strong
absorption bands observed in the region between 1605 -1633 cm™. This observation was in
agreement with the reported values by Santos et al [8]. The evidence of coordination of the
ligands to the metal center was observed by the imine absorption bands being shifted to lower
frequencies by 27 cm™ compared to the corresponding free ligands, an observation well
documented in the literature [1]. However, other reports, for example, Busa et al. attributed

this to a co-coordination of N,O-donor atoms which partially supports the argument [9].

=
©
2
5 2 = = — 4333cm”"
£ 2942 cm AT L ssem™ (cs0)
o C=N
g (C-H) ! ) (C=C)
o
= . L1
3 16832 cm ="
(C-H) {C=N} 1475 em™! 1272 l.:rr1_'1

(C=C) (C-5-C)

T T T T T T y T T T v T T

4000 3500 3000 2500 2000 1500 1000 500
Wavelength (em™)

Figure 3.3. FTIR spectra of HL*and C*.

The absorption bands arising from (C-O) for the complexes were lowered to 1157 cm™ from
corresponding ligand 1171 cm™. Cemal et al. reported similar results where they observed the
ligand stretching frequency lowered from 1189 cm-1, to that of the complex 1167 cm-. The
lowering shift was attributed to the coordination via the phenolic oxygens [10]. The observed
absorption bands at 1615 cm™ for the complex confirmed the presence of the C=N group which
is in agreement with the reported literature values for salicylaldimine complexes with a
heterocyclic pendant arm [11]. The shift that was observed for C=N from that of the ligand of
1619 cm™ to 1615 cm™, a lower shift value of 4 cm™ may have be intrinsic from a weakening
occurring in the C=N bond after complexation [9] [12]. Chemically, this could be a result of
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the donation of an electron from the imine nitrogen to the copper metal void d-orbital [10] [13].
This is also an evidence of the participation of the N, O-donor atoms in the coordination which

was observed by other researchers.
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Figure 3.4. FTIR spectra of HLZand C?2.

The infrared spectra of the copper (I1) complex showed the presence of a sharp intense peak of
v(C=N) at 1622 cm™. Again, this indicates the participation of nitrogen atoms in the
coordination with Cu(ll). Kasumov et al. demonstrate similar findings and confirmed that the
band of the ligands undergoes small shift to lower frequencies upon coordination by the imine
nitrogen atoms [14]. Other researchers observed absorptions of auxiliary bonds such as C=C.
Samposion and co-workers reported that the peak they observed at 1596 cm™" in their complex
spectrum indicated the presence of the C=C. Equally, we observed v (C=C) vibrational stretch

for similar bond between 1475 and 1462 cm™ [15][16].
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Figure 3.5. FTIR spectra of HL3 and C3,

In the FT-IR spectrum of C*, the v(C=N) vibration was 1632 cm™ having shifted from 1629 cm
of the ligand reported above. The lowering of this band shifting to a lower frequency.

Such an observation is reported by Fatima et.al [17]. The v(C=C) was recorded at region 1489-
1428 cm-1 [16] . In this complex, an absorption bond (C-S) was observed at 1388cm? compared

to 1374 cm™ of the ligand. The absence of the phenolic group bands in the Cu(ll) complex
indicates that the hydroxyl groups are deprotonated during coordination [18][19][20].
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Figure 3.6. FTIR spectra of HL*and C*.

The IR spectra of the complexes, when compared with that of the free ligands, show noteworthy
differences. Agata Bartyzel as well as Kasumov V et al among others indicated that in the
Schiff base complexes, the C=N band is more intense and occurs in the same or lower

frequencies confirming the participation of nitrogen atoms in coordination of Cu(ll) metal [14]
[21].
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Figure 3.7. FTIR spectra of HL® and C°.
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3.5 UV-Vis Spectroscopic Results

The electronic absorption spectra of HL* — HL® and their complexes C*-C® were experimentally
determined and their results recorded in the region of 250 - 500 nm using DMSO at standard

conditions.

Electronic spectra of ligand HL* and its Cu(ll) complexes shown in Fig 3.8 below. It can be
seen that there is are intense absorptions in the visible and ultraviolet. he spectrum shows two
moderately intense absorption bands at 263 nm and 323 nm. The bands are assigned to &t - w *
transition of the aromatic ring and n - w * transition of the azomethine chromophores,
respectively. These values are in agreement with other similar Schiff base compounds reported
in the literature. [22] [23]. On the other hand, when comparing the spectrum of the complex to
that of the ligand, we observe that there are 3 peaks and a shoulder. It is notable that the bond
that were previously assigned to m - @ * and n - © * transitions of the ligand appear with a shift
in the complex 255 nm and 302 nm respectively. The presence of the new peak at 371 nm is as
a result of the ligand-to-metal charge transfer (LMCT) which indicates the formation of the
complex, Asma A et al, in the literature, reported similar findings with similar conclusions [24]
[21]. However, Yaning G. and co-workers reported that regardless of the metal ion, the energy
band of the complex becomes lower in comparison to the ligand due to the © - * transition
[22].
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Figure 3.8. UV-vis spectra of HL! and Ctin DMSO.
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Tomczyk et al. in the literature reported that the ligand UV-Vis absorption is always lower in
energy compared to that of the complex. They explained that this observation arose from the ©
— m* transition, which is an intramolecular charge transfer (CT transition) involving the entire

molecule and the azomethine (CH=N) chromophore ground state. Their reported results were

262 for the HL? ligand and 265 nm for its complex the Cu(Il) complex certainly due to the n —
n* transitions[25]. Similarly, from the electronic spectrum of HL?, displays two prominent peaks

at around 266 nm, and 329 nm (Fig 3.9). These are the characteristic peaks of

Schiff base ligands due to n—n* and n—n* transitions of the phenyl ring, and a peak attributed

to the C=N group. Remarkably so the absorption corresponds to © — n and n— = for the complex
shifted to 256 nm and 277 nm respectively [16][25]. Moreover, the intermolecular charge transfers
of the ligand disappeared and the appearance of the new peak at 384 nm is due to the LMCT
transition of the complex. Asma et al. and others also made similar observations and reported in
the literature [24] [26] [27] [28].
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Figure 3.9. UV-Vis spectra of HL? and C?in DMSO.

The spectrum of the ligand HL2 exhibited 2 bands at 257 nm and 326 nm assignable to n—m+ and

n—7 transitions, respectively. These bands are attributed to m— w* transitions, the first to the
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benzene ring and the second to the azomethine group [22] [29]. For the complex, we observed two
peaks but the 256 nm and 376 nm were due to the n— 7* transition and comparatively, they shifted
to a shorter wavelength by 1 nm in the complex. This observation is as a result of the coordination

when binding with the metal thus confirming the formation of Schiff base metal complex. [30].

iy — HL®

a—— C3

257 " lbl ..

Absorbance

v ’ . : " - - : .
250 300 350 400 450 500
Wavelength (nm)

Figure 3.10. UV-vis spectra of HL.3 and C3in DMSO.

The spectrum of the ligand HL* showed two intense absorption bands at 238 nm and 320 nm,
respectively. The first band which appears at higher energy with a strong intensity may be
assigned to the m—m* electronic transition of the benzene ring, Karakaya et al. in their work;
“Novel Metal(IT) Complexes with Bidentate Schiff Base Ligand” had similar observation where
the 295 nm peak attributed to n—n* electronic transition was assigned to benzene ring. The
second, being weaker band, is attributed n—n* transition of the (C=N) azomethine group and
that is in agreement with literature [9] [29]. For the complex, now we observe two peaks at
235 nm, 366 nm. The first band in the complex had a slight shift as compared to that of a ligand
which could be an exception from the red shift [13]. The band observed at 331 nm is most

probably due to n—x* of imine group corresponding to the metal complexes [11] [26].
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Figure 3.11. UV-vis spectra of HL* and C*in DMSO.

Karakaya et al. in their work, reported that the ligand's UV-vis spectrum contained two major peaks:
at position 229 and 335 nm. The first and the second peaks were attributed to benzene and imine
group transitions as appropriate, respectively. The ligand's first peak was not affected upon chelation
[29]. However, in this work similar observation were obtained, HL® exhibits 3 bands at 237 nm,
227 nm, and 380 nm, respectively (Fig 3.12). The bands correspond to n=—n+ (Benzene ring and
Imine group) and n—« transition respectively. The appearance of a strong band between 380 nm
is assigned to charge transfer bands which could be due to LMCT of the complex. The = — m and n—
7. of the complex were recorded at 237 nm. The latter observation is supported by literature reports
where Asma et al. indicated that their new bands appeared in the region of 380—455 nm and were

due to LMCT transitions of complexes[24].
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Figure 3.12. UV-vis spectra of HL® and C°in DMSO.

3.6 1 H-NMR and 13C-{1H}-NMR spectroscopy
The salicylaldimine ligands HL'-HL® were characterized by the *H-and *C-NMR spectroscopy.

Confirmation of the condensation reaction is clearly reflected in the *H NMR spectrum of all the
ligands HL-HL?®, which showed the disappearance of the NH: singlet (CH)imine. The example of
the 'H- and *C {*H}-NMR spectra are given in Fig 3.11 and 3.12 respectively. Their discussions

are given thereafter.

The *H NMR spectra of all the ligands and seen in a selected example, HL!, exhibited a
characteristic azomethine (HC=N) resonance. The success of the Schiff-base condensation reaction
was confirmed by the appearance a singlet peak observed at 8.302 ppm, which was due to the
presence of this azomethine functionality. This is well reported in the literature where the signal is
mostly indicated to be a singlet at about 8.00 ppm, [31] [32] [33]. The hydroxyl (OH) protons were
observed downfield around 13.00 ppm for the ligands. This downfield appearance of the —OH
protons can be attributed to the present intramolecular hydrogen bonding (OH-N). This
phenomenon has been observed to govern the appearance of downfield hydroxyl signals in similar
salicylaldimine ligands reported in the literature [34]. The two triplets observed at 3.21-3.24 ppm
and 3.85-3.88 ppm in HL! confirmed the presence of an ethylene arm (=N-CH,CH,) in the ligand.



The triplet’s signals underwent the vicinal proton coupling. Kifah and co-workers had similar

observations but recorded their readings at 3.67 ppm [35].

In the 13C NMR analysis, Gokulnath et al. reported in the literature their observations of phenolic
carbon C-O at the region 165.29-167.26 ppm and azomethine CH=N at at 160.76160.62 ppm. This
was the exact replica of our results where we found the phenolic carbon at the region 165.92-165.88
ppm [36]. The signals for the azomethine carbons were recorded around 158.00 ppm. This was an
upfield shift compared to the unreacted aldehyde carbon [36]. The two signals for the ethylene arm
in HL! appeared at 61.11 ppm and the others further upfield at about 31.43-31.52 ppm. The two
carbon signals in HL! appear at different regions due to their proximity to the dishielding nitrogen
atom which becomes less pronounced as the length of the alkyl chain increases. These observations
are consistent with those of similar compounds where the ethyl linker was reported to have a similar
influence for a ferrocenylimine and salicylaldimine moieties [37][38]. The carbon 13 spectrum
analysis is given in Figure 3.13 below. Each of the five ligands had their proton NMR spectra

discussed because of the significant differences which were observed.
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Figure 3.13. 'H NMR spectrum of ligand HL.! in CDCls.
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The ligand HL2 were prepared according to the literature procedures [9] and were confirmed by *H
NMR and 3C NMR. The *H NMR spectum of the ligand HL?, similar to HL! exhibited a characteristic
HC=N resonances and the appearance of a singlet chemical shift around 8.40 ppm as shown in
fig.3.15, just as was confirmed by Sumrra, et al. Their observations were recorded in the region 7.18-
8.85 ppm [39]. Other literature reports had similar observations, a singlet in the region 8.31-8.38 ppm
[40][36]. This chemical shift for the hydroxyl (-OH) protons were observed downfield in the range
13.53 — 13.60 ppm, also similar to the ligands reported by Asma A. et al [24]. The chemical shifts of
the methylene arm (=N-CH) for HL? appeared as singlets at 4.73 ppm, compared to the 4.00 ppm
signal of the heterocyclic amines reported in literature. We observe a downfield shift in the alkyl
protons upon successful condensation reaction. Other two singlets were observed at 1.30 ppm and
1.43 ppm which indicated the presence of the two tert-butyl groups of the ligands. Figure 3.16 shows
the carbon-13 spectrum for the ligand HL2. The chemical shift for the phenolic carbon (CO) and
azomethine (CH=N) carbon were observed at 165.29 - 67.26 p pm and 160.76-160.62 ppm,
respectively. As seen above and similar to work by Gokulnath et al. the iminic carbons (HC=N)

showed similar signals [36].
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The ligand HL3 was equally prepared in the similar manner to HL! and HL2. The *H NMR
spectrum of the ligand, HL3(fig 3.17), exhibited a characteristic HC=N NMR singlet
resonances signal at 8.30 ppm. This observation was attributed to the presence of this
functional group and the success of the condensation reaction. This chemical shift value is
in good agreement with those reported for similar Schiff base ligands which were in the
range of 8.708.73 ppm [41]. The hydroxyl (-OH) proton was observed downfield in the
range 13.14 ppm for our ligand. In the literature reports, researchers Hamid
Khanmohammadi and Maryam Darvishpour observed a broad signal at region 13.90-14.05
ppm [42]. The chemical shifts of the methylene arm (=N-CHy>) for the ligands appeared as
singlet at 4.78 ppm, rather downfield when compared to the 4.00 ppm signal of the
heterocyclic amines reported in literature by Motswainyana et al. where their methyl arm
was a singlet at the region 4.68 - 4.81 ppm [5].

In the 3C NMR analysis of the ligand, fig.3.18, the characteristic signals for the iminic
carbons (HC=N) appeared at 165.16 ppm for HL> again very similar to the work by
Motswainyana et al. [5]. The signals for the carbons attached to the hydroxyl group were
observed at 159.58 ppm. This was very close to the chemical shifts of 160.76-160.62 ppm
reported by Gokulnath. et al. [36]. Kumaran and co-workers reported that at 55.9 ppm, a
peak for carbon (CO). Similarly, our findings observed a peak at 54.99 ppm confirming
this carbon-oxygen bond [43].
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Figure 3.17. *H NMR spectrum of ligand HL? in CDCls.
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Literature show the following observation, a singlet at 8.92 ppm which is associated with
azomethine group and confirmation of formation of Schiff base ligand, the literature further
discusses the presence of a single peak at 12.44 ppm and that peak is associated with phenolic group
—OH [31]. In this work the *H NMR spectra of all the ligands, HL*, exhibited a similar peak with
that one observed by Selma which is characteristic azomethine (HC=N) resonance. The success of
the Schiff-base condensation reaction was confirmed by the appearance of a singlet peak observed
within at 8.0364 ppm which was due to the presence of the azomethine functionality. Furthermore,
the phenolic (OH) protons was observed downfield at 14.427 ppm for the ligands reported herein.
This downfield appearance of the —OH protons for the ligands can be attributed to the
intramolecular hydrogen bonding (OH-N), that has been observed to govern the appearance of
downfield hydroxyl signals in similar salicylaldimine ligands [9] [38]. The two triplets observed at
the range of 3.2274-3.2607 ppm and 3.8862-3.9193 ppm in the ligand confirmed the presence of an
ethylene arm (=N-CH2CHy>) in the ligand, and the appearance of triplets indicated vicinal proton-
proton coupling. Salih and collegues also had similar observations where they observed at the 3.67
ppm, and also according to the rules of the functional group of NMR they agree with the findings
[35].

In the *3C NMR analysis of the ligand, fig.3.19, the characteristic signals for the iminic carbons
(HC=N) appeared at 163.96 ppm for HL*, again very similar to the work by Motswainyana et al
[13]. The two signals for the ethylene arm in the ligand appeared at 60.0186 ppm and further upfield
at 31.0617 ppm. The two carbon signals in L* differ greatly due to the dishielding effect of the
nitrogen atom which becomes less pronounced as the length of the alkyl chain increases. These
observations are consistent with those of similar compounds where the ethyl linker was reported to
have a similar influence for ferrocenylimine and salicylaldimine ligands with an appended
heterocyclic moiety [44].
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The *H spectrum of the ligands, HLS, exhibited a characteristic azomethine (HC=N)
resonance. The success of the Schiff-base condensation reaction was confirmed by the
appearance of a singlet peak observed at 8.1779 ppm, which was due to the presence of the
azomethine functionality. Asma et al. also agrees in their literature reported that the singlet is
due to formation of the ligand which is a characteristic of the Schiff base [24]. The two triplets
observed at the range of 3.2585-3.2915 ppm and 3.9208-3.9531 ppm in the ligand confirmed
the presence of an ethylene arm (=N-CH2CHpy) in the ligand [4] and the appearance of triplets
indicated vicinal proton-proton coupling. The findings are similar to what William M.

Motswainyana et al. observed in their work [5].

In the *C NMR spectrum of the ligand, the characteristic signal for the azomethine at appeared
at 164.50 ppm according to the literature reported by Ahmad Ali Dehghani and Firouzabadi
Sakineh Firouzmandi also observed similar peak at 162.5 ppm [45]. The two signals for the
ethylene arm in HL® appeared at 59.6768 ppm and further upfield at 30.9845 ppm. Similar
observation were observed by William M. Motswainyana et al in their literature [4]. The two
carbon signals in the ligand differ greatly due to the dishielding effect of the nitrogen atom
which becomes less pronounced as the length of the alkyl chain increases. These observations
are consistent with those of similar compounds where the ethyl linker was reported to have
similar influence for ferrocenylimine and salicylaldimine ligands with an appended

heterocyclic moiety [37][38].
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3.7 Mass Spectroscopy

The mass spectrometer is a versatile equipment which is quite helpful in providing the measure
of the difference in mass-to charge ratio (m/z or m/e) of ionized atoms, molecules, and
fragment ions. These charged ions are separated from each other and the mass spectrum records
the quantity of ions of particular mass-to charge ratios. All the peak heights recorded on MS
are proportional to the number of ions of each mass. In this manner, the readout using mass
spectroscopy is used to determine the molecular weight and help support the identity and
features of the molecular structure. The ligands synthesized herein were analysed by the GC-

MS and the results are discussed below.

The mass spectrum of the compound HL?, is presented in fig. 3.23. The highest mass peak,
m/z 287 mu corresponds to the molecular mass of HL! molecule, C17H21NOS. Subsequent
fragmentation yields smaller fragment ions, which can be identified in the spectrum in as much
the is a difference of (0.07) still the results are in line with the findings of Ommenya F.K et al
where the [M+1] of the calculated compound is the same as the one that is observed in the

mass spec [46]
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Figure 3.23. GC-MS of HL.

The proposed molecular formula of compound HL? was C2oH27NO. A peak at 298.2 m/z was identified

as the molecular peak though was slightly different by 15 m/z compared to the calculated molecular

weight (fig.3.24). This could be due to further fragmentation of the molecular ion peak by probably a

CHs" According to a literature report, interpretations of Mass Spectra of illogical peaks, it is accepted to

have a difference of 15 between the calculated and obtained results that is said to correspond to

elimination of one CHs group [47]
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Figure 3.24. GC-MS of HL?.

The elemental analysis showed that the compound HL2was a pure compound. The compound
had a molecular ion peak of 235.04 m/z as obtained in fig.3.25 below. This very much agreed
with the calculated molecular weight from the molecular formula of the compound,
C12H10CINO». Davidson et al. reported in their similar work that difference of +2% is

acceptable [48].
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Figure 3.25, GC-MS of HL?.

From the mass spectrum for HL* fig.3.26, which shows molecular ion peaks of The
compound. The molecular ion peak observed was 342.0 m/z. which closely agree with the
theoretical molecular weight of the synthesized compound C13H1:NOSBrCI. The difference

could be an addition of Hz, which could be as a result of the hydrogen gas from the instrument.
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Figure 3.26, GC-MS of HL*

The compound had the molecular formula of C13H12N203 and the molecular ion peak obtained
was 276.1 m/z and completely agreed with the calculated molecular weight. The observation
agrees with the literature report [48]. All the ligands were confirmed of their molecular weights
by using the MS [48].
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Figure 3.27, GC-MS of HL®

3.8 Electrochemical characterization

All the CV experiments were carried out using PalmSens Ptrace workstation. All the
experimental solutions were purged using Argon. The chemically synthesized copper (II)
complexes were dissolved in 0.3 M of TBAP solution. The complexes were sonicated for +/-
15 min until completely dissolved. Three-electrode configurations were often used where the
working electrode was GCE, reference electrode Ag/AgCl, and counter electrode platinum
wire. The GCE was cleaned by polishing it using alumina powder and sonicated in di-ionized
water for 5 min before use. The electrochemical behavior of all the complexes was evaluated
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by cycling the potential between -1.5 and 2.0 V at different scan rates of 50 and 100 mV/s. The
C.V was conducted as a characterization technique to understand the redox behaviour of
copper in the synthesized complexes and to further understand the effect of scan rate on copper

(1) in the absence/presence of complexes.

A

— Blank 50 mV/s
— Blank 100 mV/s

Current/pA

)~

v —
0,2 0,0 0,2 0,4 0,6 0,8 1,0
Potential/VV

Figure: 3.28. Cyclic voltammogram of unmodified GCE in at scan rate of 50 and 100 mV/s.
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Current/pA

The redox peaks of the C* were identified as Epa and Epc. The peak currents showed an
increase with the increasing scan rate indicating good diffusion-controlled electron
mobility [49]. The electrochemistry of the complex showed one reversible redox couple
at 1.33,-0.74 V and 45.67, -30.70 pA respectively. Noticeably, the anodic peak(Epa)at scan
rate 100 mV/s shifted towards the negative by -0.03 mV/s from that of scan rate of 50mV/s,
while the cathodic peak (Epc) at a scan rate of 100mV/s shifted to the towards positive

potential by +0.08 mV/s, this is in agreement with the literature [50] [51]
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Figure 3.29. (a) Cyclic voltammogram of Complex 1(C?) in 0.3 M of TBAP solution at
scan rate of 50 and 100 mV/s. (b) zoomed in cyclic voltammogram of (C%).
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Cyclic Voltammogram of C? obtained at a potential window of -1.5 to -2 mV/s at a scan
rate of 50 and 100 mV/s in the presence of 0.3M TBAP solution and supporting
electrolyte using the Cu?* ion concentrations 1x10° M showed that the increase in the
scan rate also increases the rate of redox reaction [11]. It is known that the more
electrons are transferred the more the anodic and cathodic currents increase. As the ions
are formed, the anodic and cathodic potential shifts their position to a more positive
direction [12] [52]
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Figure 3.30. (a) Cyclic voltammogram of complex 2 (C?) in 0.3 M of TBAP solution at
scan rate of 50 and 100 mV/s. (b) zoomed in cyclic voltammogram of (C?).
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The cyclic voltammogram of C2 exhibits a reversible redox peak. The ratio of anodic peak
current to cathodic peak current (Ipa/lpc) decreased at faster scan rates and the separation
between peak potentials gradually increased with increasing scan rates. This is

characteristic of a quasireversible one-electron redox process corresponding to the copper

(1) couple [53] [54]. Furthermore, literature confirms that the analogous copper (1)

compounds undergo

diffusion-controlled

oxidation/reduction electrochemical processes [55].
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Figure 3.31. (a) Cyclic voltammogram of complex 3 (C?) in 0.3 M of TBAP solution at

scan rate of 50 and 100 mV/s. (b) zoomed in cyclic voltammogram of (C3).

The changed scan rate displays a reflective effect on the redox peaks Ipa, and Ipc, which

regularly enhances with increment in the scan rate i.e., from 50 to 100 mV/s and

proportional to each other. The oxidation peaks of the complex were identified as Epal

and Epa2 with complimentary reduction peaks (Figure 3.36 ). These peak currents showed

an increase with the increasing scan rate indicating good diffusion-controlled electron

mobility. The electrochemistry of C* showed two reversible redox couples. For the scan

rate of 50 Mv/s it was observed that the Epal showed a potential peck which is at 1.01

mV/s with a current of 5.03 pA whereas at the maximum scan rate 100 mV/s we observe
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a slight increase in the potential peck by 0.04 mV/s and for the current. It can be concluded

that the increase is 8.58 pA which is in agreement with literature reports

indicating that an increase in the scan rate results in an increase in the peak observations

[49][11][52].
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Figure 3.32. (a)Cyclic voltammogram of complex 4 (C*) in 0.3 M of TBAP solution at
scan rate of 50 and 100 mV/s. (b) Zoomed in cyclic voltammogram of (C%).

Cyclic Voltammogram of C® obtained at potential window of -1.5 to 2 mV/s at scan rate
of 50 and 100 mV/s in the presence of 0.3M TBAP solution as supporting electrolyte and
different Cu?* ion concentrations 1x10° M. Again and as above, we observe an increase
in the scan rate resulting in an increase in the rate of the redox reaction this is due to a
higher scan rates the rate of diffusion is more than the rate of reaction. Hence, more
electrolytic ions reach the electrode electrolyte interface whereas very few ions participate
in the charge transfer reaction. Therefore, the current at higher scan rate increase. [11].
This indicates that more electrons are transferred from the complex to the electrode and

therefore the anodic and cathodic currents have to increase. As the complex is formed the
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anodic and cathodic potential shifts their position to a more positive direction with a

function of scan rate which supports quasireversible process[49] [11] [52].
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Figure 3.33. (a) Cyclic voltammogram of complex 5 (C®) in 0.3 M of TBAP solution at
scan rate of 50 and 100 mV/s. (b) zoomed in cyclic voltammogram of (C?).
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Table 3.2 Summary table of the CV studies.

Compound scan rate Epa Epc
Potential/(V) | Current/(nA) | Potential/(\VV) | Current/(pnA)

C1 (50) 1.33 45.67 -0.74 -30.70
C1 (100) 1.30 52.85 -0.66 -41.21
C2 (50) 1.09 8.18 -0.82 -26.46
C2 (100) 1.11 17.06 -0.70 -43.55
C3 (50) 1.06 7.92 -0.80 -26.46
C3 (100) 1.07 16.10 -0.66 -40.66
C4 (50) 1.01 5.03 -0.65 -23.02
C4 (100) 1.05 13.61 -0.67 -45.25
C5 (50) 1.01 4.56 -0.83 -15.87
C5 (100) 1.03 11.06 -0.67 -40.34
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3.9 Evaluation of the complexes as catalysts for alcohol oxidation reaction

The results were submitted for analysis of any products. However, the GC had no helium nor
nitrogen to carry out the reactions. The results were stored in the fridge and here, the slow
catalysis took place and eventually when the samples were run after over one year, no
substantive results were obtained. An attempt to repeat the reaction was stalled by non-delivery
of the chemical orders by the suppliers due to what they claimed to be a huge backlog. A
sample of the result obtained which gave inadequate interpretation is given in Figure 3.37

below.
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Figure 3.34. Sample of the chromatogram after 12 hours of catalysis reaction.

The solvent peak is very clearly seen however; the desired peaks gave inconclusive results.

The GC results are attached to the Appendix for the reference purposes as a proof for the

preliminary catalysis.
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Chapter 4

4.1 Conclusion and Future work

4.1.1 Conclusion

In this work, we have successfully synthesized 10 new compounds (5 ligands and their copper
(1) complexes). The work initially synthesized the salicylaldimine ligand using the literature
methods with great yields [1]. The salicylaldiminato-copper (11) complexes were synthesized
using the Schiff base ligands. Subsequent to the investigations conducted in this study, the
salicylaldimine Schiff base ligands HL!-HL® and their salicylaldiminato-copper (1) complexes
were fully characterized. Consequently, our objective one of the syntheses of both ligands and

the complexes were successful.

The compounds were characterized using analytical techniques (FTIR, NMR. UV-Vis,
Elemental Analysis, Mass spec, and CV). The FTRI spectra had the azomethine moiety
stretching frequency at a range of 1612-1662 cm™ as expected which proved the presence of
the Schiff base condensation products. The ligands' *H- NMR spectroscopy as well as their
BC{'H}-NMR spectra were well discussed and confirmed that the compounds were duly
prepared. Copper (II) complexes are not characterized by NMR because Cu isotopes are
quadrupolar and normally yield broad signals, which in medium and large molecules may be
too broad to be observed with a high-resolution NMR spectrometer. Again our second
objective was achieved from the full characterization of the prepared compounds by suing the

standard analytical techniques including CV studies.

Furthermore all the compounds absorbed in the UV-Vis region. All ligands showed two peaks
and the bands assigned to « - © * transition of the aromatic ring and n - © * of the phenyl ring,
and a peak attributed to the C=N group. On the other hand with the complexes we observed 3
peaks attributed to w - *, n - = * and LMCT.

Furthermore, the mass spectroscopy showed interesting results, where the calculated molecular
weight of the compounds was very close to that of the observed compound and these results
are in agreement with the results received from elemental analysis which were indicative of

the compounds purity,

The complexes were further characterized by cyclic voltammetry. According to the data we
obtained, the unmodified GCE showed no peaks before the addition of the copper (II)
complexes into the solution. However, after the addition of the complexes, an intense redox
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peaks were observed with the Epa which may be attributed to the free copper ions in the
solution. Cathodic and anodic currents increased with scan rate at 50 mV/s and 100 mV/s,
respectively. Furthermore, a literature confirmation was achieved in which as the scan rates
increase, the cathodic potential (Epc) shifts to more negative potentials while the anodic
potential (Epa) shifts to more positive potentials in order to detect copper ions. Therefore the

CV confirmed the successful formation of Copper (I1) complexes.

Our last objective was not fully achieved however, complex 1 was tested for catalytic activity
unfortunately the obtained results did not show any conclusive results which was attributed to

the following factors

* The samples aliquoted stayed for long time in the refrigerator due to the covid-19

pandemic lockdown.

» The further delay in testing the samples was due to the delay in delivering of the gas for
the GC.
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4.1.2 Future Work

The synthesized and characterized complexes were employed as catalyst precursors in the mild
oxidation of alcohol oxidation, however, the oxidation results were not fully obtained.
Therefore, for future work, there is a need to investigate the catalytic activity of the synthesized
ligands and the copper (I1) complexes and study the catalytic cycle of these new complexes as
compared to reported studies [1].

We also wish to expand the scope of this study by investigating the use of salicylaldimine
ligands that are endowed with a pyrrole/thiophene moiety, followed by the synthesis of
salicylaldiminato-copper (I1) complexes anchored by the resulting ligands and to fully

characterize complexes and test their catalytic performance in the mild oxidation of alcohols.

Ligands 1 and 2 formed crystals however we were unable to obtain the crystal structure results
as they were not yet available, against due to covid-19 pandemic, the results can be further

used to identify the actual structure of the ligands.

Furthermore, the preliminary catalytic studies was conducted only for one of the complexes.
The rest of the complexes should also have their catalytic abilities tested because this is very
important for our objective of finding highly selective mild oxidants of the alcohols to produce

value added organic substrates.
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Appendix 1
Spectra of synthesized compounds
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Figure 3.19. 'H NMR spectrum of ligand HL* in CDCl3
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Figure: 3.28. Cyclic voltammogram of unmodified GCE in at scan rate of 50 and 100 mV/s.
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Figure 3.30. (a) Cyclic voltammogram of complex 2 (C?) in 0.3 M of TBAP solution at scan rate of 50 and

100 mV/s. (b) zoomed in cyclic voltammogram of (C?)
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Figure 3.32. (a)Cyclic voltammogram of complex 4 (C*) in 0.3 M of TBAP solution at scan rate of 50
and 100 mV/s. (b) Zoomed in cyclic voltammogram of (C*)
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Figure 3.33. (a) Cyclic voltammogram of complex 5 (C®) in 0.3 M of TBAP solution at scan rate of 50
and 100 mV/s. (b) zoomed in cyclic voltammogram of (C®)

Appendix 2 Preliminary results for complex 1 catalysis
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Figure 3.34. Sample of the chromatogram after 12 hours of catalysis reaction.
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