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ABSTRACT

1. Introduction

Ligands are ions or molecules that formally donate at least one electron pair to
the metal center [1]. The interaction(s) between the metal and donor system can
be significantly influenced by both the electronic as well as steric properties of
the ligand [2]. It follows that the design and synthesis of new ligands have
significantly enriched the field of organometallic and transition-metal
coordination chemistry. The diversities in structures and reactivity of the ligands
have led to the synthesis of an extensive range of transition metal coordination
and organometallic complexes. The synthesized compounds can show enormous
potential to get utilized in pharmaceuticals (drug development), material
industries (polymers), and biomedical applications (Figure 1) [3-6]. In addition,
these transition metal complexes can also play significant roles in catalysis
(organic transformation), sensing, and different biological processes and can act

as metalloenzyme mimics.

Modelling of

Complexes of
N,O-Donor |
Ligands

Detection of
analytes

Figure 1. Various applications of ‘N, O-donor’ ligands and their complexes.
Numerous types of ligands can be developed by varying the combinations of
aza (N), oxa (O), sulfa (s) and phospha (P) ligating atoms. To accommodate the
specific metal ions, the ligands can be fabricated by the modulating the features
such as nature of the donor atoms, donor arrays, ligand conjugation, donor sets,
ligand substitution, number and sizes of the chelate rings, ligand flexibility and
nature of the ligand backbone, etc [7]. Among various donor sets, ligands having
'N', 'O" donor atoms are found to be very effective in complexation due to smaller

size of the donor atoms, ability to form neutral and anionic ligands, easily
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available lone pair(s) for chelation and ability to form metal complexes with
moderate stability [2]. These features make N, O-donor ligands as excellent
contenders for the critical applications in many areas, including bioinorganic and
medicinal chemistry, homogeneous catalysis, and environmental chemistry [1, 8].
With the broad aim of development of improved N, O-donor ligands (ca.
Mannich base and Schiff base) and tune their property through introduction of
flexibility in the backbone and varying the number of donor sites, a number of
ligands and metal complexes have been designed and synthesized and the
complexes have been explored for various applications in different facets of

usability with a specific focus of bio-inspired catalytic reactions [9, 10].

2. Objectives

The primary objectives which have been set for this thesis are the following:

e To develop target-specific metalloenzyme mimics by employing N, O-donor
ligands around copper center. Following enzyme mimics are mostly explored in
this thesis.

Galactose oxidase mimicking activity: Galactose oxidase induces homogeneous
organic transformation of primary alcohols to corresponding aldehydes.
Developing galactose oxidase mimicking center can provide new oxidative
catalyst for improved oxidation transformation in a less demanding reaction
conditions.

Laccase mimicking activity: Laccase is an enzyme which catalyzes the
depolymerization of lignin into monomers through one electron oxidation.
Laccase mimicking complex can provide new ways to overcome the crises of
renewable source of energy.

e To explore the sensing of analytes (nitro-aromatics) by photo-luminescence
spectroscopy: Sensing and quantification of analytes have profound importance
in terms of environmental and biological chemistry. Easy detection of molecules
can be helpful to arrest environmental pollution as well as disease progression in
biological systems.

e To explore the efficacy of developed catalysts towards the photocatalytic
organic synthesis: the extensive use of galactose oxidase mimicked compound as
homogeneous catalysts towards the C-N coupling reactions has been explored to

overcome the chemical waste.
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e To explore the efficacy of developed catalysts in homogeneous and
heterogeneous conditions: comparative study of a compound as homogeneous
and heterogeneous catalysts has been explored for better oxidative catalytic
performance.

e To investigate the possible mechanistic pathway(s) to determine the mode of

action of synthesized compounds.

Coordination
bond formation ‘
) 3 ,)

Transition metal
complexes

N,O-donor Transition
Ligands metal ion(s)

Figure 2. General representation of the synthesis of coordination complexes.

3. Summary of research work

The contents of each chapter included in the thesis are discussed briefly as
follows:

3.1. Chapter 1: General Introduction and Background

A brief overview of the basic concepts and recent scientific developments
towards the generation of N, O-donor based ligands and derived complexes (ca.
Mannich base or Schiff base transition metal complexes) and their potential
applications in various biological, chemical and material fields have been
presented. A summary of the research work reported in this thesis and the
relevance in the prospects of recent developments have been also included in this

chapter.

3.2. Chapter 2: Mono- and hexa-nuclear copper complexes of mannich base
ligand: Synthesis, ligand transformation study, X-ray crystal structure,
enzymatic catalysis and nitro aromatic sensing applications

Over the years, researchers have been developed various coordination complexes
based on flexible Mannich base ligands because of their significant electronic and
conformational diversity which is driven by the various group(s) attached to the
backbone of the ligand. Therefore, to understand the potential effect of this ligand
towards enzymatic reactions as well as nitro-aromatics detection activity, this

chapter has been divided into two parts as described below:
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3.2.1. Chapter 2A: Synthesis of mono-nuclear Cu(ll) complexes by N,O-
donor ligand transformation and their catalytic role in visible-light-driven
alcohol oxidation

In this part, galactose oxidase (GOase) which is the metalloenzyme of copper
with monomeric sites of co-ordination, has been taken into account. This work
summarizes the results of the structural, spectral and catalytic properties of new
mononuclear copper (I1) complexes [CuHL,'] (1), and [CuHL,"] (2) which are
derived from the internal transformation of the ligand from H,L' [H,L' = 2.4-
dichloro-6-{[(2'-dimethylaminoethyl)methylamino]methyl}phenol], which can
mimic the functionalities of the metalloenzyme GOase under visible light
irradiation. The GOase catalytic results were explored by GC-MS and analyzed
by HPLC at room temperature. It has been found that the amount of conversion
of benzyl alcohol to benzaldehyde is significant in presence of 2,2,6,6-
Tetramethyl-1-piperidinyloxy (TEMPO). The generation of reactive
intermediates during organic transformation of ligand and GOase catalysis was
investigated by ESI-MS. Furthermore, it has been found that H,O; is the
byproduct for the GOase catalysis, thus, confirming the generation of reactive
oxygen species during the catalytic procedure. A plausible mechanistic pathway
for photocatalytic oxidation reaction has been explored through ESI-MS, cyclic
voltammetry, UV-Vis and computational study. Notably, complex 1 has shown

superior catalytic activity in comparison to complex 2.

Figure 3. Photocatalytic oxidation of benzyl alcohol in to benzaldehyde.

3.2.2. Chapter 2B: Picric acid detection by a hexanuclear Cu(ll) complex

synthesized through N,O-donor ligand transformation
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Chapter 2B is about the synthesis, characterization and sensing ability of one
hexanuclear Cu(I1) complex [Cu(HL)]s (3). The complex 3 also derived from
the transformed ligand of H,L' to HiLcl [HsL = 1-(3,5-dichloro-2-
hydroxybenzyl)-3-(2-hydroxyethyl) imidazolidine-2-carboxylic acid] and the
probable pathway of organic transformation has been explored through the ESI-
MS. Furthermore, the practical applicability of the synthesized complex was

investigated as a fluorescence sensor for the sensitive detection of picric acid.

Cl1
Cu(OAc),.H,0
¢l OH ThBuOH
N nBu
NN\ on

‘3

OH !
0,N NO, ¢
T = —1 =
NO, MeOH
PA

Figure 4. Schematic diagram of synthesis and application of hexanuclear

complex.

3.3. Chapter 3: Binuclear Cu(ll) complex as an efficient Photocatalyst for
Benzyl alcohol oxidation and in-situ N-alkylation of aromatic amines

The chapter 3 is about the synthesis and photo-catalytic ability of two binuclear
Cu(11) Mannich base complexes [Cu(HLY)(OAC)], (4) and [Cu(HL?)(NOs)]. (5)
[H,L? =2,4-dibromo-6-((4-(2-hydroxyethyl) piperazin-1-yl)methyl)phenol]. The
extensive use of galactose oxidase mimicked compound as homogeneous
catalysts towards the C-N coupling reactions were carried out at room
temperature in the presence of visible light. The catalytic results were explored
by GC-MS and analyzed by HPLC. The plausible mechanistic pathway for
catalytic reactions has been explored through ESI-MS spectrometric, UV-Vis
spectroscopic and computational study. Notably, complex 4 has shown superior

catalytic activity in comparison to complex 5 towards both of the reactions.
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Figure 5. Schematic diagram of photocatalytic oxidation and C-N coupling

reactions.

3.4. Chapter 4: Employing Cu(ll) complexes of N,O-donor ligand for the
catalysis of visible light driven cleavage of lignin C-C bonds

In this chapter, we discussed about the synthesis, characterization and
photocatalytic application of two new binuclear Cu(ll) Schiff base complexes
[Cu(L®Cl], (6) and [Cu(L®)(N3). (7) [HL® = 2-[((3-(dimethylamino)-2,2-
dimethylpropyl)imino)(phenyl) methyl]phenol]. Under visible light irradiation,
the synthesized complexes are able to cleave the C-C bonds of 2-phenoxy-1-
phenylethanone, as well as authentic lignin in the presence of H,O as a solvent as
suggested by HPLC data. A plausible mechanistic pathway for the degradation
reaction has been explored through ESI-MS spectrometry, NMR spectroscopy,
UV-Vis and computational study. Complex 6 has shown superior catalytic

activity in comparison to complex 7.

Vanillic acid,
Syringic acid,
Vanillin and
Syringaldehyde

Stirratr.t,

Figure 6. Schematic diagram of extraction and photocatalytic degradation of the

lignin.




3.5. Chapter 5: Zeolite encapsulated host-guest Cu(l1) Schiff base complexes:
superior activity towards degradation of lignin C=C bonds

Being inspired by the results of the previous chapter, this chapter is particularly
focused on the enhancement of the photo catalytic efficiency via fine tuning of
the N,O-based ligand systems. Thus, two crystalline copper Schiff base
complexes of general formula [CuL3(OAc)], (8) and [Cu(HL*)(OAC)], (9) [H.L*
= 2-(((2-(methylamino)ethyl)imino) (phenyl)methyl)phenol] were prepared and
characterized. The guest, metal complexes were entrapped in the supercages of
NaY zeolite (host) in the solvent phase through two stage process (i) ion
exchange of the selected transition metal (Cu(ll)-ion) in the porous structure and
(i) encapsulation of Schiff-base ligands (HL®/ HL*) in Cu(ll) exchanged zeolite.
Herein, this study reveals the advantage of heterogeneous catalytic method for
the stability of metal complexes into the supercages of zeolite-Y and the
photocatalytic degradation of lignin in presence of TBHP at mild reaction
conditions. The catalytic activities of the zeolite entrapped Cu(ll) complexes
were tested for comparison with their homogeneous analogous. The
heterogeneous catalysts can be re-used after recovering from several cycles

without much decay in the activity.

Vanillic acid, Vanillin,
Syringic acid, Syringaldehyde

Lignin
Figure 7. Schematic diagram of photocatalytic degradation reactions by homo-

and heterogeneous catalysts.

3.6. Chapter 6: General conclusions and future scope

This chapter summarizes the salient features of the work and its future prospects.
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Chapter 1

General introduction and background

1.1 Introduction

Each layer of discovery and creation arises from initial ideas and investigation,
making science a pyramidal effort. Chemistry, primarily an experimental science,
relies heavily on available observations and findings. Apart from the database
available through scientific research, scientists have found a lot of motivations
from nature by understanding how the biological and chemical process occurs
spontaneously, even with an energy-demanding scenario. The chemistry of metal
ions, particularly in biological systems, gets strongly dictated by coordination
chemistry, a subdivision of inorganic chemistry. It primarily deals with the
synthesis, structure, and reactivity of coordination complexes which generally get
formed by the attachment of one or more ligands surrounding a central metal
atom or ion by covalent coordinate bonds. Ligands have different numbers of
atoms to coordinate with the central metal atom to satisfy the coordination
sphere, known as the donor sites of the ligand. Depending on the number of
donor sites, the ligand shows variable denticity. The properties of the
coordination complexes depend upon the engaged and available sites for
attachment of the incoming ligands [1, 2]. This phenomenon helped nature to
design many enzymes/ bio-active molecules for specific targeted activities. From
this clue, in the past few decades, researchers have developed various complexes
based on metal-ligand interaction, which mimic the activities of enzymes [3, 4]. It
is now well known that for better catalytic activity, metal-based catalysts must
have a vacant site(s) to interact with the incoming substrate(s). Therefore,
designing and synthesis of appropriate metal complexes remain at the heart of
biomimetic metalloenzyme chemistry. Throughout this process, it has been
evident that ligands have the potential to shape the future metal-based biomimetic
chemistry and their applications [5]. Among numerous classes and sub-classes of
ligands, it has been observed that N, O-donor ligands play a vital role in forming
stable and active coordination compounds [6, 7]. Transition metal complexes
made by Mannich bases and Schiff bases ligands have been extensively explored

due to their capability to stabilize metal ions with their attractive physical and
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chemical properties for extensive range of applications in various research zones.
Most of the cases this kind of ligands provide a N, O- donor system which can
play a dynamic role to make the metaloenzymes mimic model [8, 9]. This type of
complexes act as a homogeneous catalyst and comes with some serious
disadvantages like reusability and separation of such complexes from reaction
medium are often very laborious, whereas easy to separate from the reaction
mixture and reusability of heterogeneous system encourage scientists to move
towards them, which may lucractive on the homogeneous N, O- donor ligand
based complexes. Therefore, the utilization of such ligand-based metal complexes
in homogeneous and heterogeneous conditions has been extensively studied and
explored. As the solid support for these metal complexes, the importance of
zeolites has been widely established, [10-13] and widespread use of such
heterogeneous systems with transition-metal coordination and organometallic
complexes is reported [14, 15]. Notably, the separation techniques for zeolite
encapsulated transition metal complexes are relatively easy, [16] can
accommodate metal ions in various oxidation states, and most importantly, they
are found to be environmentally benign systems for various organic
transformations [17, 18]. It’s challenging to cover the whole discussion about the
Mannich base and Schiff base metal complexes in a single chapter that grasps
wide and differentiated subjects, containing immense territories of coordination
chemistry and different parts of bioinorganic, chemical, and material science.
Therefore, this chapter is limited to a brief discussion on N, O-donor based
flexible Mannich base, and Schiff base ligands, their complexes, and their
interaction with zeolite to form a host-guest heterogeneous system and their

general applications in the field of enzyme and heterogeneous catalysis.
1.2 N, O-donor ligands

N, O-donor ligands broadly can be classified into two major categories: (a)
Mannich base, (b) Schiff base ligands. The brief introduction about these ligand

systems are given below:

1.2.1 Mannich base ligand. It's a type of aminomethylated product that's made
by combining a primary or secondary amine with a nonenolizable aldehyde,
phenol, or an enolizable ketone [19]. In 1912 Carl Mannich discovered the
mechanism of this synthesis, the name of this reaction was honored to him for
that discovery (scheme 1.1) [20, 21].
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Scheme 1.1. Synthesis of Mannich base ligands.

The Mannich reaction has been utilized to make alkylamines, peptides,
nucleotides, alkaloids, agrochemicals, antibiotics, crosslinking polymers,
pharmaceutical drugs, a, p-unsaturated ketones and cleaning applications (soap

and detergents), among other biologically significant molecules (scheme 1.2)

[22].
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Scheme 1.2. Some example of Mannich base ligands (R stands for alkyl or aryl
groups).

1.2.2 Schiff base ligand. Hugo Schiff, in 1864 discovered an azomethine
(>C=N-) functional group containing compounds known as Schiff bases (scheme
1.3) [23, 24]. The azomethine groups have lone pairs of electrons which can
donate to the metal ions for binding during complexation. The Schiff base shows
some special character viz synthetic flexibility, sensitivity, and selectivity towards
the central metal ion attributable to their structural resemblances with natural

biological molecules, which makes them an important class of ligands [25].
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R-NH, + M~ ——= =N-R; + H,0
Ry” R; R;
Primary amine Aldehyde or Schiff base

ketone
Scheme 1.3. Typical synthesis of Schiff bases.

Important features of Schiff bases. (a) By coordinating through the azomethine
(>C=N-) group along with one or more than one donor atoms, it can behave as
poly-dentate chelating ligands or macrocycles. (b) As a lone pair of electrons is
available in the sp? hybridized orbital of the N-atom, the azomethine group has a
lot of biological and chemical relevance [26]. (c) It can govern the formations of
transition metal complexes through various types of interactions and a wide range
of beneficial catalytic reactions by balancing the oxidation state of the central
metal atom [27]. Examples of few Schiff base compounds are shown in scheme
1.4.

\ Ph p}.
N— N
N - N O ;::: ::3
R OHHO O
OH PH Ph N/\/ HO

Salen
OII
Q H/QH \ Oll oH
=N N= =N N= N
I

HO. OH N
Selophene Chiral salen @f JQ; Q

R = H, Br,

Scheme 1.4. Some example of achiral, chiral and macrocyclic Schiff bases.

The flexibility of the ligand is one of the important factors in tuning various
architectures of the metal-ligand framework. The ligand flexibility is mainly

defined on the basis of phenomena described below-

e Flexibility in denticity — Some ligand system possess different types of
denticity depending upon the external factor i.e., pH, solvent effect,
temperature etc.

e Flexibility in charge — Depending on the external effects mentioned

above, a few ligands can acquire different charges on them and this
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adaptable phenomenon enables the entire moiety to diversely coordinate
with charged metal ions.

e Flexibility in geometry — The preferable geometry of the ligand can
change the coordination behaviour, gaining flexibility towards different
kinds of structures.

In this regards piperazine derived ligand got an attention in recent scenario
(figure 1.1) [28]. The conformation of the piperazine ring plays a crucial role in
determining the structure of the metal complexes [29]. According to previous
report, the size of the metal ion and the presence of certain co-ligands have an

impact on the conformation adopted by the piperazine ring [30-32].

/——\N\/\ Boat . H,N N
H2N \/\NH -
HN

Chair

Figure 1. 1. Chair-boat conformations of amino ethyl piperazine moiety.
1.3 Synthesis of transition metal complexes by N, O-donor ligands

Because of the diversity of the complex produced, the reaction of N, O-donor
ligands with transition metal salts remains an interesting topic over the years. The
synthetic procedures of the corresponding metal complexes by using N, O-donor

ligands are described below in brief.
1.3.1 Formation of Mannich base complexes

The Mannich reaction is an immensely advantageous synthetic transformation
due to the formation of both 'C-C' and 'C-N' bonds during this aminomethylation

technique, as shown in the accompanying scheme 1.5 [33].

Herein, an examples of phenol based Mannich base complex of mixed metal
Ln(l1) and Co(ll) shows catalytic oxidase activity [34]. Furthermore, Cu(ll)

Mannich base complexes can also show oxidase activity (scheme 1.6) [35-37].
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Scheme 1.6. Synthetic route of some catalytically active Mannich base

complexes.

Therefore, Mannich base ligand has been elected for a part of this thesis due to its

great impact in mimicking the meteloenzymes to explore the field of catalysis.

1.3.2 Formation of Schiff base complexes

R
R B
RSy R RNNJ\OH HO 1? /OH ﬁ\ r HO
\ IR N

Scheme 1.7. Denticity variated Schiff base ligands.

According to the number of donor sites, Schiff base ligands are categorized as
uni- or multi-dentate. When ligand is coordinate with central metal ion through
two or more donor sites, complex is formed as a closed ring. This type of bonding
is termed as “Chelate”. Morgan and Drew were the first to use the term "Chelate™
to describe a type of chelation in 1920 [24]. Schiff base ligands contains hetero
atoms primarily as a donor sites viz N, O, and sometimes S, but they shows the

mixed donor capabilities as per the scheme 1.7 [38].

The basic nature of the Schiff base ligands assumes a crucial role in
the development and stabilization of the transition metal complexes [39]. The
different electronic properties of the N and O donor atoms of Schiff bases are

ideal for the making of stable complexes. Generally, oxygen act as a hard donor
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and prefer hard metal ions for binding which have higher oxidation states,
whereas nitrogen act as a borderline donor, it can bind with those metal ions
which have lower oxidation states [40]. In this regard, P.G. Cozzi presented five
unique synthetic methods for the synthesis of Schiff base metal complexes, as

shown in scheme 1.8 [27].

R (1) Y = H, M(OR), R!

(2) Y =H, M(NR,),

| Rl | R!
, _
RN 0Y (3)Y=H,MR, RA_N_ O
\[ R = Alkyl, \[ M—X,.,
REN oy RSN o
R (4) Y = H, M(OAc), | .

(5) Y = Na, K; MX,,
R! X = Cl, Br

Rl
Scheme 1.8. Synthetic routes of metal Schiff base complexes.

In the next sections, five different routes of synthesis of Schiff base transition

metal complexes are discussed:

e The synthetic Route 1 involves the usage of metal alkoxides [M(OR)n]. Early
transition metal alkoxides (M = Ti, Zr) are commercially available and easy to
handle, however other alkoxide derivatives, particularly moisture sensitive

lanthanide derivatives, are challenging to employ.

e Metal amides [M(NMe)s] (M = Ti, Zr) are also utilised as precursors in the
synthesis of Schiff base metal complexes of early transition metals, as shown in
Route 2. The reaction is initiated by the production of volatile NHMe; from the

acidic phenolic proton of the Schiff bases.

¢ One of the primary routes for the synthesis of Schiff base metal complexes is
Route 3, which explains the clean and effective technique of employing metal
alkyl complexes as precursors. Commercially accessible metal alkyls from the
main group of metals (AlMes, GaMes, InMe3) can be employed in the

manufacture of Schiff base complexes via a direct exchange reaction.

e Many Schiff base metal complexes can be synthesized by treating the Schiff
base with the corresponding metal acetate, usually by heating the Schiff base in

the presence of the metal salt under reflux conditions, as shown in Route 4. The

10
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corresponding acetate [M(OACc),] (M = Ni, Cu, Co) is used to make copper,
cobalt, and nickel Schiff bases.

e Route 5 represents the making of salen type metal complexes, which is a two-
step reaction involving deprotonation of Schiff bases followed by reactivity with

metal halides.
1.4 Applications of N, O-donor ligands based complexes

N, O-donor ligands' versatility, as well as their potential biological, analytical,
and industrial uses, make them promising candidates for further research.
Transition metal complexes also have a wide range of applications in technology,
industry, and medicine. This thesis focuses on a few specific topics within the
broad areas of relevant applications for N, O-donor ligands and their complexes.
Those domains, as well as some related applications, are categorized in the flow
chart (figure 1.2), which is followed by a detail description.

Properties of transition metal complexes synthesized by N, O-donor based

ligands and their applications

» Enzyme Catalysis » Coupling reaction » Gas adsorption
+ Galactose oxidase * C-N coupling » Solar cell
activit application
y » Degradation PP
» Laccase activity ) » Organic
reaction

transformation
* Polymer reaction

degradation

1.4.1 Biological applications

The interest in Mannich base and Schiff base complexes has developed as
bioinorganic chemistry has advanced, owing to their diverse interactions with
other molecules. Despite the fact that the transition metal Mannich base and
Schiff base complexes have been associated to a diverse area of biological
significances, only a few topics pertinent to the thesis study have been covered.

11
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1.4.1.1 Enzymatic catalysis

It is about the interaction of enzyme with substrate molecules to form an
enzyme—products complex, which leads to the synthesis of the products [41, 42].
In 1890, Emil Fischer proposed a mechanism to describe the interaction between
substrate molecules and the active sites of an enzyme [43]. The active site of the
enzyme considered to a fixed geometry (the lock), which matched the structure of
a certain substrate (the key) followed by the release of product from the active

site which is no longer fits into it (figure 1.2).

The lock and key mechanism : enzymatic catalysis

Subatrate B Key = Substrate
B Lock= Enzyme
C Active site ‘

Products

Enzyme
Enzyme + Substrate Enzyme / Substrate  Enzyme / products Enzyme + Products
entering active site complex complex leaving active site

Figure 1.2. General representation of the product formation during enzymatic

catalysis.

One of the primary purposes of the synthesis of transition metal complexes with
biological relevance is to synthesize compounds with significant catalytic
activity, which work analogous to the function of natural enzymes. Ideally an
enzyme mimic should have a similar coordination environment to the main
metalloenzyme, and it should be able to follow the native enzymes' mechanistic
pathways. Although there are plenty of the metalloenzymes are identified and to
be explored, but this thesis is mainly focused on two enzymes viz galactose

oxidase (GOase), and laccase.
1.4.1.1.1 Galactose oxidase

Many metalloenzymes are found in nature and are used to catalyze the controlled
and selective oxidation of organic molecules. Galactose oxidase (GOase) is one
of the most important enzymes among them. GOase is a fungal metalloenzyme-

12
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based radical copper oxidase that catalyzes the conversion of primary alcohols to
aldehydes and the reduction of O, to H,O, or H,0.[44, 45]

GOase

_CH,OH + 0, Enzyme R

R CHO + H,0,
The wide-ranging trait of substrate allows the enzyme to metabolize an extensive
range of alcohols (ca. benzyl alcohol) in the environment to selectively produce

biologically important products.

Figure 1.3. Active sites of the mononuclear copper(ll) centre of GOase (PDB
ID: 1GOG)[46].

The GOase's catalytic process has drawn scientist’s attention to its unusual
structural sites, which have been determined by the spectroscopic and
crystallographic methods (figure 1.3). GOase contains a novel protein free radical
in its active form that coordinates to a Cu(ll) metal centre forming a radical-
copper complex whose special reactivity serves for rapidly expanding field of

free radical enzymology as metalloradical catalysis [46, 47].

A tyrosyl side chain of GOase stabilizes the free radical, which is covalently
linked by cross linking to a cysteinyl residue to form a tyrosinecysteine dimer in
the protein. This radical formation equilibrium follows a mechanism viz ping-

pong turnover reaction (scheme 1.9) [48].

13
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RCH,OH
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E Cu(ll) <—— Cu(II) — — Cu(l)
RCH,OH RCHO

H,0, T
RCHO
[ J
E Cu(ll) ~ Cu(I) E Cu(D)
0, )

Scheme 1.9. Representation of ping-pong turn over mechanism.[48]
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Scheme 1.10. A postulated mechanism for galactose oxidase [48].

Scheme 1.10 represents a mechanistic pathway of GOase catalysis [48]. Some
Cu(ll) complexes have already been prepared to mimic the GOase activity using
phenolic oxygen atom as donor center [49]. Furthermore, it has been assumed
that tyrosine (Tyr495), which is coordinated axially plays a crucial role in
controlling the redox potential of Cu-centre and act as a base for abstracting a
proton from the alcoholic substrate, thus enhancing the electron donating ability
of the substrate [50].
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The galactose oxidase mimicking field is largely unexplored till now. There are
very few reports available till now in which the copper complexes shows the
activity like galactose oxidase. Alex John et al. [36], Chandan Mukherjee et al.
[51], and Bidyut Kumar Kundu, et al. [37], reported some mononuclear and
Striegler et al. [53], and Alamsetti et al. [54] reported some binuclear copper
complexes with the galactose oxidase like activities (figure 1.4). Numerous
primary alcohols have been used as substrate to check this enzymatic activity.
However, all of them reported the catalytic activities in traditional method of
heating condition. However, the visible light driven GOase activity as alternative
environmentally friendly procedure is not explored very much and required to be
developed. Hence, this thesis presents the visible light driven GOase mimicking
activity of some mono- and bi-nuclear Mannich base copper complexes.

XEE[?* N?}

R = CF3, OCH,, F, Cl, tBu
/

i

Figure 1.4. Galactose oxidase mimicking complexes [36, 37, 51].
1.4.1.1.2 Laccase

Laccase is multi-copper oxidase enzyme which contains type I, type Il and type
11 Cu(ll) system in its active site. In 2003, Enguita et al. elaborated the crystal

structure of laccase enzyme (figure 1.5) [55].

In general, laccase starts reaction by reducing oxygen molecule into H,O by the
tri-copper center composed by type 11 and Ill copper followed by the electron
abstraction from substrate through the type I copper center (scheme 1.11) [56]. In
some cases due to complex structure of the enzyme the substrate can’t directly
approach, and for this mediator can bind with the enzyme and facilitates the

oxidation reactions (figure 1.6) [57].
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Scheme 1.11. Mechanistic pathways of laccase enzyme
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Figure 1.6. General representation of the product formation during catalysis by

Laccase enzyme.

Laccases are found in the plants, bacteria and fungi. Laccase enzymes catalyze
some polymerization, de-polymerization, oxidation and reduction reactions. The
ligninification process in higher plants includes the cross-linking of phenolic
precursors by laccases and is one of the polymerization reaction, which helps in
growth of the plants (scheme 1.12) [58, 59]. Laccases found in fungus
like Pleurotus ostreatus, used to degrade complex natural polymers, such as lignin
or humic acids (figure 1.7) [60].
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There are very few reports available till now in which the multicopper complexes
shows the activity like laccase. C. M. Edmund et al. [61], and Zhen Yu et al. [62]

reported some multi- copper complexes with the laccase like activities (figure
1.8).

9 i - /‘%d--,
. 5 i
Lignin from wood f‘); >($* /$\ Oligomers

VA TT18P TBDMP

Figure 1.7. Laccase mimicking complexes [61, 62].
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Figure 1.8. Depolymerization of lignin by laccase mediated system [63].
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Because of its wide range of substrates and numerous functions, laccase has
recently been a research hotspot. The laccase-catalyzed reaction only produced

water as reduction product, making it an environmental friendly process.
1.4.2 Chemical applications

Transition metal complexes composed by N, O-donor ligand systems have shown
catalytic properties towards various chemical reactions.

1.4.2.1 Coupling Reactions

In the coupling reaction, two chemical species joins together to form a new
chemical species. There are two types of coupling reactions are known, homo-
coupling and hetero-coupling (cross coupling) reactions (figure 1.9). The

coupling reactions generally take place in the presence of metal as catalyst.

Homocoupling Reaction

(M]
R—-X + R— X ———» R—-R
Heterocoupling Reaction

R-X + R—-Y — M 5 g g

Figure 1.9. General representation of homo- and hetero-coupling reaction.

Charles Adolphe Wurtz in 1855 reported the first sodium catalyzed homo-
coupling reaction. Transition metal complexes can catalyze various types of
homo- and hetero-coupling reactions using various strategies. This thesis mainly
focuses on C-N coupling by borrowing hydrogen strategy. Borrowing hydrogen
reaction is an atom economy reaction, which gets completed in three steps
(scheme 1.13). In the first step of this reaction, dehydrogenation takes place in
the presence of metal catalyst, after that the dehydrogenated product gets coupled
with second substrate and forms unsaturated compound which further gets
reduced in last step by metal hydrides generated during the dehydrogenation step
[64].
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Hydrogenation
[MH,]
/Q R/\
X=C,N,0
Y=C,N,S
RI /Y

Scheme 1.13. Basic Scheme of the BH Methodology.

In 1981, Grigg et al. first reported the formation of N-alkylated amine upon
reaction of amine with primary alcohols using rhodium, iridium and ruthenium
complexes as catalysts through borrowing hydrogen strategy [65]. After that, in
last few decades researchers introduced Cu, Os, Pd, Co, Mn and Ni complexes

[66-71]. Among these metals copper is relatively cheaper and abundant in earth.
1.4.2.2 Degradation Reaction

In this reaction, large molecule breaks into two or more smaller molecules. In

this thesis degradation of has been explored.
1.4.2.2.1 Polymer Degradation (Depolymerization)

Mainly three types of polymers are available in our environment (1) natural (2)
semi-synthetic and (3) synthetic polymers. Among these, natural polymers are
reach source of energies and fuels. Cellulose, proteins, wool, silk, hemicellulose,
DNA, silk and lignin are the natural polymers, and out of these lignin is a
polymer of phenolic precursors [72]. In lignin p-coumaryl alcohol, coniferyl
alcohol, and sinapyl alcohol are linked by various C-C, C=C, and C-O bonds via
B-1, B-O-4, 4-0O-5, B-B, 5-5', a-1 and other linkages [73]. It can act as a reach
source of the valuable chemicals and fuels which might be isolated by the
degradation of lignin through the cleavage of C-C, C=C or C-O bonds (figure
1.10) [74]. Lignin’s are found in the cell walls of the hard wood and soft wood.
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Figure 1.10. General representation of depolymerization of lignin.

As a result of the exhaustion of fossil fuels as a source of energy, fuels and
chemicals, it is reasonable to anticipate that in the near future, a greater
proportion of energy and chemicals will be produced from renewable resources,
such as biomass. To achieve this goal we need to develope technologies for
depolymerization of the lignin. In this regards, researchers have developed some
methods like pyrolysis, [75-78] acid or alkali hydrolysis, [79-81] reduction [82-
85] and oxidation [86-89]. Among these, oxidative cleavage has attractive
advantages on chemical point of view. The lignin contains high percentage of C-
C bonds this can be cleave by oxidation, that is why the oxidative
depolymerization of the lignin is grown up in last few years. In last decade
researchers have reported certain systems which can catalyze the oxidative lignin
degradation reactions. Toste’s and Hanson’s group reported vanadium-based
catalysts [90-92], Bozell and co-workers reported Co-Schiff base catalysts for the
oxidative cleavage of C-O and C-C bonds of the lignin models to the
corresponding benzoquinones [93]. Later on, Corma and co-workers introduced
copper with vanadium catalyst for the oxidative cleavage of lignin [94]. After
that, some heterogeneous systems also reported such as, Pd/CeO,, Co30,, [95,
96] Mn—Co(mixed oxide) [97], and Co-ZIF-9 [98]. Recent reports showed that
the copper-based catalytic systems, such as Cu(OAc)./1,10-phenanthroline/
methanol [99], CuCI/TEMPO/2,6-lutidine/toluene [100], CuBr,/N-methyl TBD/
DMSO [101], Cu(OAc),/BF3-OEt,/methanol [102], CuCly/N-iodosuccinimide/
DMSO [103], etc., are efficient as catalysts to depolymerizes the lignin.
However, in all these cases they have used the toxic solvents, high temperatures
and pressure to depolymerizes the authentic lignins. However, in this thesis

photocatalytic oxidative degradation of lignin model compounds as well as
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authentic lignins degradation by cleavage of C-C and C=C bonds have been

reported by photocatalytic route.
1.4.3 Applications in material science

Schiff base transition metal complexes exhibited a variety of materialistic
properties, including gas absorption, organic transformation reaction, oxidation
catalysis, photo-physical properties and so on. These properties are found to be

particularly beneficial for a variety of industrial uses [104].

Why is heterogenization of transition metal complexes so important for

oxidation catalysis?

The homogeneous nature of Schiff base metal complexes restricted them a certain
limit, although these are possess various oxidation state and exhibits good
catalytic activity for various types of reactions. However there are certain
disadvantages like they fail in terms of reusability after some reactions, have a
lower thermal stability, and their separation from reaction mixture is a

challenging task for the researchers.

Complex

synthesis ’

2
v

Scheme 1.14. Illustration of zeolite encapsulated host-guest complex formation.

Metal Complexes inside
the zeolite matrix

Metal Complex

Therefore, lots of attention has been given to develop catalysts, which are long
lasting and easily recoverable with 100% efficiency. In these conditions, the
heterogeneous material, which are synthesized by loading/encapsulation of the
metal complexes on the various supports, provides an alternative routes for
achieving some of these objectives, like reducing the waste, increasing efficiency,
reusability and selectivity towards important catalytic process (scheme 1.14)
[105].
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1.4.3.1 Importance of zeolite encapsulated complexes in catalysis

About Zeolite Structural Features

Zeolites are 3D crystalline aluminosilicates of | g ©) mkage of two

. - X 4 sodalite cage
natural or synthetic origin with highly ordered . L .
structures, which consists SiO,* or Al* ,«@ / Typelll
tetrahedral. In the centre of the tetrahedra are B ] % B \ s P
atoms with relatively low electronegativities / e
(Si'V, AI'"', PY, Zn", etc.) and in the corners are Supercage Typel

oxygen anions (O*). These combinations can @
be depicted as [Si04], [AIO,], [POy], erc. and b) Sodalite cage

are commonly designate as TOy unit where T \ ST Typell
stands for any tetrahedral species. The & B i G
tetrahedra in zeolite materials arc somewhat i O Zasthe)

rigid. In general, the O-T-O angle is close to

the “ideal™ wvalue of 109°28' for a 2) T-O-T unit

geometrically  perfect  tetrahedron  and
deviations of more than a few degrees are not
frequent.

a) T-O-T unit b) sodalite cage c¢) linkage between two
sodalite cages d) structure of zeolite-Y showing the cation
sites (1, 11, 111, 1", I1).

The encapsulation of homogeneous catalysts in the voids of the zeolite is a
reliable approach for heterogenizing it. Encapsulating transition metals and
organometallic complexes within the pores of the microspores zeolite has drawn
attention in last decade, because, it offers a simple method of coupling the
reactivity of the metal complexes with the stereochemistry and stoutness of the
host zeolite [106, 107]. The magnetic, electronic and redox behaviours of the
loaded complexes are altered due to steric constrain of the wall of the zeolite
matrix. Increments of chemical properties were observed in comparison of
homogeneous counterparts. The heterogeneous compounds provide a
straightforward extraction procedure for reusability, making them significant for
commercial usage. Encapsulation based catalyst development has advanced
quickly in recent years due to their applications in wide range of organic
transformation. Nowadays, researchers use these hybrid materials to mimic the
biosystems in addition to their use in catalytic reactions. Encapsulated metal
complexes which can mimic the metalloenzyme, are termed as zeozymes [108,

109]. Figure 1.11 illustrates a zeozyme like activity.
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Figure 1.11. a) Metal phthalocyanine complex inside zeolite-Y (Zeozyme) b)

Cytochrome P450 enzymes.

To develop new catalytic systems in the present scenario of host-guest transition

metal complexes, researchers are focused on the following aspects:

e Physiochemical and spectroscopic characterization of hybrid materials

e Catalytic application of encapsulated transition metal complexes

e Calculations based on density functional theory of zeolite supported
complexes

o Biologically active molecule heterogenization to mimic the biosystems
1.4.3.1.1 Applications of zeolite encapsulated complexes

Zeolite encapsulated metal complexes have found extensive application as
metalloenzyme mimic and as catalyst for a variety of organic reactions.
Recently, they have also been utilized as molecular sensors and switches (figure
1.12) [110]. In addition, several recent studies have focused on the use of
complexes encapsulated in zeolite-Y as zeozymes and some significant catalytic
reactions that these hybrid complexes have mediated [111-113]. By adopting the
notion of catalyst encapsulated in zeolite mediated organic reaction, this thesis is
mainly focused on the application of Cu(ll) Schiff base complexes in the field of
oxidative photocatalysts for the degradation of the biopolymer into the valuable
chemicals [114]. The central atom of the catalyst has been selected to be copper
since it has strong redox properties that can increases the reaction rate of the
catalytic reaction [115].
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Figure 1.12. Various application of zeolite encapsulated complexes.
1.4.3.1.1 Zeolite encapsulated complexes as oxidation catalyst

Based on their chemical, structural and redox behavior, Bania et.al and Meier
et.al are being used as base catalyst, acid catalyst and electro- or photo-catalyst
[116, 117]. Since it would be impossible to explain all of the catalytic
applications for such zeolite encapsulated metal complexes, the discussion in this
thesis has been limited to photocatalytic oxidation processes. In recent time,
complexes encapsulated in zeolite have been found to be catalytically active
towards the oxidative degradation reactions [118]. According to reports, the
encapsulated complexes also exhibit high vyield, selectivity along with the

reusability for several times [119].
1.5 Purpose and span of present investigation

The purpose of present work to explore the structure-activity relationship
between various N, O- donor based ligands and their Cu(ll) complexes to
compare their biological, chemical as well as materialistic properties with the

reported analogues.

In this regard the following Mannich base and Schiff base ligands were selected

in this study.

a) 2,4-dichloro-6-((4-(2-hydroxyethyl)piperazin-1-yl)methyl)phenol (H,L")
b) 2,4-dibromo-6-((4-(2-hydroxyethyl)piperazin-1-yl)methyl)phenol (H,L?)
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c) 2-(((3-(dimethylamino)-2,2-dimethylpropyl)imino)(phenyl)methyl)phenol

(HL’)
d) 2-(((2-(methylamino)ethyl)imino)(phenyl)methyl)phenol (HL?)
Cl Br
N\//\ N_\—OH N\//\ N_\—OH
H,L! H,L?

C o
CLY e

OH
HL3 HL*

Figure 1.13. Structure of Ligands.

Using these ligands total eleven metal complexes of Cu?* metal ion have been
synthesized and characterized thoroughly using several analytical techniques
along with single crystal XRD. All the complexes up to this have been studied in
a broad application zone, as described in this chapter.

Hence, the chapter wise distribution of ligands and complexes are summarized
below:

Chapter Ligand(s) Complex(s)

Chapter 2A HL? [CuHL'T (1), [CuHL" ] (2)

Chapter 2B HL! [CuHL" 5 (3)
[Cu(HL?)(OAC)] 2 (4),

Chapter 3 HL' and HL? [CU(HLZ)(N03)]22(5)

Chapter 4 HL® [Cu(L)CI], (6), [Cu(L®)(N3)]2(7)
[Cu |—3(04AC)]2 (8),

Chapter 5 HL® and H,L* Egﬂf_‘j(lbxgg\)(]]z ((f()))
[Cu(HL*)(OAC)@Y] (11)
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Mono- and hexa-nuclear copper complexes of
Mannich base ligand: Synthesis, ligand
transformation study, X-ray crystal structure,
enzymatic catalysis and nitro aromatic
sensing applications.

N, O-donor based Mannich ligand, H,L' [2,4-dichloro-6-((4-(2
hydroxyethyl)piperazin-1-yl)methyl)phenol] promoted synthesis of two new
mononuclear Cu(ll) complexes (1-2) and one new hexanuclear Cu(ll) complex
has been achieved (3) through ligand transformation. The metalloenzyme
mimicking properties of complexes (1, 2) and nitroaromatic sensing interactions
of complex (3) have been explored. Structural features and different applications

of these newly synthesized metal complexes are discussed in two parts.

2A- Synthesis of mono-nuclear Cu(ll) complexes by N,O-donor
ligand transformation and their catalytic role in visible-light-
driven alcohol oxidation.

And

2B- Picric acid detection by a hexanuclear Cu(ll) complex
synthesized through N,O-donor ligand transformation.
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Chapter 2A

Synthesis of mono-nuclear Cu(ll) complexes
by N,O-donor ligand transformation and
their catalytic role in visible-light-driven
alcohol oxidation

2A.1 Introduction

The conformation of ligands can bring about interesting aspects in the
structure of transition metal complexes and associated properties. A flexible
ring or open structure as a ligand with one or more than one donor center
can induce structural preferences in the formation of metal complexes in
various ways [1-6]. It has been also noticed that in a sterically demanding
situation or for the sake of less strainer chelating environment certain
ligands can decyclize or ring-opening of the ligands can happen [7-15]. In
point of view of the catalytic properties, in-built flexibility of the associated
ligands in terms of denticity, ability to engage in different non-covalent
interactions with substrate and providing an efficient and robust platform
remain very crucial as per earlier reports [16-21]. Among various catalytic
activities aerobic oxidation of primary alcohol is an important sub-class of
catalytic reaction in terms of biological as well as industrial viewpoint [22,
23]. In biological systems, oxidation of alcohols gets catalyzed by various
enzymes like alcohol dehydrogenase or galactose oxidase. While alcohol
dehydrogenase contains zinc ion; galactose oxidase is a mononuclear type Il
copper fungal metalloenzyme. In the active center of galactose oxidase
copper(Il) ion is surrounded by two nitrogen atoms of histidine (His496 and
His581) and two oxygen atoms of tyrosine (Tyr272 and Tyr495) along with
a labile water molecule (pH 7) to form a distorted square pyramidal
geometry. Sometimes at lower pH(~3.5), acetate group replaces the water
[24]. These natural enzymes provide us clues for how to go forward for
greener catalytic systems based on bio-inspired perception. It is also evident
from the fact that a N/O donor system for copper ions can provide an ideal
environment to shuttle between Cu(ll) and Cu(l) state to act as an oxidation
catalyst.
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In an effort to develop flexible ligands [6, 25, 26] and oxidation
catalysts, [26-30] hereby a new ligand viz. 2,4-dichloro-6-((4-(2-
hydroxyethyl)piperazin-1-yl)methyl)phenol [HzL'] has been designed to
investigate its ability to form copper(ll) complexes. The idea was to
provide an N,O; environment surrounding the copper center like the active
center of galactose oxidase and an alcoholic arm has been purposefully
inducted to investigate the fate of it while copper(ll) complex of the H,L*

assists as a catalyst in alcohol oxidation reactions.

Alcohol oxidation by the copper catalyst is a well-known process
and extensively studied as reported in the literature [31-39]. However, it is
noteworthy to mention that though photocatalytic systems as a part of green
synthetic processes have emerged as a research hotspot in current
sustainable research scenario, there are very limited examples of

photocatalytic oxidation of alcohol oxidation are reported so far [40-46].

In this chapter, synthesis and characterization oftwo mono-nuclear
copper complexes derived from ligand H,L' have been reported. Upon
reaction with copper(ll) acetate in methanol an unprecedented piperizinyl
ring cleavage has been observed with further organic transformation to
yield [Cu(HL)] 1 [Hsla! = 2-((2-((3,5-dichloro-2
hydroxybenzyl)amino)ethyl)(2-hydroxyethyl)amino)-2-methoxyacetic acid]
[Scheme 2A.2]. A similar result is also obtained when the reaction was
carried out in ethanol medium and a corresponding copper complex
[CuHLY] 2 [HsLp® = 2-((2-((3,5-dichloro-2-hydroxybenzyl)amino)
ethyl)(2-hydroxyethyl)amino)-2-ethoxyacetic acid] is obtained. The
probable mechanistic pathway of organic transformation and photocatalytic
activity of both the complexes towards alcohol oxidation reaction in

presence of aerial oxygen is explored herewith.
2A.2 Experimental

2A.2.1 Materials and methods

All the chemical reagents required were purchased from Sigma and used without
further purification. Infrared spectra (4000 to 500 cm ) were recorded with a
BRUKER TENSOR 27 instrument in KBr pellets. NMR spectra were recorded
on an AVANCE 111 400 Ascend Bruker BioSpin machine at ambient temperature.
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Mass spectrometric analyses were done on Bruker- Daltonics, microTOF-Q I
mass spectrometer and elemental analyses were carried out with a ThermoFlash
2000 elemental analyzer. Spectrophotometric measurements were performed on a
Perkin Elmer UV-Vis-NIR spectrophotometer (Model: Lambda 1050) and a
Fluoromax-4p spectrofluorometer from Horiba JobinYvon (Model: FM-100) (for
emission) using a quartz cuvette with a path length of 2 cm. HPLC analysis was
done through a Dionex HPLC-Ultimate 3000 (High-Performance Liquid
Chromatography) pump, which was used to analyze products onto a Dionex
Acclaim ® 120 C18 column. GC-MS analysis was performed using GC-Hewlett
Packard 6890 equipped with HP-5 column. All voltammetric experiments were
performed using a CHI 104 electrochemical workstation (CH Instruments Model
CHI620D series). Potentials were referenced vs the Ag/AgCl electrode and
ferrocene was added as an internal standard. The Gaussian 09 D.01 package has
been used for the computational study [47]. The Pople diffuse basis set 6-
31G(d,p) has been considered for non-metals (C, H, O, and N), whereas the
effective core potential (ECP) LANL2DZ has been considered for the Cu atom
[48-50]. All the calculations are performed using Becke’s three-parameter hybrid
exchange functional and Lee-Yang—Parr’s correlation functional (B3LYP) [51-
53].

2A.2.2 X-ray crystallography

Single crystal X-ray structural studies of 1 and 2 were performed on a CCD
Agilent Technologies (Oxford Diffraction) SUPER NOVA diffractometer. Data
for all the complexes were collected at 150(2) K using graphite-
monochromoated MoKa radiation (Ao, = 0.71073 A). The strategy for the data
collection was evaluated by using the CrysAlisPro CCD software. The data were
collected by the standard ‘phi-omega scan techniques and were scaled and
reduced using CrysAlisPro RED software. The structures were solved by direct
methods using SHELXS-97 and refined by full-matrix least-squares with
SHELXL-97, refining on F2 [54]. The positions of all the atoms were obtained by
direct methods. All non-hydrogen atoms were refined anisotropically. The
remaining hydrogen atoms were placed in geometrically constrained positions
and refined with isotropic temperature factors, generally 1.2 Ueq of their parent

atoms. The crystal and refinement data are summarized in Table 2A.1.
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Table 2A. 1. Crystallographic data and structure refinement parameters for 1,
and 2.

Complex 1 2
Empirical Formula C14H13C|2CUN205 C17H25C|2CUN205
Formula weight 428.74 488.84
Crystal system Triclinic Monoclinic
Space group P-1 P121/c1
a(A) 10.2953(5) 13.9091(15)
b (A) 12.1715(5) 11.8179(11)
c(A) 15.3072(7) 12.9126(15)
a(®) 70.350(3) 90
B(°) 70.494(3) 92.753(4)
v (©) 78.232(3) 90
V (A% 1693.65(14) 2120.1(4)
L (A) 0.71073 0.71073
pcalcd 1.681 1.532
(mgm-°)
z 4 4
T (K) 103(2) 100(2)
p (mm-1) 1.632 1.317
F(0O00) 876 1012
Crystal size 0.040 x 0.100 x 0.140 0.200 x 0.240 x 0.320
(mm?®)
0 ranges (°) 1.48 - 31.15 2.34-25.70
h/k/l -14,14/-17,17/-22,22 -16,16/-14,14/-15,15
Reflections 49244 34221
Collected
Independent 10878 4038
Reflections
Timax and Tpin 0.9380 and 0.8040 0.7790 and 0.6780
Data/restraints/paRameters 10878 /0/ 447 4038/0/259
GOF 0.856 1.052
Final R indices R1=0.0542, R1 =0.0518,
[1>206(])] wR2 =0.1372 wR2 =0.1024
R indices (all R1 =0.0904, R1 =0.0884,
data) wR2 =0.1675 wR2 =0.1181
Largest peak and hole(e A- 0.617 and -0.895 0.714 and -0.550
3)
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2A.2.3 Synthesis of 2,4-dichloro-6-((4-(2-hydroxyethyl) piperazin-1-yl)
methyl)phenol (H,L%)

1.63 g (10 mmol) of 2,4-di-chlorophenol was added to a 30 mL ethanolic solution
of 1-(2-hydroxyethyl) piperazine (1.25 g, 10 mmol) and formaldehyde (0.44 g,
14.8 mmol). The solution was refluxed overnight under nitrogen atmosphere and
then cooled to room temperature. After that the solution was removed under
reduced pressure, hydrobromic acid (1.82 mL, 16.1 mmol, 48% solution) was
added and the liquid solution began to gel which was washed with n-hexane to
remove the impurity. The white solid obtained was dissolved in water (50 mL),
neutralized with NaOH (checked by litmus paper) followed by the extraction with
CHCl,/diethyl ether (3 x 50 mL). The combined organic layers were dried over
anhydrous Na,SO, and the solvent was removed in vacuo to give a light orange
oil (2.11 g, 7.6 mmol, yield 73%). *H NMR (400.13 MHz, 298K, CDCl3):  7.18
(1H, s, ArH), 6.81 (1H, s, ArH), 5.23 (1H, s, ArOH), 3.63 (2H, s, -NCH,Ar), 3.57
(2H, t, -CH,OH), 2.57 (8H, s, -piperazine ring), 2.52 (2H, t, -NCH,), ppm; *C
NMR (100.61 MHz, 298 K, CDCls3): 8 152.5 (C of ArOH), 128.8 (CH of Ar),
126.8 (CH of Ar), 123.6 (C of ArCH,), 123.1 (C of ArCl), 121.4 (C of ArCl),
60.7 (C of -NCHy), 59.2 (C of —-CH,0H) , 57.7 (CH, of -NCH,Ar), 52.5 (CH;, of
—piperazine ring), 52.2 (CH, of —piperazine ring) ppm (figure 2A.1). Anal.
Calcd (%) for C13H18CIoN2O,: C, 51.16; H, 5.94; N, 9.18. Found (%): C, 51.64;
H, 6.12; N, 9.43. FTIR (in KBr v in cm™): 3500-3100 {vO-H, (s)}; 3000-2820
{vC-H, (m)}; 1120-1010 {vC-N,C-O (m)}; 900-850 { vC-Cl, (s)}. ESI-MS in
HPLC MeOH (m/z): 303.3 (100%) (in negative mode) (figure 2A.2).

2A.2.4 Synthesis of complex [Cu(HL,Y)] (1)

A 10 mL methanolic solution of Cu(OAc),.H,O (0.1 g; 0.5 mmol) was added
dropwise to a 10 mL methanolic solution of H,L' (0.15 g; 0.5 mmol) and
triethylamine (70 pL; 0.5 mmol). Then the mixture was stirred at room temp for
4 hrs. The resulting green solution was concentrated up to 5-6 mL by evaporating
the solvents in vacuo. The concentrated mixture was filtered and then left for
slow evaporation in the air. Finally, after three or four days, dark green square-
shaped defractable crystals were obtained from the reaction mixture. Crystals
were collected by filtration and washed with diethyl ether. ESI-MS
[C14H1sCl,CUuN,Os + Na]® 452.3 (figure 2A.3). Anal. Calcd (%) for
C14H1sCIL,CuN,0s: C, 39.22; H, 4.23; N, 6.53. Found (%): C, 39.56; H, 4.26; N,
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6.41; FTIR (in KBr v in cm%): 3600-3100 {oN-H,0-H (s); 3000-2800 {uC-H,
(m)}; 1120-1010 {vC-N,C-O (5)}; 920-850 { vC-Cl, (s)}. Yield 75%

2A.2.5 Synthesis of complex [Cu(HLy})]-CHsOH (2)

This compound was obtained following the same procedure as above by using
ethanol instead of methanol. The concentrated solution was filtered and kept in a
test tube for slow evaporation of ethanol. After three days green square-shaped
crystals are obtained which were further washed with diethyl ether to obtain a
pure compound. ESI-MS [C17H26Cl,CuN,Og + Na - EtOH]" 465.9 (figure 2A.3).
Anal. Calcd (%) for C17H26CI,CuN,Og: C, 41.77; H, 5.36; N, 5.73. Found (%): C,
41.85; H, 5.46; N, 5.79; FTIR (KBr v in cm%): 3600-3100 {uN-H,0-H (s);
3000-2800 {vC-H, (m)}; 1110-1000 {vC-N,C-O (m)}; 900-860 { vC-Cl, (s)}.
Yield 72%

2A.2.6 Selective primary alcohols by Cu®* complexes oxidation of

All the photocatalytic reactions were performed in a 50 mL two-necked borosil
round bottom flask at ambient temperature. In a typical sealed reaction system,
copper complex (1 mol%, 0.0096 mmol) and TEMPO (3 mol%, 0.0288 mmol)
were added to the two necked round bottom flask with a magnetic stirrer under
O, (balloon pressure), and it was followed by addition of the relevant substrate
(0.96 mmol) and 1 mL of DCM. Two 6 watts LED bulbs which are provided on
two sides of the reactor, act as the source of the visible light (A 400-800 nm).
After the reaction, 20 puL of the reaction mixture was taken out and filtered
through the Whatman filter paper and diluted by acetonitrile and injected into the
HPLC equipped with VWD detector (Agilent Technologies, GC7890A) for
analysis. The results were analyzed by HPLC analysis at the wavelength
maximum of 254 nm and 280 nm, respectively. A HP-5 5% phenyl methyl
siloxane column (30 m x 0.32 mm % 0.5 um) was used. The chemical structures
of the products were confirmed by comparison with standard chemicals and GC-
MS (Agilent Technologies, GC6890N, MS 5973). The conversion for the
substrate was described as the ratio of the moles of the reactant consumed in the
reaction to the initial moles of the reactant. The selectivity was defined as the

ratio of the moles of the product to that of the reactant consumed in the reaction.
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2A.2.7 Detection of hydrogen peroxide in the catalytic reactions

Modification of the iodometric method is employed to detect H,O, quantitatively
during the catalytic reaction. Reaction mixtures were prepared as in the Kkinetic
experiments. After 1 h of reaction, an equal volume of water was added to extract
the formed quinone using dichloromethane. The aqueous layer was acidified
with H,SO, to pH ~2 to-sfop further oxidation, and 1 mL of a 10% solution of KI
and three drops of a 3% solution of ammonium molybdate were added. In the
presence of hydrogen peroxide I is oxidized to I,, H,0, + 21" + 2H"— 2H,0 + I,

and with an excess of iodide ions, the tri-iodide ion is formed according to the
reaction l,(aq) + I' —I3™. The reaction rate is slow but increases with increasing
concentrations of acid, and the addition of an ammonium molybdate solution

condenses the reaction almost immediately. The formation of I3~ could be

monitored by UV-vis spectroscopy due to the development of the characteristic

l;” band (A = 353 nm, £ =26 000 M cm™).
2A.3 Results and discussion

2A.3.1 Synthesis and characterization

The reaction of 2,4-di-chlorophenol, 1-(2-hydroxyethyl) piperazine and
formaldehyde in a 1:1:1.5 molar ratio in ethanol lead to the formation of mannich
base (H.L') (scheme 2A.1.a). Upon reaction of (H,L') with Cu(OAc),.H,O in
methanol/ethanol, green colored solution was obtained. Slow evaporation of the
concentrated solution leads to the green square-shaped crystals of [Cu(HL,Y)] (1)
and [Cu(HL,Y)]-C.HsOH (2), respectively (scheme 2A.1.b).

o (a) ! OH (b)

OH
HN—\, ~
/@E. - N + W “ on
a a \L A
oH

2,4-dichlorophenol 1-(2-hydroxyethyl) p-formaldehyde NEt,
piperazine Cu(OAc),. H,0

4 mmol 4 mmol 6 mmol

Stir at RT
4 hrs

Reflux overnight
25 ml EtOH
under N, atmosphere

Cl

Cl Cl
Cl OH . [e] 0.
cl 0. ~. O
:<< N Q Scu-Oz0 cu~\z0
Nf on .\/I ‘I N([ N

H | 0—
Molecular Weight: 305.200 HUJ
Colourless oil

Scheme 2A.1. Synthesis of (a) Ligand and (b) Complexes 1 and 2.

51



Chapter 2

Ligand (H,L') has been characterized by ‘H and *C NMR and ESI-MS
spectroscopy. The ligand has shown all the characteristic peaks in *H NMR and

3C NMR (figure 2A.1).

c el‘ﬂ‘
_— J ,_J‘tlt, 1 ’j K -
e oH i
C1— S OH ; f)k h
CDCl; jk
a g
b
d f

Figure 2A. 1. 'H and *C NMR of H,L".

The molecular ion peak of the ligand HoL*was observed at 303.3 [M—H]" in the
negative mode in ESI-MS spectrum (Figure 2A.2). All the complexes have been
characterized by ESI-MS spectroscopy, elemental analysis and singly crystal X-
ray crystallography. IR spectra of complexes 1 and 2 have shown metal
carboxylate starching bands around 1421 and 1627 cm™ due to the symmetric and

asymmetric stretching.

Intens.
X107

0.5
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Figure 2A. 2. ESI- MS spectrum of H,L™.
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Furthermore the broad stretching band for —N-H around 3450 cm™ masks the
alcoholic stretching band which is visible around 2985 cm™ in the original ligand.
The ESI-Mass spectra of compound 1 and 2 show the molecular ion peak at 452.3
[M + Na]* and 465.9 [M + Na — EtOH]", respectively (figure 2A.3).
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] [M+Na]* s22
1259 Cl1 o o o
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5 ou; . 33|9 4 379.4 4303 ) 4834
abo ' 220 | 340 30 3a0 | 4060 | 420  4do 460 480 miz
Intens. m chem sme-rr-rel-115-m-7_GB&_01_10%4.d: +MS, 0.7min #41
3000 Cl1
4659912 [M+Na-EtOH]*
Cl1 (0] T~
\/Cu/o o HO /
\
N
2000 o ¥/ | N o
HO\) \
1000 4341606
4199518 443.0912 471.1174
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Figure 2A. 3. ESI- MS spectrum of 1 and 2. (top to bottom)
2A.3.2 Investigation on the mechanistic pathway of ligand transformation

The ligand upon treatment with copper acetate in methanolic/ethanolic solution
undergoes an unprecedented transformation with oxidation of piperazine ring. To
get a better idea about how the ligand transformation is taking place in presence
of copper acetate, the reaction has been monitored through ESI-MS spectrometry
in 30 mins of intervals. Literature reveals that piperazine ring tends to get
oxidized to lactam in various oxidative conditions in the presence and absence of
metal catalysts [55-57]. It is assumed herein that the copper complex gets
oxidized to mono keto form as depicted in scheme 2A.2 structure A. The keto
form tautomerizes into enol and forms an intermediate B (scheme 2A.2),
identified by ESI-MS with simulated pattern peaks with as [M + H™] ion at 881.0.
In the presence of aerial oxygen the enol gets oxidized, and subsequent
nucleophilic attack by methanol and dissociation of the dimeric species generates
the a-methoxy product (scheme 2A.2, structure C) which is alsoidentified in ESI-
MS with the signature fragmented peak at 530.8 (figure 2A.4) [58]. Further
hydrolysis of the amide bond leads to the ring cleavage and generates the

obtained complexes 1 and 2, respectively [59].
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Scheme 2A.2. Mechanistic pathway for the formation of complex-1.
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Figure 2A.4. ESI-MS spectrum in MeOH for complex-1 reaction intermediates
2A.3.3 Structural description of the complexes (1) and (2)

These two structures are monomeric in nature and with the distorted square
pyramidal environment surrounding the copper ions. The ligands are acting in a

pentadentate fashion with two N and three O atoms (figure 2A.5) acting as donor

sites.
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Figure 2A. 5. The solid-state crystal structure for (a) complex 1 (b) complex 2.

The calculated t values for compound 1 are 0.20 and 0.21 for two
crystallographically independent centers. In complex 2 the T value is 0.22. In both
the complexes the value of T is near more towards zero suggesting the square

pyramidal geometry around the Cu center [60].

Table 2A. 2. Selected bond lengths (A) and bond angles (°) for 1 and 2.

Complex-1 Complex-2
Cul-02 1.906(2) Cul-01 1.908(3)
Cul-03 1.985(2) Cul-02 1.973(3)
Cul-N1 2.003(3) Cul-N1 2.001(4)
Cul-N2 2.051(3) Cul-N2 2.044(3)
Cul-01 2.208(2) Cul-O4 2.286(3)
C12-04 1.234(4) C10-03 1.229(5)
C13-05 1.397(4) C11-05 1.396(5)

02-Cul-03 | 94.13(10) | O1-Cul-02 | 94.40(12)
02-Cul-N1 95.55(11) 01-Cul-N1 96.66(14)
03-Cul-N2 | 83.20(10) | O2-Cul-N2 | 82.93(13)
02-Cul-O1 | 101.96(10) 0O1-Cul-O4 | 104.60(12)
03-Cul-O1 | 93.00(10) | O2-Cul-O4 | 96.53(12)
N1-Cul-O1 | 113.01(10) | N1-Cul-O4 | 97.96(14)
N2-Cul-O1 | 81.89(10) | N2-Cul-O4 | 80.94(13)
N1-Cul-N2 | 85.05(11) | N1-Cul-N2 | 84.32(14)
02-Cul-N2 | 175.46(10) O1-Cul-N2 | 174.13(14)
03-Cul-N1 | 149.54(10) 02-Cul-N1 | 158.91(15)
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The average coordination bond angle around the Cu center of square pyramidal
geometry is around 80° to 113° whereas the largest bond angle was observed for
0O(2)-Cu(1)- N(2) (~175°) (Table 2A.2).

Figure 2A. 7. 1D polymeric extension through intermolecular H-bonding for (a)
complexes 1, and (b) complex 2.

The hydrogen bond interactions and close contacts in the crystal structure were
visualized by carrying out the Hirshfeld surface analysis [61]. The hydrogen bond
interactions were envisaged through dark red spots obtained as a result of
hydrogen bond acceptors of types N-H---O, C-H---O and O-H---O (figure
2A.6(a)), red dotted lines show the H-bond) on the Hirshfeld surface of 1. Intra-
as well as inter-molecular hydrogen bonds, are exhibited by the molecule. O1-
H10---09 and O7-H20---04 form strong intermolecular hydrogen bonds while
N1-H1IN---06, N1-H1N---08, N3-H2N---02, N3-H2N---03 and O1-H10O---08
also forms rather strong intermolecular hydrogen bonds resulting in Type 3 1D
infinite chain along a-axis (figure 2A.7 (a)). In complex 2, N1-H1---O2, N1-
H1---O3, 06-H6---03 and 04-H40---06 form Type 3 infinite 1D chain through
hydrogen bonds along b-axis (figure 2A.6(b) and 2A.7(b)). The details of
hydrogen bonds are given in Tables 2A.3 and 2A.4.
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Table 2A.3. Hydrogen Bonds (Angstrom, Deg), for complex 1.

Donor--- D-H| H.A D..A D - Symmetr
H....Acceptor A) A) A) H..A y Code
)
N1 --HIN .06 0.93 2.39 3.143 138 -1+X,Y,2
N1 --HIN .08 0.93 2.17 2.956 143 -1+x,y,2
Ol --H1O0 ..08 0.83 2.54 3.094 125 -1+x,y,2
Ol --H10 .09 | 0.83 | 1.83 2.660 175 -14X,y,2
N3 --H2N .02 0.89 251 3.142 129 X,Y,Z
N3 --H2N .03 0.89 212 2.944 154 X,Y,Z
07 --H20 ..04 0.66 1.98 2.635 174 X,Y,Z
C4 --H4B .08 0.99 251 3.208 127 -1+x,Y,2
Cl4 --H14A .04 | 0.98 2.46 3.062 119 Intra
Cl15 --H15B ..Cl1 | 0.99 2.73 3.491 134 X,Y,Z
Cl7 --H17A .01 0.99 2.58 3.242 125 1-x,-y,1-z
C28 --H28C .09 | 098 | 2.49 3.071 117 Intra

Table 2A.4. Hydrogen Bonds (Angstrom, Deg), for complex 2.

Donor--- D-H| H.A D..A D-H..A Symmetry
H....Acceptor A) A) A) ) Code
N1--H1..02 1.00 | 2.26 3.153 148 2-X,1/2+y,3/2-z
N1--H1..03 1.00 | 2.50 3.351 143 2-X,1/2+y,3/2-z
04--H40..06 091 | 1.72 2.609 165 1+x,1/2-y,1/2+z
06--H6 ..03 0.84 | 1.86 2.698 179 1-x,-y,1-z
C7--H7B..02 0.99 | 244 3.269 142 2-X,-y,1-z
C8 --H8B..04 0.99 | 2.58 3.517 159 2-X,1/2+y,3/2-z
C13--H13A..02 | 0.99 | 2.59 3.574(4) 174 2-X,1/2+y,3/2-z
C14--H14A..03 | 0.99 | 2.57 3.122(7) 115 Intra
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2A.3.4. Electronic spectra

Complex 1 and 2 have shown d-d absorption at 670 nm as a broad peak as
expected for Cu(ll) complexes with square pyramidal geometry (figure 2A.8)
[62]. The other bands appeared as shoulders below 350 nm due to ligand internal

transitions.
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Figure 2A.8. UV-Vis spectra in dichloromethane for (a) Ligand and Complexes,
and (b) complex 1 and 2.

2A.3.5. Electrochemistry
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Figure 2A.9. Cyclic voltammograms of (1.0 x 10 M) solution of (a) Ligand,
H.,L' and (b) complexes in CH,Cl, containing 0.1 M BusNPFg as the supporting

electrolyte. The data were recorded at a scan speed of 100 mV s at 25 °C.

Upon oxidation of the ligand, an anodic peak at Epa = +0.55 V was observed,
showing the oxidation of the phenol [63]. whereas in case of complexes shows an
anodic peak around Ep, = +1.10 V along with cathodic peaks around Ep. =
+0.739 V, revealing a quasi-reversible behavior of the complex due to the
oxidation of phenolate ion to phenoxyl moiety (figure 2A.9) [24]. An irreversible
cathodic peak is observed in the negative potential for both of the complexes at
Epa =-1.06 V and Epa = -1.05 respectively, which indicates the reduction of Cu
(1) to Cu(l) [64].
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2A.3.6. Oxidation of benzyl alcohols

Both the complexes have been tested for their abilities to catalyze the oxidation
of alcohols under irradiation of visible light. Oxidation of alcohol to aldehyde and
carboxylic acid is a very important reaction in organic as well as biochemistry.
On the other hand photocatalysis emerged as an important tool to carry out such
reaction in a more environmentally friendly condition without the application of
external heat. To verify the ability of the synthesized copper complexes to
catalyze the oxidation reaction of alcohols; we have tested our compounds for
their activities upon irradiation with visible light (LED bulb). Both compounds

have shown promising results in the oxidation reaction.

Table 2A.5. Photocatalytic Oxidation of Benzyl Alcohol by Complex-1/Solvent?

Entry | Solvent | Time [h] | Conversion | Selectivity | Yield | TON

e [%] o | o
1 DCM 3 96 99 95 95
2° | DCM 3 76 99 75 75
3° DCM 3 96 99 98 98
4° DCM 3 39 86 34 34
5 ACN 3 92 93 86 86
6 Acetone 3 92 90 83 83
7 DMF 3 90 90 81 81
8 Toluene 3 96 86 83 83
9 DMSO 3 82 80 66 66

10° DCM 3 00 00 00 00

General reaction conditions: benzyl alcohol (1 mmol, 108 mg), catalyst 1 (1
mol%, 4.3 mg), TEMPO (3 mol%, 4.6 mg), solution volume (1 mL), O,
atmosphere (balloon pressure), light intensity (12 Watt LED bulb, 400—800 nm
wavelength range), room temperature (~25 °C), Stir."light intensity (9 Watt LED
bulb).light intensity (15 Watt LED bulb).®without TEMPO. ®without irradiation
of light.

To optimize the reaction conditions first benzyl alcohol has been taken as
the substrate and the oxidation reaction has been tested in different solvents for
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better reactivity as per Table 2A.5. The reaction was carried out under visible
light (irradiated by 12 watts of the LED bulb) for 3 h at room temperature in
presence of TEMPO and oxygen atmosphere. Complex 1 in dichloromethane
(DCM) afforded 96% conversion of benzyl alcohol with a selectivity of 99% for
benzaldehyde, (entry 1) which is the best with respect to the other solvents. The
reactions are monitored through HPLC (figure 2A.10). When dichloromethane
was replaced by other solvents such as acetonitrile, acetone, or N, N-
dimethylformamide it afforded more than 90% conversion of benzyl alcohol with
a selectivity of 90% for benzaldehyde, respectively (entries 5, 6 and 7). Toluene
afforded 96% conversion of benzyl alcohol but the selectivity is less, 86%
towards the benzaldehyde (entry 8). When we used dimethyl sulfoxide instead,
then the conversion of benzyl alcohol goes down to 82% with a selectivity of
80% for benzaldehyde (entry 9). In the absence of light irradiation, no conversion
of benzyl alcohol was observed. The photocatalytic oxidation reaction was also
not observed in the absence of Cu complex. In absence of TEMPO the yield
remains low (entry 4). Upon irradiation with high-energy visible light (15 watts),

the percentage yield remains almost the same as with 12-watt energy (entry 3).
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Figure 2A.10. HPLC interpretation of some oxidation reactions after catalysis

(‘Ref.’ signifies the standard sample).

The scope of this photocatalytic oxidation of benzyl alcohol was further extended
to a variety of substituted benzyl alcohols with catalysts 1 and 2 by using

dichloromethane as the solvent for the study of substitution effects (Table 2A.6).
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Table 2A.6. Percentage conversion of substituted benzyl alcohol by homogeneous

catalysts 1 and 2.

Entry Substrates Conversion Product Selectivity
[%] [%]
1 2 1 2

3
3

9% 92 99 90

N
e
=
=
e
/i
S

9 9% 9 95

6  ON 64 53  O,N 94 98

General reaction conditions: benzyl alcohol (1 mmol), catalyst 1 or 2 (1 mol%),
TEMPO (3 mol%), DCM (1 mL), O, atmosphere,12 Watt LEDs bulb, stir for 3h.

The result of these photocatalytic reactions follows a regular trend according to
the electronic properties of the other substituent which is attached to the phenyl
ring. The conversion of a primary alcohol to aldehyde decreases with decreasing
electron density at the aromatic ring. In the presence of a strong electron-
withdrawing group such as nitro-, it results in lower conversion with respect to
the presence of other electron-donating groups such as chloro-, bromo-, methyl-
or methoxy- groups. These trends are followed in the presence of both
photocatalysts 1 and 2. 4-chloro-substituted benzyl alcohol has shown a better
conversion rate with respect to 4-bromo, 4-methyl, 4-methoxy, or 4-nitro
substituted benzyl alcohol as well as benzyl alcohol. In presence of photocatalyst
1, 4-chlorobenzyl alcohol affords 99% conversion whereas 4-bromo, 4-methyl, 4-
methoxy, and 4-nitro benzyl alcohol affords 96%, 96%, 77%, and 64%

conversion of benzyl alcohol, respectively. Whereas in presence of photocatalyst
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2, 4-chloro, 4-bromo, 4-methyl, 4-methoxy, and 4-nitro benzyl alcohol affords
94%, 93%, 91%, 70%, and 53% conversion of benzyl alcohol, respectively. In all
photocatalytic reactions, the selectivity towards the formation of benzaldehyde
remains higher than 95%. However, it is interesting to note that the selectivity
towards the formation of a carboxylic acid obtained by over-oxidation of

aldehyde remains limited to 5% in each case.
2A.3.7. Change in electronic spectra during photocatalysis

Benzyl alcohol has been taken as a substrate for alcohol oxidation, with a Amax
(wavelength maxima) of 256 nm (nm — =* transition) [24]. In CH,CI; solution, the
catalytic mixture was subjected to perform UV-Vis analysis after 0.5 h of
interval. At beginning of the catalytic reaction, the absorbance around 400 nm (%

— 1* transition) due to the oxidized phenoxyl radical get sharply increased.
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Figure 2A.11. UV-Vis spectra of the catalytic mixture at 25°C.

After half an hour of reaction, the absorbance around 400 nm starts to decrease
with increasing time duration. At the end of the reaction, absorbance goes down
to the initial position, indicating the end of the reaction (figure 2A.11).
Absorbance at 290 nm increases with increasing the duration of catalysis which is
assigned to the formation of benzaldehyde as an oxidized product.

In the presence of benzyl alcohol, the dichloromethane (DCM) solution of
complexes 1 and 2 showed a weak anodic peak at Ep, = +0.744 and +0.726 V,
respectively. A subtle cathodic peak at Epc = +0.736 and +0.715 V was also
observed due to phenoxyl to phenolate reduction, revealing the reversible
behavior of the phenoxyl radical (figure 2A.12). However, the large deviation of
Ipalipc ratio from 1 indicates lesser reversibility of the system which might be due
to the involvement of the generated phenoxyl radical in alcohol oxidation. This
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result also indicates that the phenoxide ligand of the complex gets easily oxidized

into phenoxyl radical in the presence of benzyl alcohol [64].
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Figure 2A.12. Cyclic voltammograms of (1.0 x 10™* M) solutions of the complex
with adding 50 pL of Benzyl alcohol in CH,Cl, containing 0.1 M BusNPFg as the
supporting electrolyte. The data were recorded at a scan speed of 100 mV s at
25 °C.

2A.3.8 Mechanism for photocatalytic oxidation

The proposed simplified mechanism based on UV-Vis, CV, and ESI-MS data for
benzyl alcohol oxidation is depicted in scheme 2A.3. Benzyl alcohol binds to
complex A through an unshared pair of electrons of hydroxyl oxygen at the
beginning of the reaction, forming B. TEMPO is converted into TEMPOH by
abstract hydrogen from benzyl alcohol forms intermediate C. According to UV-
Vis and CV results in the presence of visible light phenoxide ions get oxide to
phenoxyl radical by donating a single electron to Cu(Il) which is reduced to Cu(l)
species D, which gives the desired product benzaldehyde, and E. ESI-MS
spectrometry of the reaction mixture reveals a molecular ion peak at 347.32 and
536.84 indicating formation of intermediate B and C (figure 2A.13). TEMPO is
regenerated from TEMPOH which leads to the formation of Cu(ll) complex (A)
by the oxidation of Cu(l) species in the presence of molecular oxygen under

visible light irradiation.
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Scheme 2A.3. Proposed mechanism for the photocatalytic oxidation of benzyl

alcohol by complex 1.
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Figure 2A.13. ESI-MS Spectrum in MeOH for complex 1 photocatalytic reaction

intermediate.

Furthermore, DFT calculations were employed to confirm and further elucidate
the proposed photocatalytic oxidation mechanism (scheme 2A.3). Complex ‘A’ is

64



Chapter 2

the active catalyst, in which copper is present in (I1) oxidation state. According to
the reaction free energy profile diagram (scheme 2A.4), the free energy of (B +
TEMPO) is less than the free energy of (cat A + BnOH + TEMPO), so this step is
favorable. Whereas, in the second step of the mechanism 42.7 kcal/mol energy is
required, this may be provided by visible light irradiation. The energy of
intermediate ‘C’ is higher than the energy of (E + BnO) similarly in the next step
the free energy of (A + TEMPO + H,0,) is much lower than the energy of (E +
TEMPOH + O,), therefore we can expect these steps are energetically favorable.
At last, the intermediate E can be converted easily to active catalyst A for the

restart of the next cycle.
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Scheme 2A.4. Reaction-free energy profile diagram of proposed mechanism for

the photocatalytic oxidation of benzyl alcohol by complex 1.
2A.3.9. Detection of hydrogen peroxide during catalysis

According to the iodometric reaction: H,O, + 21" + 2H" — 2H,0 + I, (aq.), then
I” ions may further be oxidized into I, in the presence of H,O, An excess of
iodide ions reacts with molecular iodine to produce a highly stable tri-iodide ion
(I3) by following a reaction: I,(ag.) + I — Is". The rate of reaction is slow but
increases with increasing concentrations of acid. However, the reaction can
immediately cease with the addition of an ammonium molybdate solution.
Shnyrev and co-workers have shown the characteristic bands of I3 are appears at
286 and 350 nm (figure 2A.14) [65]. Therefore the predominant band at 286 nm
might be due to the combination of I3~ and benzaldehyde. Hence, all the above

experiments hereby support the radical mechanism pathways for catalysis [25].
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Figure 2A.14. Detection of hydrogen peroxide in the catalytic reaction:

formation of HyO, (Amax=350 nm) as well as PhCHO (max=286 nm) during

catalysis.
2A.3.10. Recyclability and reusability of catalysts

Photocatalyst 1 and 2 has been tested for recyclability and reusability with benzyl
alcohol as the substrate. The catalyst can be recovered almost quantitatively from
DCM by filtration, washed with ether and dried in a vacuum and the molecular
structure of the catalyst remain almost intact as can be seen from the PXRD

pattern from before and after the reaction (figure 2A.15).

a b

( ) ‘ —— After four catalytic reaction f\( ) —— After four catalytic reaction

— f —
< A Il Ao e i
E WW"WMJ LM.W“‘““‘“ b g WJFMWA o Al vinp o
.*? — Synthesized ‘? \ i
@ o || M& “v' —— Synthesized
g g § WHM* o VstV s o s sanig
—— Simulated
— Simulated
T T T T

T T T T
10 20 40 50 10 20 40 50

30 30
20 (deg.) 26 (degree)

Figure 2A.15. Powder X-ray diffraction patterns for (a) photocatalyst 1 and (b)

photocatalyst 2 before and after four catalytic cycles.

The recovered catalyst can be utilized for four cycles without much decrement of
its activity (figure 2A.16) or significant change in PXRD, IR, and LCMS pattern
(figure 2A.17 and 2A.18).
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Figure 2A.16. Recyclability of the photocatalyst 1 and 2. The blue and red bar
indicates the conversion of benzyl alcohol into benzaldehyde in the presence of

catalysts 1 & 2 at 3 h for a separate run, respectively.

Transmitance (%)
s
o
o

©
o
1

©
@
1

80+

75 T T T T T T
4000 3500 3000 2500 2000 | 1500 1000
Wavenumber (cm™)

Figure 2A.17. FTIR stretching frequencies of complex 1, (a) before and (b) after
the catalytic reaction.
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Figure 2A.18. FTIR stretching frequencies of complex 2, (a) before and (b) after

the catalytic reaction.
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2A.4. Conclusions

An unprecedented piperazine ring cleavage leads to the formation of two
mononuclear copper complexes 1 and 2 with square-pyramidal geometry. The
ESI-MS spectrometric analysis indicates that the organic transformation occurs
via oxidation of the piperazine ring and subsequent nucleophilic substitution
reaction in o-amino ketone carbon by alcohol which propagates further through
hydrolysis of amide bond resulting in piperazine ring cleavage.

Both complexes have shown their ability to act as efficient photo-catalyst to
oxidize primary alcohol into the corresponding aldehyde at ambient temperature
and in presence of aerial oxygen and TEMPO in an environmentally friendly
manner. Photocatalyst 1 selectively produces only aldehyde with a conversion of
96% whereas photocatalyst 2 afforded up to 92% conversion in 3 h. The
synthesized catalysts survived many cycles of reuse without significant loss of
catalytic activity. A plausible mechanistic pathway for alcohol oxidation has been
explored through ESI-MS spectrometry, cyclic voltammetry, UV-vis and
computational study. TEMPO abstracted a hydrogen radical from benzyl alcohol
after binding with Cu(ll) center generated a benzyloxy radical. Aftrethat, in the
presence of visible light phenoxide ion reduced the Cu(ll) into Cu(l) by donating
an electron. The phenoxyl radical abstract a hydrogrn radical from benzylic
carbon, leads to the formation of product benzaldehyde. Aftreward, molecular
oxygen converts the TEMPOH into TEMPO and generates active catalyst.

2A.5 Declaration:

This chapter is adapted from Appl. Organomet.Chem., 2022, 36, e6450. (DOI:
10.1002/a0c.6450)
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Chapter 2B

Picric acid detection by a hexanuclear Cu(ll)
complex synthesized through N,O-donor
ligand transformation

2B.1 Introduction

The employment of multidentated ligand system can make it possible to
synthesize a wide range of metal complexes with various structures. Among
various chelateing ligands, piperazine ring can show intersesting coordination
properties by adopting either chair or boat confirmation and acting as mono- or
bi-dentate mode cosidering the reaction conditions and the nature of metal ion
involved [1, 2]. Sometimes, it can act as a bridging ligand as well [3]. The
piperazine ring with aromatic and/or aliphatic arm can also act as a chelating
and/or as bridging ligand [2]. The hydroxyl-group containing ligands with other
donor sites like nitrogen are used to synthesize complexes with structural
diversity [4-7]. Coordination chemists frequently employ the self-assembly
synthetic strategy using transition metal cations and multidentate ligands because
this approach produces an extensive range of fascinating structures with multiple
metal centers. Researchers are more interested in these complexes because of
their high nuclearity and the interaction that can occur between the metal cations
[8-10].

On the other hand the development of explosive materials was started
with invention of gunpowder and dynamite. These are extensively used in
mining, military exercises, civil construction, rocket propellant, etc. Due to terror
attacks, such explosives have become a threat to human civilization. The
common chemical components of frequently used explosives are nitro-aromatics,
such as 2,4,6-trinitrotoluene (TNT), 2,4-dinitrophenol (2,4-DNP) and 2,4,6-
trinitrophenol/picric acid (TNP/PA). Furthermore nowadays, picric acid is being
used in industries like pharmaceuticals, the production of rocket fuels, dye and
leather industries, chemical laboratories, etc [11, 12]. It has an extremely high
solubility in water and contaminates the groundwater easily upon exposure
affecting human and animal health. PA causes diseases such as nausea, anemia,

asphyxiation, vomiting, sycosis, damaged liver malfunction, skin/eye itching, and

79



Chapter 2

chronic diseases such as cyanosis and cancer [13-16]. In groundwater, up to
0.001 mg L™ of picric acid is the acceptable tolerance level [17]. From the
environmental safety and security screening point of view, there is a need to

develop an efficient methodology to detect the trace amount of PA.

Various researchers have developed various instrumental techniques to
detect nitroaromatic compounds (NACs) so far [18-20]. Due to its high
sensitivity, quick response time, low cost, mobility and simple sample
preparation, the fluorescence-based technique has emerged as a potential tool to
detect the NACs [21-24]. Numerous fluorescence sensors, including small
molecules [25-28], MOFs [29-31], polymers [32-34], gels [35, 36], and discrete
macro cycles /cages [37, 38], etc., have been reported in the literature in this
regard. The N, O-donor ligand systems can also play an important role to
generate luminescent metal complexes [39, 40]. Though the number of
luminescent Cu(ll) complexes are comparatively less in literature, few reports are
available and it has been found that in all these cases at least one of the donor

atom is attached with the aromatic systems [41-44].

This chapter presents one hexanuclear copper complex made out
of ligand H,L* where the phenolic arm is purposefully incorporated in the ligand
system. Upon reaction with copper(ll) acetate in n-butanol an unprecedented
piperazinyl ring cleavage and rearrangement into a five-membered ring has been
observed with further organic transformation to yield [Cu(HL:)]s 3 [HsLc' = 1-
(3,5-dichloro-2-hydroxybenzyl)-3-(2-hydroxyethyl)imidazolidine-2-carboxylic
acid] [scheme 2B. 2]. Compound 3 has been found to be fluorescent in nature and
the sensing ability of the complex towards the nitroaromatics is explored

herewith.
2B.2 Experimental

2B.2.1 Materials and methods

All the chemical reagents are purchased from sigma and used without further
purification. The specifications of all the instruments used for analytical purposes
were the same as described in section 2A.2.1 of the previous chapter 2A. The
ligand H,L" synthesis is also described in section 2A.2.3 of the previous chapter
2A.
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2B.2.2 X-ray crystallography

Table 2B. 1. Crystallographic data and structure refinement parameters for 3.

Complex 3
Empirical Formula Cr8Hg4Cl12CugN12024
Formula weight 2380.27 g/mol
Crystal system trigonal
Space group R-3 (No. 148)
a (A) 25.0144(18)
b (A) 25.0144(18)
c (A) 17.2665(10)
o () 90
P 90
70O 120
V (A 9356.5(17)
*(A) 0.71073
pcalcd (g cm™) 1.267
Z 3
T K 100
p(mm™) 1.320
F(000) 3618
Crystal size (mm>) 0.04 x0.12 x 0.18
0 ranges (°) 2.21026.4
h/k/l -31,27/-29,29/-18,21
Reflections collected 4253
Independent reflections 233
Tmax and Tmin 0.949 and 0.827
R indices (all data) R1=0.1038, wR2 = 0.3433
Largest peak and hole -0.60 and 1.64
e A3

Single crystal X-ray structural studies of 3 were performed following a similar
protocol as mentioned in section 2A.2.2 of previous chapter 2A. The crystal

refinement data are summarized in Table 2B.1
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2B.2.3 Synthesis of the complex [Cu(HLY)]s (3)

A butanolic 8 mL solution of Cu(OAc)..H,O (0.07 g; 0.35 mmol) was added
drop-wise into an 8 mL butanolic solution of H,L' (0.106 g; 0.35 mmol) and
triethylamine (50 pL; 0.35 mmol). The resulting green solution was stirred for 4
hrs at room temperature. After that, the volume of the reaction mixture was
reduced to 6 mL by evaporating in vacuo. It was then left for slow evaporation
after filtration. Finally, after two weeks, dark green square-shaped crystals were
obtained. Crystals were collected by separation followed by washing with diethyl
ether. Anal. Calcd (%) for C7gHgsCl12CugN12024: C, 39.36; H, 3.56; N, 7.06.
Found (%): C, 39.34; H, 3.58; N, 7.05; FTIR (v in cm™): 3310-3165 {uN-H,0-H
(s); 2980-2810 {vC-H, (m)}; 1600-1528 {vC=C and vC=0 (s)}; 1470-1360
{vC=0 (s)} 1340-990 {vC-N, C-O (s)}; 780-670 { vC-Cl, (d)} (figure 2B.1).
Yield 75%

2B.2.4 Preparation of solutions for photophysical studies

To record UV-Vis spectra, 1.0 mM solution (working solution) was prepared by
dissolving 0.002 mmol of complex 3 (4.76 mg) in 2 mL of MeOH. 20 pL of the
working solution was diluted up to 2 mL by the solvent to get 10 uM solution and

UV-Vis spectra of the resultant solution were recorded.

A similar procedure was followed for the preparation of the solution of
nitro aromatics according to the experimental requirement. Furthermore, the
concentration of complex sometimes selectively has chosen according to the
experimental requirement during PL spectroscopy.

2B.2.5 Fluorescence titrations

20 uL of stock solution (as prepared above) of complex 3 was taken in a cuvette
followed by the addition of 2.98 mL of solvent to obtain a 10 uM resultant
solution. Nitro aromatic solution (5 mM) of 2.0-20 uL. was then mixed with each
10 uM complex solution. Reasonable spectral change in the fluorimeter was
recorded for every single experiment within a short time window (<1 min). It
shows that quenching in fluorescence intensity proportionally with the increase of

nitro aromatic concentration at room temperature.
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2B.2.6 Limit of detection for picric acid
To calculate the LOD value, Eqgn. (i) given as per the following is used [45].
Detection limit (DL) =3.30/k ...... (1)

Where o is the standard deviation (Sg) of complex 3, and k denoted the slope,
obtained from the plot of PL intensity changes versus the concentration of picric
acid. The fluorescence intensity of the solution of 3 was recorded several times to

calculate the standerd deviation.
2B.3 Results and discussion

2B.3.1 Synthesis and Characterization

Upon reaction of (H.L') with Cu(OAc),.H,O in n-butanol a green-colored
solution was obtained which upon further concentration furnished green square-
shaped crystals of [Cu(HL.")]s (3) (scheme 2B.1.).

Cl ol
a OH H
N
N

Ligand H,L!

Cu(OAc),. H,0

NEt; Stir at r.t.
n BuOH 4 hrs

Cl

c a /@Cl
HO nN__N
% O\/ 0//(0} /lg
N// a Cu\\Nj
(0]
aub | b L
O/Cll/ O\ / cl
{07, i
NWKXQ OH (1

Complex - 3

Scheme 2B.1. Synthesis of Complexes 3.

Complex 3 has been characterized by singly crystal X-ray crystallography and
elemental analysis. The bands appeared in the region of 1530-1610 cm™ and

1370-1450 cm™ in the FTIR spectra of the complex suggest the presence of
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antisymmetric and symmetric vibrations of the bridging carboxylate group of the
ligand (figure 2B.1).
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Figure 2B.1. FTIR spectrum of 3.
2B.3.2 Investigation on the mechanistic pathway of ligand transformation

The synthesis reaction was monitored through ESI-MS spectrometry in thirty
mins of the interval, to get a better understanding about the ligand transformation

in the presence of copper acetate (figure 2B.2).
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Scheme 2B.2. Mechanistic pathway for the formation of complex-3.
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Figure 2B.2. ESI-MS spectrum in MeOH for complex-3 reaction

intermediates

Some intermediate fragments have been identified and given in scheme 2B.2.
However, it is very difficult to propose the complete mechanism from this data

and further detailed investigation is required for that.
2B.3.3 Structural description of the complex (3)

With the help of single-crystal X-ray crystallographic techniques, the solid-state
structure of the complex has been confirmed. The ball and stick structural
presentation of the crystal is shown in figure 2B.3 and refinement parameters are
described in Table 2B.1 and the selected bond angles and distances are described

in Table 2B.2. Complex 3 crystallizes in trigonal space group R-3.

Figure 2B.3. The solid state crystal structure of complex 3, hydrogen atoms are

omitted for clarity
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The crystallographic data revealed that six Cu?* ions are present in the
macrocyclic compound. The deprotonated ligand (HL.") links between two Cu(ll)
centers through the carboxylate and imidazolidine bridge. The two nitrogen
atoms of the imidazolidine ring are coordinated with two different Cu(ll) ions.
The ligand bridges between two Cu(ll) ions by two different oxygen atoms of the

carboxylate group.

The transformed deprotonated ligand coordinates hexadentately, and
forms four chelate rings (one six-membered and three five-membered). All the
Cu(ll) ions in this complex are shows the distorted octahedral geometry around it
and formed a cavity. The diameter of the cavity is 8.299 A (figure 2B.4A).

Table 2B. 2. Selected bond lengths (A) and bond angles (°) for 3.

Complex 3
Cu(1)-0(1) 1.890(11)
Cu(1)-N(1) 2.019(7)
Cu(1)-N(2) 2.092(7)
Cu(1)-0(2) 1.917(10)
Cu(1)-0(3) 2.289(8)
Cu(1)-0(4) 2.421(14)

O(1)-Cu(1)-0(2) 174.8(4)
O(1)-Cu(1)-N(1) 94.8(4)
0(2)-Cu(1)-N(1) 84.6(3)
O(1)-Cu(1)-N(2) 89.4(4)
0(2)-Cu(1)-N(2) 91.8(4)
O(4)-Cu(1)-N(2) 81.1(6)
0(1)-Cu(1)-0(3) 96.2(4)
N(1)-Cu(1)-N(2) 171.6(4)
O(4)-Cu(1)-N(1) 104.2(6)
O(1)-Cu(1)-O(4) 109.6(8)
0(2)-Cu(1)-0(3) 89.0(4)
O(1)-Cu(1)-O(4) 65.7(8)
0(3)-Cu(1)-N(1) 94.5(3)
0(3)-Cu(1)-N(2) 77.8(3)
0(3)-Cu(1)-O(4) 146.3(7)

The cooperative hydrogen bonding interactions of the ligand is pivotal for the
formation of self-assemble extended structure of the macrocycles. In this

structure, macrocycles are stacked in alternating a-b-c fashion. They form 24
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hydrogen bonds per macrocycle (four per ligand) with its six neighboring units

within the structure (figure 2B.4).

Figure 2B.4. Top view of (A) space-filling model, (B) polyhedral model and (C)
2D- packing structure.

The powder X-ray diffraction (PXRD) pattern of complex 3 is
similar to the simulated pattern of the crystallographic data, which confirms the
bulk synthesis of the complex 3 (figure 2B.5).
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Figure 2B.5. Powder X-ray diffraction pattern for complex 3.
2B.3.4. Electronic spectra

A broad band at 640 nm corresponds to the d-d absorption, indicates the
octahedral geometry of the complex 3 (figure 2B.6) [46]. Internal transitions of

the ligand are responsible for the shoulders at 395 and 285 nm.
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Figure 2B.6. UV-Vis spectra in MeOH of Complexes 3.

2B.3.5. Photophysical studies

The solvatochromic properties of complex 3 with known common solvents have

been tested at room temperature.

In MeOH, complex 3 shows luminescent

properties. The fluorescence spectrum of complex 3 in methanol exhibits strong
transitions at 400 and 425 nm with a shoulder peak at 448 nm (figure 2B.7A).
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Figure 2B.7. Fluorescence spectra of complex 3 (10 uM) (A) in the presence of

different solvent (B) in the presence of (0.1 mM) nitroaromatics in H,O solvent.
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Figure 2B.8. The luminescence quenching efficiencies of 3 in the presence of

other analytes.
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PA, 4-nitrotoluene (4-NT), 2,4-dinitrophenol (2,4-DNP), 2,4-
dinitrotoluene (2,4-DNT), 4-nitrophenol (4-NP), nitrobenzene (NB) were selected
to explore the sensing ability of complex 3. First, the fluorescence emission of the
complex 3 was measured in the MeOH with the addition of other analytes to
better grasp the capability of the complex to detect the nitroaromatics. Upon the
addition of ten equivalents of PA, the fluorescence intensity of 3 was quenched
~97% (figure 2B.7B). In the following order, PA > 2,4-DNP > 4-NP > 2,4-DNT
> 4-NT > NB, the other analytes are found to have much lower quenching
efficiency than the PA (figure 2B.8). The fluorescence intensity of the methanolic
solution of 3 is got interestingly affected in different ways by different aromatic

compounds depending on the electronic factor.

When analytes such as 2,4-DNT, NB and 4-NT were added, the fluorescence
intensity of solution of 3 remains almost unchanged, but there was a notable
quenching of fluorescence intensity was observed upon the addition of
nitrophenols. Among nitrophenols, the PA shows drastic quenching efficiency

than others.
2B.3.6. Calculation of quenching efficiency and detection limit

To measure the luminescence guenching efficiency of 3, a series of emission
spectra are recorded with the increasing concentration of PA (figure 2B.9a). The
Stern-Volmer (S-V) equation (K [Q] + 1 = Io¢/l) was used to calculate the
quenching efficiency. Where K, is the quenching constant (M™), Q is the
guencher concentration, lp and I are the fluorescence intensity in the absence and

presence of the quencher respectively [16, 47].

K for PA is calculated from the linear fitting of the plot is 9.8 x 10* M, which
illustrates the high quenching capability of 3 towards the PA (figure 2B.9). To
examine the sensitivity of 3, the fluorescence quenching experiment was carried

out at a low concentration of PA.
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Table 2B. 3 Comparison of the detection of PA by luminescent [Cu(HL)]s (3)
with the other reported data

S. material Ko (M7 detection limit reference
No.
1 Zn-TDPAT MOF NA 4x10"M 48
2 Cd-NDC MOF 3.5 x 10 NA 49
3 Zr-MOF 5.8 x 10 NA 50
4 [CA(NDC)(H20)], 2.385 x 10" 4x10°M 51
5 | {[Cds(L)a(Ly)3(H20),].8D | 3.84 x 10* 8.6x10°M 52
MF.8H,0},
6 ZnyL2(NOs),and 1.52 x 10°and | 6.38 x 10 M and 37
AgsLo(BF4), 1.01 x 10° 6.72x 10" M
7 Cu(ll)-MOF 1.3x10° 2.7%x10°M 53
8 | Cu(ll)-(HBU-166) MOF 7.3 x 10" 3.19x 10° M 54
9 | [Cu(Biphen)(Meim)(H,0)] | 3.49 x 10* 14 x 10° M 44
10 [Cu(HLN]6 9.8 x 10* 3x10°M This work

The standard formula (3S/k) was used for the calculation of the detection limit
(LOD) value. Where S is the standard deviation obtained by the fluorescence
intensity of the 3 and k (slope) is derived from the fluorescence intensity versus
concentration of PA [55]. The calculated LOD value for the detection of PA by
complex 3 is found to be 3.02 uM indicating the high selectivity and sensitivity.
The standard deviation for complex 3 is 4%.
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Figure 2B.9. Fluorescence titration of 3 (10 uM) with PA (0.1 mM) and linear
fitting for calculation of quenching constant.
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Figure 2B.10. Relation of fluorescence intensity against PA added into the
solution of 3 and their linear fit curve for the estimation of LOD.

2B.4. Conclusions

An unprecedented organic transformation of the ligand system leads to the
formation of one hexanuclear copper complex 3. The synthesized complex 3 was
characterized by single crystal X-ray crystallography, powder X-ray diffraction
and FTIR techniques. The methanolic solution of complex 3 is fluorescent in
nature which selectively detects the picric acid among the various nitro-
aromatics. It shows ~97% quenching in fluorescence with quenching constant of
9.8 x 10* M™. The detection limit towards picric acid is 3.02 pM, which shows
better turn-off fluorescence quenching than some earlier report.
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Binuclear Cu(ll) complexes as the efficient
Photocatalyst for Benzyl alcohol oxidation
and in-situ N-alkylation of aromatic amines

3.1 Introduction

N-alkylamines have found wide applications in pharmaceuticals, biologically
active compounds, agrochemicals, and as a potential ligand for catalysis [1-4].
Traditionally, N-alkylated aliphatic or aromatic amines are obtained by C-N bond
coupling reactions [5]. Alkylation of amines with an alkyl halide or reductive
amination of carbonyl compounds in presence of amines with suitable reducing
agents is also employed to obtain N-alkylated amines [6-9]. However, these
reactions are stoichiometric in nature with drawbacks like the generation of a
large amount of waste and side products and the toxicity of the reactants.
Transition metal-based catalytic methods like hydroamination and
hydroaminomethylation reactions are other important methodologies adopted for
such synthesis. Hydrogen auto-transfer or borrowing hydrogen reaction is an
atom-efficient and greener approach for the synthesis of N-alkylated amines by
using alcohols as an inexpensive and green alkylating reagent in presence of
different transition metal ions [10]. Direct N-alkylation of amines with primary
alcohols through hydrogen auto-transfer reaction has been explored with rhodium
[11-13], iridium [14-17], ruthenium [18-21], osmium [22] metal-containing
catalysts. Due to the ecological and economic benefits, it is desirable to use cheap
metal-based catalysts in organic synthesis. In this regard, manganese [23-24],
iron [25-28], cobalt [29-31], nickel [32-35], and earth-abundant copper [36, 37]
based catalysts are also reported for such reactions. This methodology is treated
as an environmentally friendly process as the water gets generated as the only by-
product. However, in all cases, high temperature is a pre-requirement for

effective conversion.

Interestingly despite considerable advancement in this field of formation of N-
alkyl amine, no visible light-mediated photo-catalysis for such a reaction is
reported. Herein, the synthesis and characterization of two dimeric copper

complexes which can effectively catalyze the formation of N-alkyl amine from

103



Chapter 3

aromatic amines and benzyl alcohol when activated with visible light without the
application of any heat energy from an external source in presence of TEMPO is
reported and discussed.

As per the literature report oxidation of alcohols is an important step to
initiate the borrowing hydrogen reactions. Among the various catalytic activities,
aerobic oxidation of primary alcohol is an important sub-class of catalytic
reaction in terms of an industrial as well as a biological viewpoint [38]. In
biological systems, the oxidation of alcohols gets catalyzed by various enzymes
like galactose oxidase or alcohol dehydrogenase. Zn(ll) and Cu(ll) ions are
present in alcohol dehydrogenase and galactose oxidase enzymes respectively,
facilitates the catalytic reactions. Two histidine nitrogen atoms (His496 and
His581), two tyrosine oxygen atoms (Tyr272 and Tyr495), and a labile water
molecule (pH 7) surround the copper(ll) ion in the active center of galactose
oxidase to form a distorted square pyramidal geometry. At lower pH (~3.5),
acetate group sometimes replaces the water [39]. These natural enzymes provides
idea how to develop a greener catalytic systems based on bio-inspired perception.
It is also evident from the fact that a N/O donor environment for copper ion can
provide an ideal environment to shuttle between Cu(ll) and Cu(l) state to act as

an oxidation catalyst.
3.2 Experimental section

3.2.1 Materials and methods

All the chemical reagents required were purchased from Sigma and used
without further purification. The specifications of all the instruments used for
analysis purposes were the same as described in section 2A.2.1 of the previous

chapter 2A. The synthesis of ligands H,LYL is described in section 2A.2.3 of the
previous chapter 2A.

3.2.2 X-ray crystallography

Single crystal X-ray structural studies of 4 and 5 were performed following a
similar protocol as mentioned in section 2A.2.2 of previous chapter 2A. The
crystal and refinement data are summarized in Table 3.1
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Table 3. 1. Crystallographic data and structure refinement parameters for 4, and
5.

Complex 4 5
Empirical Formula C15H20CIl,CuN,0, C13H17BryCuN3zO5
Formula weight 426.77 g/mol 518.66 g/mol
Crystal system Monoclinic Monoclinic
Space group P121/n1 P121/n1

a(A) 10.4399(4) 8.1936(19)
b (A) 14.9215(5) 11.490(2)
c(A) 11.5303(5) 17.350(3)
a(®) 90 90
B () 102.329(13) 96.244(8)
v (®) 90 90
S) 1754.75(12) 1623.7(6)
L (A) 0.71073 0.71073
Pealed (9 CM™) 1.615 2.122
Z 2 2
T (K) 148(2) 273(2)
i (mm™) 1.571 6.297
F(000) 876 1020
Crystal size (mm?®) 0.04 x 0.06 x 0.10 0.10x0.12 x0.18
0 ranges (°) 2.27 t0 28.30 2.95 t0 29.65
h/k/l -13,13/-19,19/-15,15 -11,11/-15,15/-24,24
Reflections collected 35789 28374
Independent reflections 4353 4571
Toax and T 0.9400 and 0.8590 0.5720 and 0.3970
Data/restraints/parameters 4353/0/219 4571 /11220
Goodness-of-fit 1.065 1.045
Final R indices R1=0.0428, wR2 = 0.0828| R1=0.0297, wR2 =0.0714
[1>26(D)]
R indices (all data) R1=0.0888, wR2 = 0.1059| R1 =0.0374, wR2 = 0.0757
Largest (pe%\ks‘)amd hole 0.560 and -0.512 0.880 and -0.874
e

3.2.3 Synthesis of 2,4-dibromo-6-((4-(2-hydroxyethyl) piperazin-1-yl)methyl)
phenol (H,L?)

The ligand H,L? was synthesized by following the same procedure as the
synthesis of H,L*, by using 2,4-di-bromophenol instead of 2,4-dichlorophenol,
which is described in section 2.2.3 of the previous chapter 2. The ligand H,L?
was furnished as orange semiliquid with a 72% of yield. *H NMR (400.13 MHz,
298K, CDCls): 6 7.18 (1H, s, ArH), 6.81 (1H, s, ArH), 5.23 (1H, s, ArOH), 3.63
(2H, s, -NCH-Ar), 3.57 (2H, t, -CH,0H), 2.57 (8H, s, -piperazine ring), 2.52 (2H,
t, -NCH,), ppm; *C NMR (100.61 MHz, 298 K, CDCls): 5 152.5 (C of ArOH),
128.8 (CH of Ar), 126.8 (CH of Ar), 123.6 (C of ArCHy), 123.1 (C of ArBr),
121.4 (C of ArBr), 60.7 (C of —=NCH,), 59.2 (C of —CH,OH) , 57.7 (CH, of —
NCH>Ar), 52.5 (CH, of —piperazine ring), 52.2 (CH; of —piperazine ring) ppm
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(figure 3.1). Anal. Calcd (%) for Cyi3H1gBroN2O,: C, 39.62; H, 4.60; N, 7.11.
Found (%): C, 39.64; H, 4.63; N, 7.10. FTIR (in KBr v in cm*): 35003100 {vO-
H, (s)}; 3000-2820 {vC-H, (m)}; 1120-1010 {vC-N,C-0 (m)}; 900-850 { vC-Cl,
(s)}. ESI-MS in HPLC MeOH (m/z): [M + H]" 394.99 (100%) (figure 3.2).

3.2.4 Synthesis of [Cu(HL")(OAC)] (4)

A solution of H,L* (0.152 g; 0.5 mmol), triethylamine (70 pL; 0.5 mmol) and
Cu(OAC)2.H,0 (0.1 g; 0.5 mmol) in dichloromethane (20 mL) was stirred at
room temperature for 4 hrs; the resulting green solution was concentrated up to 4-
5 mL by evaporating the solvents in vacuum (scheme 1). The concentrated
mixture was filtered and layered with acetonitrile (3 mL) and then left for slow
diffusion. Finally, after three days, dark green square-shaped crystals suitable for
diffraction were obtained from the reaction mixture. Crystals were collected by
filtration and washed with diethyl ether. Anal. Calcd (%) for C3oH4oCl4Cu;N4Os:
C, 42.11; H, 4.72; N, 6.56. Found (%): C, 42.37; H, 4.73; N, 6.60; FTIR (in KBr
v in cm—1): 3670-3050 {vN-H,0-H (s); 3000-2810 {vC-H, (m)}; 1735-1500
{vC=0 (m)}; 1150-990 {vC-N,C-O (s)}; 835-750 { vC-Cl, (s)} (figure 3.3). ESI-
MS [C3oH40Cl4Cu,N4Og] (m/z) calculated — 852.05 (m); obtained — 438.20 [M +
Na + H]** (figure 3.4).Yield 78%

3.2.5 Synthesis of [Cu(HL?)(NO3)]2 (5)
8 mL of methanolic solution of Cu(NO3)2.3H20 (0.12 g, 0.5 mmol) was added

dropwise to a 10 mL solution of H,L2 (0.197 g, 0.5 mmol) and triethylamine (70
uL; 0.5 mmol) and the resultant mixture was stirred at room temp for 3 hr and
then the solution was concentrated by evaporating the solvent up to 4 mL. The
concentrated reaction mixture was left for slow evaporation after filtration with
filter paper. After 2-3 days, bluish-green square-shaped crystals were obtained
from the reaction mixture which is suitable for diffraction. Anal. Calcd. (%):
C,6H34Br,Cu,NgO4; C, 30.11; H, 3.30; N, 8.10. Found (%): C, 30.16; H, 3.34; N,

8.08. Selected IR in KBr (v/em™): 1588 (—C=N), 1450 (NO3") (figure 3.3).
[C6H34Br,Cuy,NgO;0] (M/z) calculated — 1037.29 (M); obtained — 1056.742
(M+H,0+H)" (figure 3.4). Yield: 80%
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3.2.6 Selective oxidation and hydrogen auto-transfer reaction of 1° alcohols

by Cu(ll) complexes

All the photocatalytic activities of complexes 4 and 5 were also studied following

a similar procedure as described in section 2A.2.6 of previous chapter 2A.
3.2.7 Detection of hydrogen peroxide in the catalytic reactions

Modification of the iodometric method as described in section 2A.2.7 of chapter

2A, is employed to detect H,O, during the catalytic reaction.
3.3 Results and discussion
3.3.1 Syntheses of the ligands and complexes

The ligands H,L1 and H,L2 are obtained by simple mannich reaction using

previously reported methodology describe in an earlier chapter with sufficient

purity and yield. H,L2 is synthesized according to scheme 3.1.

(o)

OH N/\,OH
BFQ + HN\f/ + HJLH

Br

. . f Ideh
2,4-dibromophenol 2-(piperazin-1-yl)ethanol ormaldehyde

4 mmol 4 mmol 6 mmol

Refl ight
eflux overnig 25 ml EtOH
under N, atmosphere

Br

BrQOH
NfN_\»OH

Molecular Weight: 394.102
Colourless semi solid

Scheme 3.1. Synthesis of ligand HaL?.

Ligand (H,L? has been characterized by *H and **C NMR and ESI-MS
spectroscopy. The ligand has shown all the characteristic peaks in *H NMR and
3¢ NMR (figure 3.1). The molecular peak was observed at 394.995 [M+ H]" in
the ESI-MS spectrum (figure 3.2).
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Figure 3.1. *H and **C NMR of H,L?.
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Figure 3.2. ESI- MS spectrum of H,L2.

Ligand H,LL was used without further purification in the synthesis of bi-

nuclear copper(ll) complex 4. Complex 4 is synthesized according to scheme 3.2.

HO
a e

o Cu(OAc),.H,0 < \\E / ol
-V = Cl u
oH NEt; DCM o0
NI Stir at r.t. O0—_
N=CN"_oH 4 hrs Cl /C“\o Cl
iGN
i\/ _\—OH

Scheme 3.2. Formation of binuclear metal complex 4.
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We have tried many times for the synthesis of binuclear Cu(Il) complex with
acetate co-ligand system by using ligand H,L? and Cu(OAc),.H,0, but we are
unsuccess to synthesized. After that, we got a diffractable green square-shaped
single crystal of binuclear Cu(ll) complex [Cu(HL?)(NOs)], (5) by reacting
ligand H,L? and Cu(NO3),.3H,0 salt in methanol (scheme 3.3). Afterward, we
have also try to synthesize the binuclear Cu(ll) complex by using

Cu(NO3),.3H,0 with H,L*, but we again unsuccess to find any single crystal.

HO\\\
N
O:N\’_O\\%
N
Br Br O\C
~
Br on __om CuNOyIMO  Br N 0 Br
N%N NEt;, MeOH VOB

Stir at r.t. &\ 0= N\
H,L? 4 hrs \/ \\\OH

Scheme 3.3. Formation of binuclear metal complex 5.

Both complexes have been characterized by ESI-MS spectroscopy, elemental
analysis, and singly crystal X- ray crystallography. IR spectra of complex 4 have
shown metal carboxylate starching bands around 1421 and 1627 cm™ due to the
symmetric and asymmetric stretching. Whereas, in the case of complex 5, the

band appears around 1400-1480 indicating the presence of nitrate ion (figure 3.3).

3000 2500 2000 1500 1000
N N N L

Comp-4

m— COMP-5

Transmitance (%)

3000 2500 2000 1500 1000
Wavenumber (cm’l)

Figure 3.3. FTIR spectrum of 4 and 5. (top to bottom)

The ESI-Mass spectra of compound 4 and 5 show the molecular ion peak at
438.20 [M + Na + H]*" and 1056.742 [M + H,0 + H]*, respectively (figure 3.4).
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Figure 3.4. ESI- MS spectrum of 4 and 5. (top to bottom)

The electronic spectra of ligands H,L* and H,L? and complexes 4 and 5 (figure
3.5) have been studied in the solution state using CH;OH as solvent. The
solutions of ligands and complexes in methanol exhibit absorption in 270-690 nm
ranges [HoL'and H,L?: 290 nm; 4: 287, 424, 660 nm; 5: 291, 433, 660 nm]. The
transition around 600-700 nm corresponds to a d-d transition of copper (1)
moiety and band around 420 nm for intramolecular LMCT transition [26]. In the
case of complexes 4 and 5, d-d transitions are observed at about 660 nm which

indicates hexacoordinated structures around the central atom [27, 28].
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Figure 3. 5. UV-Vis Spectra of ligands H,L*, H,L?, complex-4 and complex-5.
3.3.2. Electrochemistry

Upon oxidation of the ligand, an anodic peak at Epa = +0.55 V was observed,
showing the oxidation of the phenol [40]. Whereas, the case of complexes shows
anodic peaks around Ep, = +1.10 V along with cathodic peaks around Ep. =
+0.739 V, revealing a quasi-reversible behavior of the complex due to the

oxidation of phenolate ion to phenoxyl moiety (figure 3.6). Irreversible cathodic
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peak is observed in the negative potential for both of the complexes at Epa = -
1.06 V and Epa = -1.05 respectively, which indicates the reduction of Cu (Il) to
Cu(l) [41].

uuuuuu

T
—HL

current (A)
Current (A)

Current (pA)
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Potential 1 (V) vs Ag/AgCI Potential I (V) vs Ag/AgCI Potential (V) vs Ag/AgCI

Figure 3.6. Cyclic voltammograms of (1.0 x 10 M) solution of (a) Ligand, H,L?
and (b) complexes 4 and 5 in CH,CI, containing 0.1 M BusNPFg as the
supporting electrolyte. The data were recorded at a scan speed of 100 mV s at
25 °C.

3.3.3. Crystal structure of complex 4 and 5

Table 3. 2. Selected bond lengths (A) and bond angles (°) for 4, and 5

Complex 4 5
Cu(1)-0(2) 1.943(2) 1.944(2)
Cu(1)-N(2) 2.020(3) 2.019(2)
Cu(1)-N(2) 2.066(3) 2.028(2)
Cu(1)-0(2) 1.9472) |
Cu(1)-0(3) 2.719 2.023(2)
Cu()-o(4) | e 2.564
0(1)-Cu(1)-0(2) 91.90(10) | .
O(1)-Cu(1)-N(2) 92.52(10) 93.29(8)
0O(2)-Cu(1)-N(2) 164.74(10) | e
0O(1)-Cu(1)-N(2) 165.28(10) 167.06(8)
0(2)-Cu(1)-N(2) 100.06(11) | e
N(1)-Cu(1)-N(2) 73.76(11) 74.15(9)
0O(1)-Cu(1)-0(1) 84.96(9) 83.18(7)
0(2)-Cu(1)-0(1) 92.86(9) | e
N(1)-Cu(1)-0(1) 102.07(9) 97.70(7)
N(2)-Cu(1)-0(1) 102.81(9) 101.29(8)
O(1)-Cu(1)-0(3) | e 92. 95(8)
N(1)-Cu(1)-0(3) | e 160.83(8)
O(3)-Cu(1)-N(2 | e, 98.04(8)
O(3)-Cu(1)-0(1) | e 101.03(7)

The crystal structure of these two binuclear complexes shows the Cu (1) center

having distorted octahedral geometry. In both complexes, the major coordination
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bond lengths between Cu atom and N/O-donor centers are within the range of
1.943(2) to 2.386(2) A (Table 3.2), which matches perfectly with the earlier report
[42.] However, few exceptions are found in the form of Cu(1)-O(3) in complex 4
and Cu(1)-O(4) in complex 5, which are mainly caused by Jahn-Teller distortion

as mentioned in the previous report [43-45].

Complexes 4 and 5 are crystalized in the space group P 1 21/n 1. The central
metal atom is coordinated to the tridentate Mannich base ligands HL' and HL? in
which the phenoxide oxygen act as a bridging between two metal center and two
oxygen of acetate and nitrate group is also bound with the metal atom in the
complex 4 and 5 respectively (figure 3.7). In the complex 4, N, N, O donor sites
of Schiff base HL' and one O donor site of acetate group are on the equatorial
face of distorted octahedral geometry while O donor site from phenoxide group of
other Schiff base HL' ligand and one O donor site of acetate group are on the
axial position of distorted octahedral geometry. The piperazinyl ring takes the

boat confirmation.

Figure 3.7. The solid-state crystal structure for (a) complex 4 (b) complex 5
3.3.4. Photocatalytic oxidation of benzyl alcohols

Initially, we started to investigate the photocatalytic oxidation of benzyl alcohol
by homogeneous binuclear Cu?* complex 4 in different solvents as shown in
Table 3.3. Under visible light irradiation (by 12 watts of the LEDs), the reaction
mixture in the presence of air was stirred for 3 h at room temperature, and the
catalyst in dichloromethane (DCM) brings out 97% conversion of benzyl alcohol
with a selectivity of 98% in favor of benzaldehyde, (entries 1). Furthermore,
changing the solvent from DCM to polar solvents like DMF or DMSO resulted in
90 and 92% conversion, respectively with high selectivity (> 95%) (entries 6 and
7).
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R R
\©\/ Cat (Cu-3), TEMPO \©\/
> 0)
OH White light LEDs, Air -

1 2

Table 3.3. Photocatalytic Oxidation of Benzyl Alcohol by complex-4/Solvent?

Entry | Solvent Time | Conversion | Selectivity | Yield | TON

e M| e | |
1 DCM 3 97 98 95 190
2° DCM 3 95 98 93 186
3° DCM 3 94 97 91 182
4% | DCM 3 97 98 95 190
5° DCM 3 74 96 71 142
6 DMF 3 90 96 87 174
7 DMSO 3 92 95 86 172
8 ACN 3 90 88 79 158
9 Toluene 3 95 88 83 166
10 Acetone 3 87 90 78 156

General reaction conditions: benzyl alcohol (1 mmol), complex-4 (0.5 mol%),
TEMPO (2 mol%), solution volume (1 mL), light intensity (12 Watt LED bulb,
400—800 nm wavelength range), room temperature (~25 °C), Stir. bCompIex-S.
“light intensity (9 Watt LED bulb). %light intensity (15 Watt LED bulb). without
TEMPO.

When acetonitrile or toluene was used in place of DCM, we observed
more than 90% conversion of benzyl alcohol but the selectivity is less (88%)
towards the benzaldehyde (entries 8 and 9). Furthermore when acetone was used
then the conversion of benzyl alcohol goes down to 87% with a selectivity of
90% (entry 10). The complex 5 afforded 95% conversion with 98% of selectivity
(entry 2). In the absence of light irradiation or TEMPO, no conversion of benzyl
alcohol was observed. Similarly, the photocatalytic oxidation reaction was also
not observed in the absence of the Cu complex. Upon irradiation with low-
intensity visible light (9 Watt), a decrease in yields of benzaldehyde was
observed (entry 3) but with higher intensity (15 Watt), the yield percentage does
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not increase with respect to the standard intensity (12 Watts) which has been

utilized in general.

After screening of the solvent, the scope of this photocatalytic oxidation of

benzyl alcohol was further extended to a variety of substituted benzyl alcohols

with 4 as a catalyst by using dichloromethane as a solvent to study the

substitution effects (Table 3.4). 4-bromo and 4-methyl benzyl alcohol showed

94% conversion with 99% selectivity which is higher than the other substituents

after 3 h of stirring of the reaction mixture.

Table 3.4. Percentage conversion of substituted benzyl alcohol by the

homogeneous catalysts.

Entry Substrates Conversion [%] Product Selectivity [%]
Com-4/Com-5 Com-4/Com-5
1 ©/\OH 97/95 ©Ao 94/94
2 /©/\OH 98/95 /@Ao 99/99
Cl Cl
3 /@Aou 99/96 /@Ao 99/99
4 99/96 @Ao 99/99
o
5 /©/\0H 81/75 /@Ao 99/99
6 /@AOH 67/64 /@Ao 99/99
\O \O
7 20/18 /@AO 99/99

General reaction conditions: benzyl alcohol (1 mmol), catalyst (0.5 mol%),
TEMPO (2 mol%), DCM (ImL), light intensity (12 Watt LED bulb, 400—800 nm

wavelength range), room temperature (~25 °C), stir for 1h.
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It has been observed that these photocatalytic reactions follow a regular trend
according to the electronic properties of the functional group which is attached to
the benzyl alcohol. The conversion of benzyl alcohol to benzaldehyde was found
to be decreasing with decreased electron density at the benzene ring. The
presence of a strong electron-withdrawing group such as the nitro group resulted
in lower conversion in respective of other electron-donating groups such as
chloro, bromo, methyl, or methoxy groups. 4-bromo and 4-methyl substituted
benzyl alcohol showed a better conversion rate than other substituted benzyl
alcohol such as 4-chloro, 4-methoxy, 4-fluoro, or 4-nitro and as well as benzyl

alcohol.
3.3.5. Mechanism for Photocatalytic Oxidation

The plausible simplified mechanism based on ESI-MS data for the oxidation of
benzyl alcohol by complex 4 is depicted in scheme 3.4. The reaction begins with
the binding of benzyl alcohol to complex A through an unshared pair of electron;
forming B. TEMPO is converted into TEMPOH by the abstraction of hydrogen
from benzyl alcohol to form an intermediate C. In the presence of visible light,
the phenoxide ion gets oxidized to phenoxyl radical by donating a single electron
to Cu(ll) which gets reduced to Cu(l) and then generates the species D by
releasing the acetate ion, which gives the desired product benzaldehyde. After
that, the intermediate D gets converted into E. ESI-MS spectrometry of the
reaction mixture reveals a molecular ion peak at 571.18, 499.12 and 416.30
indicating the formation of intermediate B, C and E respectively (figure 3.8).
TEMPO is regenerated from TEMPOH which leads to the formation of Cu(ll)
complex (A) by the oxidation of Cu(l) species in the presence of molecular

oxygen under visible light irradiation.
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Figure 3.8. ESI-MS Spectrum in MeOH of the photocatalytic alcohol oxidation

reaction intermediates.

3.3.6. Catalytic activity for the Borrowing hydrogen reaction

After having optimized the reaction condition for the oxidation of benzyl alcohols

to benzaldehydes, the N-alkylation reaction was explored by adding aniline along

with benzyl alcohol in the same reaction condition. The formation of benzyl-
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phenyl-amine is recorded in good yield. The scope of the reaction was extended
further with various substituted benzyl alcohols (1a-f) using aniline 3 for the N-
alkylation reaction (Table 3.5). 4-chlorobenzyl alcohol afforded the desired
product 4b with 88% and 84% vyields in the presence of complex 4 and 5
respectively, which is higher than any other substituents. After that, the reaction
was further extended by increasing the scope using several substituted anilines
(3a-d) along with benzyl alcohol (1a) (Table 3.6). In this series, P-toluidine
afforded a higher yield than the other substituted reactants. This result indicates
the rate of formation of the phenoxyl radical intermediates increases with
increased electron density on the benzene ring. The electron-withdrawing
substituents decrease the stability of the radical intermediate by decreasing the

electron density of the ring.

Table 3.5. Substrate scope for the N-alkylation of aniline with substituted

benzyl alcohols

OH
/@2 . @NHZ Cat(Cu-3), TEMPO N/©
R 12W White LEDs /g H

1 (a-f) 3 0,, 3hrs. 4 (a-f)

N N N

o8 - - )
Cl H,C

4a 4 3 4c

b
83 % 88 % 85 %

J J J

N N N
Br MeO O,N
4d 4e 4f
85 % 35 % 10 %

Scope of Benzyl alcohols. Reaction conditions: Benzyl alcohol (1 mmol), Aniline
(2 mmol), catalyst 4 (0.5 mol%), TEMPO (2 mol%), DCM (1mL), O, atmosphere
(balloon pressure), light intensity (12 Watt LED bulb, 400—800 nm wavelength
range), room temperature (~25 °C), stir for 3h.
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Table 3.6. Substrate scope for the N-alkylation of substituted anilines with

benzyl alcohol

cliion

3 (b-e)

Cat TEMPO
12W White LEDs
0,, 3 hrs

o

5 (b-e)

or

N

oR
5b

85 % o

£y on
O
5d
42%

PR

I

a”
N

5¢
64 %

N

Se

20 %

Scope of Anilines. Reaction conditions: Benzyl alcohol (1 mmol), Aniline (1
mmol), catalyst 4 (0.5 mol%), TEMPO (2 mol%), DCM (1mL), O, atmosphere
(balloon pressure), light intensity (12 Watt LED bulb, 400—800 nm wavelength

range), room temperature (~25 °C), stir for 3h.
3.3.7. Mechanism for Photocatalytic N-alkylation Reaction

To determine the prospective mechanistic pathway for N-alkylation of aromatic
amine reaction several interesting observations were taken into account with
complex 4, which establishes the active role of the presence/absence of certain
reactants in the process. First and foremost, the catalyst remains ineffective in
absence of exposure to light confirming the role of visible light in the catalytic
procedure. Furthermore, we found that the reaction cannot proceed without the
presence of TEMPO, confirming its vital role in the whole process. In addition to
that during the reaction, no generation of hydrogen peroxide was detected and it
has been found that the reaction can proceed even in an inert atmosphere (without
the presence of molecular oxygen). This factor indicates that aerial oxygen is not

involved at least directly in the whole procedure.

Based on the above facts and the ESI-MS analysis done during the reaction
process a plausible mechanism is proposed herewith. The reaction gets initiated
by the binding of the benzyl alcohol to one of the copper centers in complex I,
forming an intermediate I1. In this process, the acetate ion attached to the same

Cu(ll) center might become monodentate from chelating bidentate coordination.
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Scheme 3.5. Proposed Mechanism for the Photocatalytic Borrowing Hydrogen

Reaction.

After that TEMPO abstracts the alcoholic hydrogen to get self-converted into
TEMPOH and forms intermediate state 111 which is observable in the ESI-MS at
499.12. Interestingly the ESI-MS data show peaks around 571.18 indicating the
formation of an aggregation similar to 1. In the next step upon irradiation with
visible light, the negative charge on the phenoxide ion donates a single electron
to Cu(ll) to convert it into a Cu(l) species and itself gets transformed into a
phenoxyl radical giving a transition state 1V. Subsequently the phenoxyl radical
abstracts a benzylic proton converting it into benzaldehyde V. In presence of
aniline the aldehyde gets converted into a corresponding Schiff base generating
complex VI completing the C-N coupling which might get assisted in the
presence of metal ion. The presence of the corresponding metal complex can be
observed in ESI-MS at 539.16 (figure 3.9). In the final step the hydrogens
borrowed by TEMPO and phenoxyl ligand are given back to the Schiff base
moiety to generate N-alkylated aromatic amine and the original complex gets
generated completing the catalytic cycle. The uniqueness of the process here is
that unlike in other hydrogen borrowing scheme where metal ion borrows the

hydrogen; here the phenoxide ligand and TEMPO does the same under the
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influence of photon-assisted electron transition. It is also important to note that
the ESI-MS peaks corresponding to the free Schiff base and N-alkyl amine are
observed at 182.09 and 184.12 at the time interval of 60 minutes and 120 minutes

after the initiation of the reaction (figure 3.10).

Intens. 'm chem SM-RR-PR-71B_RB7_01_6870.d: +MS, 0.2min #11
2000 o 2 “
1500
1000
500
492.2297 518.2396
| l bl | ‘ H M | J H L i
0 |!| PR AR T e re Y T n AT ll.‘u‘u. Labalo Luiit aias TR TN I Y
490 500 510 520 530 540 550 560 570 580 m/z

Figure 3.9. ESI-MS Spectrum in MeOH of the borrowing hydrogen reaction

intermediates.
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Furthermore, DFT calculation is taken up to elucidate the proposed photocatalytic
coupling mechanism (scheme 3). The active catalyst is complex ‘I’, in which
both the copper are present in a +2 oxidation state. According to the reaction free
energy profile diagram (scheme 3), the free energy of (cat I + BnOH + TEMPO)
is higher than the free energy of (intermediate-11 + TEMPO), so the first step is
energetically favorable; whereas, 28.7 kcal/mol energy are required for the
progress of the reaction from stage-11 to stage-I11, which may be provided by the
visible light irradiation. The energy of intermediate ‘III” is higher than the energy
of intermediate ‘V’, so this step is also energetically favorable. 41.80 Kcal/mol
and 50.00 kcal/mol of energy are required to further proceed with the reaction in
the consecutive fourth and fifth steps, which might be again provided by visible
light. The free energy of (VII + TEMPOH) is higher than the energy of (cat | +
TEMPO + product), therefore we can expect the last step of the catalytic cycle is
energetically favorable. At last, the intermediate VII can be converted easily to
produce the active catalyst | for the re-initiation of the next cycle with the release

of the valuable C-N coupling product.
3.3.8. Detection of hydrogen peroxide during catalysis

The predominant band in UV-vis data for oxidation of alcohol to aldehyde at 286
nm is the combination of I3” and benzaldehyde and the band at 349 nm for I3’
(figure 3.11). Hence, all the above experiments hereby support the radical
mechanism pathways for catalysis. Interestingly the borrowing hydrogen reaction
mixture not shown any absorption band of 13" ruling out the possibility of the

generation of H,0,.
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Figure 3.11. UV-Vis spectra for Detection of hydrogen peroxide in the catalytic

reaction.
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3.3.9. Recyclability and reusability of Catalyst

Photocatalysts 4 and 5 have been tested for recyclability and reusability with N-
alkylation as well as benzyl alcohol oxidation reaction. The catalyst can be
recovered almost quantitatively from the reaction mixture by column filtration.
The molecular structure of the catalyst remains almost intact as can be seen from
the PXRD pattern before and after the reaction (figure 3.12) The recovered
catalyst-4 can be utilized for four cycles without much decrement of its activity
(figure 3.13) or significant change in PXRD, IR and LCMS pattern (figure 3.14
and 3.15).
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Figure 3.12. Powder X-ray diffraction patterns for complex 4.
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Figure 3.13. Recyclability of the complex 4. The blue and green bar indicates the
yield of benzaldehyde and N-benzylamine in the presence of a catalyst for a

separate run, respectively.
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Figure 3.15. ESI-MS Spectra in MeOH for complex 4 (A) synthesized and (B)

recovered from catalytic reaction.
3.4. Conclusions

In summary, two new binuclear Cu(ll) [CuHL'(OAc)], and [CUHL?3(NO3)],
photocatalyst, which was effective in N-alkylation of aromatic amines under
visible light irradiation with no application of other sources of energy in presence
of TEMPO have been synthesized and characterized. The phenoxyl radical of the
ligand is generated by the transfer of an electron to the copper center and
TEMPO plays important roles by abstracting hydrogen from the substrate and
acting as the borrower of hydrogen instead of metal ions as per all the literature
reports so far. Furthermore, the catalysts can also oxidize benzyl alcohol in
presence of oxygen to selectively produce only benzaldehyde with a percentage
conversion of 97 and 95% for complex 4 and 5 respectively in 3 h in the presence
of visible light. The flexidentate acetate group attached to the central copper ion

might be responsible for the better catalytic activity of complex 4. The
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synthesized catalysts survived many cycles of reuse without significant loss of

catalytic activity.
3.5 Declaration:

This chapter is adapted from Dalton Trans., 2022, 51, 13288-13300. (DOI:
10.1039/D2DT01771G)
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Employing Cu(II) complexes of N,O-donor
ligand for catalysis in visible light driven
cleavage of lignin C-C bonds

4.1 Introduction
Lignocellulosic biomass is a significant renewable feedstock for the fabrication
of valuable chemicals and petrochemicals that could reduce dependence on
fossil-based resources [1]. It is a heterogeneous aromatic biopolymer of three
phenyl propane units, namely coniferyl (G), p-coumaryl (H) and sinapyl (S) units
[2-4]. The aromatic units of lignocellulose can be converted into valuable
chemicals and high-grade fuels, which can solve the present concerns regarding
the limited fossil fuel resources [5,6].

The phenyl propane units of the lignin biopolymer are linked by various
C-C and C-O bonds, including p-1, B-O-4, 4-O-5, B-B, 5-5', a-1 and so on [2-4,7].
The B-O-4 linkage contributes around 40% to 64% of all the bonds present in
lignin [5, 8, 9]. Therefore, the breaking of the B-O-4 bonds are producing low
molecular weight aromatic chemicals. The oxidative cleavage of C-O or C-C
bonds can cause the depolymerization of B-O-4 linkages. At present, researchers
are focusing on the depolymerization of lignin through the C-O bonds cleavage
[10-16]. The selective cleavage of stable inter-unit C—C bonds is challenging for
researchers [2, 17]. Therefore, to selectively break the C—C bonds of lignin, an
efficient catalytic system should be developed. CuCl with pyridine can catalyze
the oxidative cleavage of C—C bond [18]. From the green chemistry point of
view, the copper-catalyzed aerobic oxidative depolymerization of lignin in water
solvent in the absence of any bases or acids is better than the use of harmful
organic solvents [19-21]. Phenols are readily oxidized or repolymerized under
oxidative conditions, resulting in undesired products [22]. Previously researchers
have reported the poor yields of phenols by oxidative cleavage of lignin models
[23-25]. Thus, the oxidative cleaving of lignin under mild ambient conditions
could maximize the yield of desired monomers. Changzhou Chen and co-workers
reported a photocatalytic degradation of the lignin model compound (2-
phenoxyacetophenone) by using Ni/TiO,/DMF affording phenol almost
quantitatively [26]. So far, only a few reports have been published in which
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photocatalytic degradation of lignin is pursued [27-29].

In continuation to the effort to extend the photocatalysis by
copper(l) complexes in the realm of organic transformation, degradation of
lignin by cleaving the B-O-4 linkage has been taken up and hereby a flexible
ligand viz. Synthesis of 2-(((3-(dimethylamino)-2,2-dimethylpropyl)imino)
(phenyl)methyl)phenol (HL®) is employed to synthesize binuclear copper(ll)
complexes [Cu(L*)CI], (6) and [Cu(L*)(N3s)]. (7) to act as catalysts for such
conversions. In the presence of visible light, it has found that the complexes 6
and 7 can selectively cleave the C-C bonds of lignin model substrates into

corresponding phenols and benzoic acids under mild conditions in the water.

4.2 Experimental Section
4.2.1 Materials and methods

All the chemical reagents required were purchased from sigma and used
without further purification. The specifications of all the instruments used for
analysis purposes were the same as described in section 2A.2.1 of the previous
chapter 2A.

4.2.2 X-ray crystallography
Single crystal X-ray structural studies of 6 and 7 were performed following a
similar protocol as mentioned in section 2A.2.2 of previous chapter 2A. The

crystal refinement data are summarized in Table 4.1.
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Table 4. 1. Crystallographic data and structure refinement parameters for 6, and

7.

Complex 6 7
Empirical Formula C4oHs50oCl,Cu,N4O, C4oH50CU,N1905
Formula weight 816.82 g/mol 830.00 g/mol
Crystal system orthorhombic Monoclinic

Space group Pca2l P 21/n
a (A 18.723(5) 13.1604(6)
b (A) 8.784(2) 12.1030(4)
c(A) 23.229(5) 13.4284(7)
o (°) 90 90
B () 90 111.818(6)
Y (®) 90 90
V (RS 3820.3(16) 1985.67(17)
L (A) 0.71073 0.71073
pcalcd (g cm™) 1.420 6.247
Z 4 4
T(K) 100(2) 273(2)
u (mm™) 1.293 1.119
F(000) 1704 868

Crystal size (mm®)

0.08 x 0.08 x 0.10

0.40 x 0.20 x 0.08

0 ranges (°) 2.18t0 27.16 6.42 t0 58.22
h/k/l -24,24/-11,11/-29,29 -16,16/-13,13/-17,17
Reflections collected 58107 15422
Independent reflections 8429 4694

Tmax and Tmin

0.904 and 0.882

0.764 and 0.639

Data/restraints/ 8429 /0 /460 4694 /0/109
parameters
Goodness-of-fit 1.055 1.973

Final R indices

R1=0.0247, wR2 =

R1=0.1022, wR2 =

[1>26(D)] 0.0640 0.2861
R indices (all data) R1=0.0281, wR2 = R1=0.1250, wR2 =
0.0652 0.03062
0.314 and -0.438 2.94 and -2.02

Largest peak and hole (e
A%
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4.2.3 Synthesis of 2-(((3-(dimethylamino)-2,2-dimethylpropyl)imino)(phenyl)
methyl)phenol (HL®)
A mixture of 2-hydroxy-benzophenone (1.19 g, 6 mmol) and N,N,2,2-

tetramethyl-propane diamine (0.78 g, 6 mmol) was refluxed in 20 mL of ethanol
for 3 hrs and then allowed to cool up to room temperature. After that, the solvent
was removed under vacuo to obtain viscous yellowish oil (1.85 g, 6 mmol, yield
94 %). This oil was utilized without any further purification. *H NMR (500 MHz,
298 K, CDCl3): 6 7.51 (3H, d, ArH), 7.28 (1H, t, ArH), 7.20 (2H, d, ArH), 7.00
(1H, d, ArH), 6.80 (1H, d, ArH), 6.64 (1H, t, ArH), 3.19 (2H, s, =NCH,-), 2.30
(6H, s, -N(CHs)y), 2.26 (2H, s, N-CH,-C), 0.96 (6H, s, C-C(CHs),-C) ppm; **C
NMR (100.61 MHz, 298 K, CDCl3): 6 174.19 (C of (Ar),C=N), 164.19 (C of
ArOH), 133.98 (C of Ar-C), 132.46 (C of Ar), 131.41 (C of Ar), 128.96 (C of
Ar), 128.70 (C of Ar), 127.41 (C of Ar), 119.63 (C of Ar-C), 118.21 (C of Ar),
116.91 (C of Ar), 68.25 (C of C-N-C) , 59.91 (C of C-N=C), 48.81 (C of
N(CHs3),), 36.99 (C of C-C(CHj3),-C) and 24.62 (C of C(CHz3),) ppm (figure 4.2).
Anal. Calcd (%) for CyoH26N20: 77.38 for C; 8.44 for H; 9.02 for N. Found 77.34
for C; 8.50 for H; 9.03 for N. FTIR in KBr (v in cm™): 3690-3010 {vO-H, (m)};
29802725 {vC-H, (m)}; 1750-1525 {vC=N, C=C (m)}; 1350-1235 {vC-N,C-O
(m)};. ESI-MS (HPLC MeOH) (m/z): 311.215 (100%) [M+H]" (figure 4.3).

4.2.4 Synthesis of complex [Cu(L®)Cl]. (6)
A 10 mL acetonitrile solution of HL® (0.186 g; 0.6 mmol) and

triethylamine (85 puL; 0.6 mmol) was taken and it was followed by the dropwise
addition of 10 mL acetonitrile solution of CuCl,.2H,0 (0.102 g; 0.6 mmol). The
resulting green solution, after 4 hrs of stirring, was concentrated up to 4-5 mL by
evaporation under vacuo. After filtration, the concentrated reaction mixture was
left for slow evaporation. After four or five days, green square-shaped crystals
are obtained. Filtration and diethyl ether washing were used to collect the
crystals. ESI-MS [C4oH50CloCu,N4O, + Na]™ 839.175 (figure 4.4); Anal. Calcd.
(%) for C4oHsoCl.Cu,N4O,: 58.81 for C; 6.17 for H; 6.86 for N. Found (%): 58.76
for C; 6.14 for H; 6.80 for N; FTIR in KBr (v in cm™): 3100-2800 {vC-H, (m)};
1750-1480 {vC=N, C=C (m)}; 1350-1105 {vC-N,C-O (m)} (figure 4.5). Yield
5%

4.2.5 Synthesis of complex [Cu(L%)(N3)]2 (7)
A binuclear complex 7 was prepared by refluxing the reaction mixture of
0.222 g (0.6 mmol) Cu(ClO4),.6H,0, 0.186 g (0.6 mmol) HL? and triethylamine
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(85 uL; 0.6 mmol) followed by addition of 0.040 g (0.6 mmol) of sodium azide in
25 mL of methanol. A crystalline green precipitate appears after 4 hrs then the
reaction was stopped and allowed to cool up to room temperature and filtered.The
suitable single crystals for X-ray diffraction were obtained by the diffusion of
MeOH into the solution of DMF after 7-8 days. ESI-MS [C4oHs0CuzN100, — N3]*
789.215 (figure 4.4). Anal. Calcd (%) for C4oHs0Cu2N100; : 57.88 for C; 6.07 for
H; 16.88 for N. Found (%): 57.85 for C; 6.06 for H; 16.89 for N; FTIR in KBr (v
in cm™1): 3030-2800 {vC-H, (M)}; 2080-2000 {vN=N, (s)}; 1750-1485 {vC=N,
C=C (m)}; 1350-1100 {vC-N,C-O (m)} (figure 4.5). Yield 72%

4.2.6 Synthesis of $-O-4 model compounds

B-O-4 model compounds are synthesized by previously reported
procedures [30]. The synthesized compounds were analyzed by LCMS (figure
4.1).
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Figure 4.1. ESI-MS Spectra in MeOH for Substituted 2-Phenoxy-1-

phenylethanone substrates.

4.2.7 Authentic lignin extraction Procedure
Lignin was extracted from natural biomass resources by a previously reported

method [31]. The purity of the compound was confirmed using two-dimensional
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heteronuclear single quantum coherence nuclear magnetic resonance (HSQC)
NMR. As reported earlier they have correlated the subunits of extracted lignin
from the data obtained by HSQC NMR [32, 33].

4.2.8 General procedure for the photocatalytic cleavage reaction

4.2.8.1 Procedure for the model compounds cleavage reaction
All the photocatalytic activities of complexes 6 and 7 were also studied following
a similar procedure as described in section 2A.2.6 of previous chapter 2A.

4.2.8.2 Degradation Procedure for authentic lignin material.

The degradation of authentic lignin was performed in a 25 mL round bottom flask
by taking 0.1 g of extracted lignin sample (from pineapple stem), catalyst (40 mg,
0.05 mmol), and H,O (15 mL) as the solvent. The reaction mixture was stirred at
room temp in air for 8 hrs in the presence of 12 watts of visible light LEDs. After
the reaction, the residue was analyzed through two-dimensional HSQC NMR and
HPLC.

4.3 Results and discussion

4.3.1 Syntheses of the ligands and complexes
The ligand (HL®) was synthesized by using a conventional Schiff base
condensation method in ethanol (scheme 4.1).

(0]

A

N,N,2,2-Tetramethyl-

2-Hydroxybenzophenone 1,3-propanediamine

EtOH Reflux at 70°C
4h

Scheme 4.1. Synthesis of Ligand

The compound (HL® was obtained with a good yield and further
characterized by mass spectrometry and *H, **C NMR spectroscopy (figure 4.2).
The molecular ion peak of the ligand was obtained at 311.21 [M + H]" (figure
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4.3). The bands at 3490 cm™ and 1605 cm™ in the FTIR spectrum of the ligand
indicate the presence of phenolic -OH and C=N, which is in analog with

previously reported similar compounds [34].
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Figure 4.3. ESI-MS spectrum of HL®.

A mixture of metal salt precursors with ligand and triethylamine, upon

stirring/refluxing for 4 hours furnished the desired binuclear metal complexes 6

and 7 according to scheme 4.2.
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L
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Complex-6

Complex-7

Scheme 4.2. Synthesis of Complexes.

The obtained green-colored compounds were characterized using elemental
analysis, FTIR, mass spectrometry, SCXRD and PXRD. Molecular ion peak [M
+ Na]* for complex 6 and [M — 2(N3)]** for complex 7 was obtained at 839.175
and 789.218, respectively (figure 4.4). Both the metal complexes have shown the
shifting of C=N from 1605 to 1650 cm™. The stretching frequency at 2048 cm™

indicates the presence of N=N bonds of the azide group in the case of complex 7

(figure 4.5).
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Figure 4.4. ESI-MS Spectra in ACN for [A] complex 6 and [B] complex 7.
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Figure 4.5. FTIR Spectra for complex 6 and complex 7.

4.3.2 Description of Crystal Structures of Complexes 6 and 7.
The single crystal X-ray crystallographic technique was used to determine
the solid-state structures of both metal complexes. Figure 4.6(a) and 4.6(b)

represent the distorted square pyramidal structure of the copper complexes.

Figure. 4.6. The solid-state crystal structure for (a) complex 6 (b) complex 7,
Hydrogen atoms are omitted for clarity.

Table 4.2 represents the selected bond distances and angles. Complex 6
and 7 are crystallizes in orthorhombic space group Pca2l and monoclinic space
group p-2 1/n, respectively. Both structures show binuclear complex formation in
which the copper ions are found to be penta-coordinated. Ligand bounded
tetradentedly with copper ions by two O- and two N-donor sites in both
complexes 6 and 7. The Cu(ll) ions are bounded with one CI" and one N3 ion in
the case of complex 6 and 7 respectively. The calculated T values for compound 6
are 0.40 and 0.42 for two metal centers indicating the distorted square-pyramidal
geometry. In complex 7 the T value is 0.295 also indicates the distorted square-
pyramidal geometry.
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Table 4. 2. Selected bond lengths (A) and bond angles (°) for 6 and 7.

Complex 6 Complex 7
Cul-01 1.943(2) Cul-01 1.950(2)
Cul-02 2.257(2) Cul-O1 2.350(3)
Cul-N1 2.034(3) Cul-N1 2.021(4)
Cul-N2 2.053(2) Cul-N2 2.080(3)
Cul-Cl1 2.3014(11) Cul-N3 1.978(3)
Cu2-02 1.944(2) N3-N4 1.194(2)
Cu2-01 2.254(2) N4-N5 1.153(2)
Cu2-N3 2.034(3)
Cu2-N4 2.054(2)
Cu2-CI2 2.2997(11)
O1-Cul-N1 86.11(10) 0O1-Cul-01 83.04(12)
O1-Cul-N2 178.88(10) 01-Cul-N1 87.97(11)
N1-Cul-N2 93.17(10) 0O1-Cul-N2 178.07(13)
0O1-Cul-02 83.57(8) 0O1-Cul-N3 90.29(12)
N1-Cul-O2 90.56(10) N1-Cul-N2 93.17(12)
N2-Cul-02 95.58(9) N1-Cul-N3 160.32(14)
O1-Cul-Cl1 87.56(7) N2-Cul-N3 88.11(11)
N1-Cul-Cl1 153.44(8) N3-N4-N5 177.34(12)
N2-Cul-Cl1 93.46(8)
02-Cul-Cl1 114.32(7)
02-Cu2-N3 86.10(10)
02-Cu2-N4 179.17(10)
N3-Cu2-N4 93.19(10)
02-Cu2-01 83.64(8)
N3-Cu2-01 90.28(10)
N4-Cu2-01 95.93(9)
02-Cu2-CI2 87.23(7)
N3-Cu2-Cl2 154.73(8)
N4-Cu2-Cl2 93.60(8)
0O1-Cu2-CI2 113.15(7)

4.3.3. Electrochemistry

Upon oxidation of the Schiff-base ligand (HL®) a prominent oxidation

peak at +1.30 V and another at +1.65 V was observed, which suggests the

irreversible oxidation behavior of the ligand. Among the complexes, upon

142




Chapter 4

oxidation a reversible oxidation peak at +0.55 V is found in the case of complex
6, whereas complex 7 shows an irreversible oxidation peak at +0.86 V, both
indicate that the generation of phenoxyl radical from phenoxide ion.[35] Apart
from that the Cu(l1)/Cu(l) redox couple peaks are observed in the cases of both
the complexes. Complex 6 has shown a stronger reduction peak for the reduction
of Cu(ll) to Cu(l) at (Ey, = -0.86 V) whereas in the case of complex 7 we got the
reduction peak at (Ey» =-1.18 V) (figure 4.7).
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Figure 4.7. Cyclic voltammograms of (1.0 x 10™ M) solution of (a) Ligand, HL®
and (b) complexes 6 and 7 in CH,CI, containing 0.1 M BusNPFg as the
supporting electrolyte. The data were recorded at a scan speed of 100 mV s™ at
25 °C.

4.3.4 Electronic spectra

Acetonitrile was used to record the electronic spectra of complexes 6 and
7. A broad peak arises at 510 nm for the d-d absorption band in the cases of both
complexes, which indicates the square pyramidal geometry (figure 4.8) [36]. The
band around 390 nm arises due to the ligand to metal charge transfer (LMCT)
transition. Bands observed below 360 nm are due to internal transitions of the

ligand.
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Figure 4.8. UV-Vis spectra in dichloromethane for ligand and complexes.
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4.3.5 Photocatalytic cleavage of model compounds

Under visible light irradiation, both complexes were investigated for their
ability to catalyze the oxidative cleavage of the lignin p-O-4 model compound, 2-
phenoxy-1-phenylethanone (1a). The cleavage of lignin into phenols and
carboxylic acids is an important reaction in organic and biochemistry because of

the significant nature of such a depolymerization reaction.

0 Catalyst
0 H,O 0]
IV‘\ 2 OH \?
O - d @ O i
e

1a Visible nght

Table 4.3. Photocatalytic degradation of 2-phenoxy acetophenone by complex
6/H,0/base?

Entry Base Conversion Selectivity [%] Yield [%] TON

No [%] b c d b c (Y
1 none 85 50 50 None 85 85 113
2° none 40 50 50 None 40 40 53
3 KOH 92 50 25 25 92 46 122
4 NaOH 90 50 30 20 90 54 120
5 Na,COs 90 50 35 15 90 63 120
6 Cs,CO3 90 50 35 15 90 63 120
7 K,CO3 90 50 30 20 90 54 120

“General reaction conditions: Substrate (0.1 mmol), catalyst complex 6 (5
mol%), Base (0.2 mmol), solvent volume (2 mL), light intensity (12 Watt white
LED bulb, 400—800 nm wavelength range), room temperature (~25 °C), Stir for
3h. bstirring.

The photocatalytic ability of lignin degradation by the prepared copper
complexes was verified in the presence of visible light. Both compounds have
shown promising ability towards the depolymerization of B-O-4 bond. To
optimize the reaction conditions, 2-phenoxy-1-phenylethanone has been chosen
as the model substrate and the degradation reaction was studied in different
reaction conditions by using different bases for better reactivity as per Table 4.3.
The reaction was executed upon visible light irradiation (12 watts of the LEDs)
for 3 h at room temperature in air. Complex 6 with H,O as a solvent in the

presence of two equivalents of KOH afforded 92% degradation of the model
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substrate (entry 3). In the presence of other bases like NaOH, Na,CO3, Cs,CO3
and K,COg the reaction afforded 90% degradation product, but the selectivity
towards the valuable phenol product is low (entry 4, 5, 6 and 7 respectively). In
the absence of base, we got 85% degradation product with an equal selectivity
towards benzoic acid as well as phenol, which is best with respect to other
reaction conditions (entry 1). The degradation of model substrate was observed
only up to 40% after 3 hrs, without irradiation of visible light (entry 2). The
photocatalytic degradation reaction does not proceed in the absence of Cu
complex.

Table 4.4. Percentage conversion of substituted 2-phenoxy acetophenone by

catalysts 6 and 7.

Entry Substrates Conversion Products
No [%] (selectivity %)
Cat-6 Cat-7
0 0 ©0H
o
Moot cEEC I N &
(50)
(50)
i o s Q Cl OH
2 (D)‘V f:LC, 93 88 ©)L°” .
(50) (50)
Q o 9 Q—OH
M eas cUIC NN e ot
(50) (50)
i o {Bu 2 tBu—QOH
(50) (50)
0 o tBu 0 QOH
s 0L s e O
(50) (50)

“General reaction conditions: Substrate (0.1 mmol), catalyst (5 mol%), H,O (2
mL), light intensity (12 Watt white LED bulb, 400—800 nm wavelength range),
room temperature (~25 °C), Stir for 3h.
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The optimized reaction conditions was further extended with other p-O-4
linkage containing substrates by catalysts 6 and 7, using H,O as a solvent to
investigate the substitution effects (Table 4.4).

The photocatalytic reaction results a general trend according to the
electronic influence of the phenoxyl moiety. The conversion of the substrate
increases with increasing electron density at the phenoxyl moiety. When the
strong electron-donating group, such as chloro, is present, it affords higher
conversion than the other similar groups, such as methyl or ‘Bu. In the presence
of photocatalyst 6, chloro- substituent afforded 93% conversion, whereas

photocatalyst 7 afforded 88% conversion.

4.3.6 Kinetic study of the degradation raeaction

The degradation of a model substrate at different time intervals is shown
in figure 4.9a. The Langmuir-Hinshelwood kinetic model equation was used to
estimate the kinetic model of photocatalytic reaction.

In(Co/Cy) = kt

Where Cy and C; are the percentage amount of the reactant at t = 0 and t
minutes of the reaction, k is the slop of the linear curve and it represents the rate
constant of the reaction.

According to Langmuir-Hinshelwood kinetic model, the

photocatalytic cleavage reaction follows the pseudo-first-order reaction kinetics
(figure 4.9b) [37].

—a— Reactant ( b)

—e— Products 08
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Figure 4.9. (a) Percentage amount of reactant and products at different time
intervals (b) plot of In(Cy/C;) versus time (minutes) showing the kinetics of

photocatalytic cleavage reaction.

4.3.7 Mechanistic study of the degradation reaction of the model substrate
To know the plausible reaction pathway I have done some control

experiments. The involvement of molecular oxygen was checked by using the
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nitrogen atmosphere instead of air as it is interesting to observe that in the
absence of oxygen there is no conversion occurred (scheme 4.3). Only 20% of
conversion was observed in the case of 2-hydroxyacetophenone instead of the
model substrate, whereas no conversion was observed in the case of benzil in the
standard reaction conditions (scheme 4.3). These results suggest that 2-Hydroxy-
I-phenylethanone or benzil does not form as an intermediate during the cleavage

reaction.

[0}
©)K/ Catalyst 1, H,0 OH
1
Air,Visible L!ght O
20% Conversion Room temp., 3 hrs
0}

Catalyst-1 H2O
©)LOH No Reaction ~ (2)
A1r Visible Light

Room temp., 3 hrs

Scheme 4.3. Control experiments for the possible intermediates

In order to know the possibility of generation of free radical during the
cleavage of the model substrate, TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy)
is used as a radical scavenger. The yields of the products b and c considerably get
reduced from 85% to 43% and 30%, in the presence of 0.5 and 1 equivalent of
TEMPO respectively (Table 4.5). The significant inhibition of the reaction in the
presence of a free radical scavenger, suggests that the C-C bond cleavage reaction
occurs through a free radical pathway.

Table 4.5. Oxidative cleavage of lignin model substrate by complex-6 in the
presence of TEMPO.

Substrate Quantity Conversion Yield (%)
equiv.
(equiv.) (%) . -
o None 85 85 85
o
O 0.5 43 43 43
1.0 30 30 30

The NMR analysis has been used as a tool to elucidate the formation of
benzoic acid and formic acid during the degradation of the model substrate. In the
absence of base, we got the *3C peaks for formic acid, benzoic acid and phenol at
171.48 (C of HCOOH), 164.87(carboxylic carbon of benzoic acid) and 155.81
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(a—C of phenol) ppm, respectively (figure 4.10). There were no additional
products detected, which indicates that intermediates like benzaldehyde or
formaldehyde get oxidized in the course of the B-O-4 cleavage reaction in the

presence of air and water.

| i) | L ":

Figure 4.10. NMR Spectra of degraded product of model substrate 2-Phenoxy-1-
phenylethanone in CDCl; (400.13 MHz, 298K): *H NMR and *C NMR.

On the basis of the above observation and UV-Vis, CV and ESI-MS
study, a simplified probable mechanism for C-C cleavage reaction is proposed
which is depicted in scheme 4.4. At the beginning of the reaction, model
substrate approaches the complex in enol form and binds to the Cu center with an
unshared electrons pair of the oxygen and forms the intermediate ‘B’ by releasing
HCI. As per UV-Vis and cyclic voltammetry data analysis, phenoxide ion getting
oxidized by visible light into phenoxyl radical by providing a single electron to
the Cu(ll) which is reduced to Cu(l) species ‘C’ [35]. The reduced Cu(l) species
can produce the superoxide by providing a single electron to the molecular
oxygen from Cu(l), and itself getting oxidized into Cu(ll), forming intermediate
‘D’ [38]. Afterward the superoxide ion attacks on the double bond of substrate
forming the intermediate ‘E’, which gives the benzoate and phenyl formate
intermediates, with the formation of species ‘F’, through rearrangement and
donating a single electron to the Cu(ll) [38, 39]. Subsequently, phenyl formate
gets hydrolyzed by water and gives the products phenol and formic acid [39]. In
the final step, benzoate gives the product benzoic acid by accepting the H™ ion
from HCI, and species F regenerates the complex A by the concomitant
oxidation of Cu(l).

As support of the proposed mechanism, the mass spectrometric analysis
was performed. The result indicates that the intermediate ‘B’ and ‘D’ are formed
during the catalytic reaction. Molecular ion peaks at 1029.45 and 987.42 for [B +
K]" and D.
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1029.4578

I
5

Scheme 4.4. Proposed mechanism for the photocatalytic C-C cleavage reaction
by complex-6.

To investigate the proposed photocatalytic cleavage mechanism the DFT
calculations studies was carried out (scheme 4.5) to optimize the energy of
different intermediates and transition states. In the active catalyst complex ‘A’,
both the copper centers are present in ‘+2’ oxidation state. The reaction free
energy profile diagram (scheme 4.5) reveals that (B + HCI) has a lower free
energy than (cat A + substrate), making this step favorable. While the mechanism
requires 0.8 and 24 kcal/mol more energy in the second and third steps, this may
be supplied by visible light. The intermediate E has lower energy than (D +
superoxide), similarly (F + benzoate + phenyl formate) has lower free energy
than E, so the conversion of D to E and E to F is energetically favorable. The free
energy of active catalyst A is higher than the energy of (F + HCI). 34.5 kcal/mol
energy is required in the last step of the mechanism for the generation of active
catalyst A from the intermediate F, which can be achieved by the visible light, for

re-initiation of the next cycle.
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Scheme 4.5. Reaction free energy profile diagram of proposed mechanism for the
photocatalytic C-C cleavage reaction by complex 6.

4.3.8. Recyclability and reusability of catalyst
The catalyst was utilized for six consecutive cycles without much depreciation
of its catalytic activity (figure 4.11).

100 -
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Figure 4.11. Recyclability of the photocatalyst 6 and 7. The green and red bar
indicates the cleavage of model substrate in the presence of catalyst 6 & 7 at 3 h
for separate run, respectively.

After the reaction, both the catalysts can be recovered almost
quantitatively from the reaction mixture by filtration, the precipitate catalyst was
washed with dichloromethane followed by diethyl ether and dried in vacuum.
The PXRD pattern of the recovered and synthesized catalyst indicates the

molecular structure of the catalyst almost intact after the photocatalytic reaction
(figure 4.12).
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Figure 4.12. Powder X-ray diffraction patterns for (a) photocatalyst 6 and (b)
photocatalyst 7 before and after six catalytic cycles.

4.3.9 The degradation of authentic lignin feedstocks

The photocatalytic degradation results of the lignin model substrates by
synthesized catalysts encouraged further to apply it for the conversion of the
natural lignin. Cu(ll) complexes were used to degrade the lignocellulosic
feedstocks, viz. pineapple stem, with the optimized condition. The optimized
reaction condition was applied for the depolymerization of extracted lignin for 8
hrs. The aromatic aldehydes syringaldehyde and vanillin, as well as other
chemicals including syringic acid and vanillic acid, were produced by the

cleavage of pineapple lignin (figure 4.13).

Vanillic acid
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Figure 4.13. HPLC interpretation of degraded product of authentic pineapple
lignin.
The structural changes of extracted lignin from the pine apple and the

degraded products were explained using two-dimensional heteronuclear single
quantum coherence nuclear magnetic resonance (2D HSQC-NMR, figure 4.14).
In the aliphatic regions of the HSQC data of natural lignin (figure 4.14 (A) and
(B)), shows the presence of B-O-4 linkages (structure A of figure 4.14), B
(structure B of figure 4.14) and B-5 (structure C of figure 4.14) which upon
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depolymerization were disappeared, demonstrating that these bonds have been
successfully cleaved; whereas in the aromatic region (figure 4.14 (C) and (D)),
the signals of G and H peaks decreases and the signal corresponding to S’ appears
most prominently in the organic oil. According to the HSQC results, this catalytic

system degraded the pineapple lignin into benzylic ketone analogues.

@ g FVOGDCO;VI; . ® &>0Me
CVCDBV <V:>X2 __
B
U,
aX,(R) BX,(R)
cl 77T 1 (’D)“‘

Figure 4.14. 2D HSQC-NMR spectra of pineapple stem lignin sample before (A
and C) and after (B and D) reaction. Cross peaks are assigned according to the
previous literature.[32,33] Reaction conditions: 0.1 g extracted lignin, 0.05
mmol complex 6, H,O (15 mL) as the solvent, r.t. (~25°C), 12 Watt LEDs, 8 hrs.

4.4 Conclusions

In conclusion, two new binuclear Cu(ll) containing complexes viz.
[CuL(CD]2 (6) and [CuL(Ns)]> (7) have been synthesized which show square
pyramidal geometry around Cu. Both the complexes efficiently cleaved the lignin
model compound (2-phenoxy-1-phenylethanone) as well as authentic lignin
(extracted from pineapple stem) at room temperature and in presence of water as
a solvent in an environmentally friendly manner. Photocatalyst 6 shows 85%

conversion whereas photocatalyst 7 shows up to 79% conversion in 3 h. The
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synthesized catalysts have been used for six consecutive cycles without
significant decline of catalytic efficiency. A plausible mechanistic pathway for
cleavage reaction has been explored through ESI-MS spectrometry, cyclic
voltammetry, UV-vis and computational study. The mechanism follows radical
pathway which was supported by the observed slow reaction rate in the presence
of radical scavenger TEMPO. In the nitrogen atmosphere, no product was
observed which indicates that the molecular oxygen plays an important role in the
C-C bond cleavage reaction. Most importantly, the photocatalysts can cleave the
extracted lignocellulose sample into aromatic aldehydes and acids in a water

medium in the presence of visible light in 8 hrs of stirring at room temperature.

4.5 Declaration

This chapter is adapted from Molecular Catalysis, 2023, 537, 112947. (DOI:
10.1016/j.mcat2023.112947)
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base complexes: superior activity towards
degradation of lignin C=C bonds

5.1 Introduction

The selective oxidative cleavage of carbon-carbon double bonds is an
important reaction from the synthetic point of view which can play an important
role even to degrade polymeric complex compounds like lignin. Obtaining
smaller monomeric fragments from lignin, which can be used as alternative
sources of fuels in an environment-friendly method is one of the key topic of
research in recent past [1-3]. In last few decades, researchers have shown much
attention towards the oxidative cleavage of C=C bonds, and in the process they
have developed many protocols. Ozonolysis is a classical method for the
oxidative cleavage of olefins into aldehydes, ketones, and carboxylic acids [4, 5].
However as the reactivity, and toxicity of the ozone are high and it causes
pollution of the ground-level air, therefore it is considered as a dangerous reagent
and researchers have moved to find some alternative oxidants. The following
reagents have been developed as useful oxidants in recent past which can
selectively cleave the olefin bonds after oxidation, viz. Oxone, [6, 7] OsO4/NalO4
[8], H20, [9], m-CPBA [10], KMnQ, [11], etc. These oxidants have some
disadvantages, such as toxicity and the generation of oxidant waste. On the other
hand t-BuOOH is known as a photoactive oxidant and it provides free radicals in
the presence of light under mild conditions [12]. The photochemical reactions are
considered as environmentally friendly and greener approach. Visible light is an
economic and greener source of energy and has attracted much attention of the

researchers in last decades.

Vanillin is a natural product and one of the popular substances for
flavoring and it is used as an additive in the cosmetic, food, and pharmaceutical
industries [13]. However, approximately 98% of the total worldwide vanillin
production happens through artificially synthesis [14, 15]. Vanillin can be
synthesized by the oxidative cleavage of several chemical compounds such as

isoeugenol [16], guaiacol [17], ferulic acid [18-21], and lignin [14]. Ferulic acid
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is a highly abundant compound in the lignocellulosic biomass as pectin and lignin
in the cell walls of the seeds cover, flowers, grasses, leaves and stems [22, 23].
Therefore, this type of compound can work as a remarkable feedstock for the
production of valuable aromatic molecules through the environmentally friendly
process. Gonzalez et al. [24], and Flores et al. [20] reported in 2017 and 2018 a
Cu(Il) based metal-organic polyhedron and MOF respectively which are capable
to cleave the C=C bond of trans-ferulic acid in the presence of H,O, oxidant.
After that, in 2019 Lopez et al. [25] reported that Cu/TiO, can also cleaves the
carbon-carbon double bond of ferulic acid in the presence of light and oxidant
H,0,. However, in these cases the selectivity towards the vanillin is low and the

over-oxidized product vanillic acid is found as the major product.

Zeolites have a high surface area and also show excellent ion exchange
properties in the presence of light making them a good base for designing the
host-guest photo catalysts [26]. The recent reports on Cu(ll) photocatalysts
indicate that the N,O,-donor ligand system with the aromatic moiety can provide
an ideal environment to Cu to shuttle between the Cu(ll) and Cu(l) oxidation
state easily [27-29]. To provide an environment suitable photocatalysis, two
phenol-based ligand systems viz. 2-(((3-(dimethylamino)-2,2-dimethylpropyl)
imino)(phenyl)methyl) phenol [HL®] and 2-(((2-(methylamino)ethyl)imino)
(phenyl)methyl)phenol (HL?*) are designed to synthesize the following Cu(ll)
complexes viz. [CuL®(OAc)], (8) and [CuL*(OAc)], (9). Furthermore, as
heterogeneous system can have some added advantages over the homogeneous
system like thermal stability and reusability [30, 31]. The synthesized compounds
are encapsulated into the zeolite pore and to fabricate the heterogeneous systems
like [CuL}(OAc)@Y](10) and [CuL*(OAc)@Y] (11) to explore their

photocatalytic activity for lignin degradation.
5.2 Experimental Section

5.2.1 Materials and Instrumentation

Zeolite-Y having the chemical formula NasgAlsgSii4403g4 (Al/Si = 1/3)
was purchased from Sigma Aldrich, and used without purification. The
specifications of all the instruments used for analysis purposes were the same as

described in section 2A.2.1 of the previous chapter 2A.
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Table 5. 1. Crystallographic data and structure refinement parameters for 8, and

9.

Complex 8 9
Empirical Formula CuaH56CusN4Og C36H40CU>N4Og
Formula weight 864.03 g/mol 751.81 g/mol
Crystal system Monoclinic Monoclinic
Space group P 21/n P 21/n
a (A) 13.451(3) 11.942(7)
b (A) 11.382(2) 9.240(10)
c(A) 14.121(3) 17.719(16)
a(°) 90 90
B(°) 101.82(2) 103.22(7)°
v (°) 90 90
V (A% 2116.03(8) 1903.6(3)
L (A) 0.71073 0.71073
pcaled (g cm'3) 2.509 2.616
Z 4 4
T (K) 300(2) 300(3)
i (mm™) 7.435 2.326
F(000) 1541.1 1555.5
Crystal size (mm®) 0.080 x 0.060 x 0.080 0.40 x 0.30 x 0.08
0 ranges (°) 6.18 t0 58.16 5.78 t0 58.24
h/k/ -18,17/-15,14/-18,17 -15,15/-12,12/-22,22
Reflections collected 25735 13778
Independent reflections 5212 4572
Tmax and Tmin 0.9040 and 0.8820 0.764 and 0.639
Data/restraints/parameters 5212/0/113 4572 /0 /105
Goodness-of-fit 2.164 2.243
Final R indices R1=0.1038, wR2 = R1=0.1744, wR2 =
[1>20(1)] 0.3129 0.4108
R indices (all data) R1=0.1312, wR2 = R1=0.2197, wR2 =
0.3237 0.4480
Largest peak and hole (e A™) 4.01 and -2.20 5.16 and -4.63

Single crystal X-ray structural studies of 8 and 9 were performed following a
similar protocol as mentioned in section 2A.2.2 of previous chapter 2A.
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5.2.3 Synthesis of 2-(((2-(methylamino)ethyl)imino)(phenyl)methyl)phenol
(HL?)

The ligand HL* was synthesized by following the similar procedure as the
synthesis of HL3 by using N-Methylethylenediamine instead of N,N,2,2-
tetramethylpropanediamine, which is described in section 4.2.3 of the previous
chapter 4. The ligand HL* was furnished as a viscous orange oil (1.85 g, 6 mmol,
yield 93%)."H NMR (400.13 MHz, 298 K, CDCls): 6 7.56 (3H, d, ArH), 7.31
(3H, d, ArH), 6.88 (1H, d, ArH), 6.66 (2H, d, ArH), 3.35 (2H, t, =NCH,-), 3.18
(3H, s, N-CH3), 2.76 (2H, t, CH,-N-C), ppm (figure 5.1); *C NMR (100.61
MHz, 298 K, CDClg): 6 174.57.41 (C of Ar-C-Ar), 163.48 (C of Ar-OH), 133.73
(C of Ar), 132.83 (C of Ar), 131.47 (C of Ar), 129.59 (C of Ar), 129.24 (2C of
Ar), 127.76 (2C of Ar), 119.80 (C of Ar-C), 118.17 (C of Ar), 117.60 (C of Ar),
52.10 (C of C-N-C), 51.17 (C of C-N=C) and 36.24 (C of NH-CH3) (figure 5.1).
Anal. Calcd (%) for C16H1sN2O: C, 75.56; H, 7.13; N, 11.01. Found (%): C,
75.54; H, 7.12; N, 11.03. FTIR (v in cm™%): 3500-3100 {vO-H, (s)}; 3000-2725
{vC-H, (m)}; 1750-1525 {vC=N, C=C (m)}; 1350-1235 {vC-N,C-O (m)};
(figure 5.2). ESI-MS in HPLC MeOH (m/z): 255.15 (100%) [M+H]" (figure 5.3).

5.2.4 Preparation of homogeneous catalysts

5.2.4.1 Synthesis of complex [CuL*(OAc)], (8)

A 8 mL methanolic solution of Cu(OAc),.H,O (0.1 g; 0.5 mmol) was added
drop-wise to a 12 mL MeOH solution of HL® (0.155 g; 0.5 mmol) and tri-
ethylamine (70 pL; 0.5 mmol). The resulting green solution, after 4 hrs of
stirring, was reduced to 4 mL by evaporating the solvent in vacuo. The dark
green square-shaped crystals appeared after four days of slow evaporation of the
filtered concentrated reaction mixture. Crystals are collected by filtration
followed by washing with diethyl ether. ESI-MS [CasHssCusN4Og — 2(OAC)]**
372.129 (figure 5.4); Anal. Calcd (%) for C44Hs6CuaN4Og: C, 61.16; H, 6.53; N,
6.48. Found (%): C, 61.23; H, 6.49; N, 6.50; FTIR (in KBr v in cm™): 3030—
2830 {vC-H, (m)}; 1680-1510 {vC=0, C=N (s)}; 1470-1360 {vC=C (s)}; 1350-
980 {vC-N,C-O (m)}; (figure 5.5). Yield 75%

5.2.4.2 Synthesis of complex [CuL*(OAc)], (9)

The binuclear complex-9 was obtained following the same procedure as above by
using the ligand HL* in place of HL3. ESI-MS [C3sH40Cu,N4Os + K]* 791.225
(figure 5.4); Anal. Calcd (%) for C3sH40Cu2N4Og: C, 57.51; H, 5.36; N, 7.45.
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Found (%): C, 57.48; H, 5.40; N, 7.39; FTIR (in KBr v in cm™%): 3070-2830 {vC-
H, (m)}; 1720-1500 {vC=0, C=N (s)}; 1490-1370 {vC=C (s)}; 1360-990 {vC-
N,C-O (m)}; (figure 5.5). Yield 72%

5.2.5 Preparation of heterogeneous catalysts:
This is a two steps process as described below

A. Synthesis of Cu(ll)-exchanged zeolite, [Cu(11)@Y (OACc)]. The mixture
of Cu(OAc),.H,0 (200 mg, 1 mmol) and zeolite Y (1 gm) was refluxed at
100° C in 80 mL of water for 24 h with constant stirring. The pH of the
reaction mixture is maintained at 3.0-3.5, by using buffer tablets. This
slurry was filtered and washed with deionized water followed by the
Soxhlet extraction for 5 hrs with methanol and acetonitrile. After that, the
solid was kept at 200° C for 14 hrs in an oven for drying to get Cu-
exchanged zeolite [Cu(I1)@Y (OAC)] as a faint blue powder.

B. Synthesis of zeolite-Y  encapsulated  Cu(ll)  complexes,
[CUL3(OAC)@Y] (10) and [CuL*(OAc)@Y] (11): The metal ion
exchanged zeolites (Cu(1)@Y(OAc); 0.3 g) and ligand HL®/ HL* (0.2 g)
were refluxed separately in CH3CN for 24 hrs. Afther that, blue-violet
precipitate was obtained and filtered. The obtained precipitate was dired
after washing by Soxhlet extraction (MeOH, ACN and diethyl ether) to
eliminate the undesired species. The finally blue-violet powder of the
compounds [CUL3(OAc)@Y] (10) or [CuL*(OAc)@Y] (11) was obtained

after 24 hrs of oven dryness.

5.2.6 Procedure for the extraction of authentic lignin
Lignin was extracted and characterized by following the same procedure which

is described in section 4.2.7 in the previous chapter 4.

5.2.7 General procedure for the photocatalytic cleavage reaction

5.2.7.1 Procedure for the cleavage reaction of the model compounds.

All the photocatalytic activities of the complexes 8, 9, 10 and 11 were also
studied following a similar procedure as described in section 2A.2.6 of previous
chapter 2A.
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5.2.7.2 Procedure for the degradation of the authentic lignin material.

Oxidation experiments were performed in a 50 mL round bottom flask charged
with 0.1 g of authentic lignin sample (extracted by coconut husk), catalyst (20
mg, of homogeneous or 50 mg heterogeneous catalysts), ‘BuOOH (1 mmol, 130
mg) and acetonitrile (15 mL) as the solvent. The reaction mixture was stirred at
room temp in the open air for 8 hrs in the presence of 12 watts of visible light
LEDs. After the reaction, the residue was analyzed through two-dimensional
HSQC-NMR and HPLC.

5.3 Results and discussion

5.3.1 Synthesis and characterization of ligand

The ligands HL® and HL* were synthesized by using a conventional Schiff base
condensation method using previously reported methodology describe in an earlier
chapter with sufficient purity and yield. The compound (HL*) was obtained in
good vyield and was characterized by mass spectrometry and 'H and **C NMR

spectroscopy (scheme 5.1).

[ 0

EtOH Reflux at 70°C
2h
H
O NSNS
OH

HL*

Scheme 5.1. Synthesis of Ligand HL*.

The proposed ligand structure has been confirmed by *H and **C spectra
(Figure 5.1). The bands around 1576 and 3440 cm™ in FTIR arises due to C=N
and phenolic —OH stretching frequency (figure 5.2). The ESI-MS spectrometry
shows a molecular ion peak for HL* at 255.15 [M + H]"* (figure 5.3).
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5.3.2 Synthesis and characterization of homogeneous catalysts

In the presence of triethylamine, a methanolic solution of Cu(OAc),.H,O upon
stirring with ligands (HL®) / (HL?) for 4 hours furnished the desired binuclear
metal complexes 8 and 9 respectively (scheme 5.2). The compounds obtained
were characterized by mass spectrometry, FTIR, elemental analysis, and SCXRD.
Molecular ion peak [M - 2(0Ac)]** for complex 8 and [M + K]* for complex 9
was obtained at 372.129 and 791.225, respectively (figure 5.4). Both the metal
complexes have shown the shifting of C=N from 1576 to 1580 cm™. The bands at
1580 and 1320 cm™ are appeared in both the cases for asymmetric and symmetric

stretching of carboxylate ion (figure 5.5).

Cu(OAc),.H,0

Stir at r.t.

MeOH, NEt;| 4 hrs

OH}V\/\N{-I
® 7@. a

HL? H,L*
<\8faTe eie
N—/C“\O N*CU’O 0
O\CézN O O’Cu—N
o /\ 0=‘( NH)
Y /
Complex-8 Complex-9

Scheme 5.2. Synthesis of homogeneous catalysts.
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Figure 5.4. ESI- MS spectrum of 8 and 9. (top to bottom)
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Figure 5.5. FTIR spectrum of 8 and 9.

5.3.2.1 Electronic spectra

The UV-vis spectra of 8 and 9 were recorded in methanol. A broad band for d-d
transition was appeared at 620 nm in both the complexes 8 and 9 (figure 5.6). The
peak appearing at 378 and 372 nm for complexes 8 and 9 is due to the ligand-to-
metal charge transfer (LMCT) transition. Furthermore, the peak shifting from 260
to 273 nm of the ligand is also responsible for the ligand-to-metal charge transfer
(LMCT) transition.
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Figure 5.6. UV-Vis spectra in methanol for ligands and complexes.
5.3.2.2 Description of crystal structure

The structures of both the complexes were determined by single crystal
X-ray crystallography. Both the complexes are crystallized as binuclear Cu(ll)
complexes. Complex 8 shows distorted square pyramidal geometry around the
Cu(ll) ions whereas complex 9 shows the distorted octahedral geometry around
the Cu(ll) ions (figure 5.7). The selected bond distances and angles are given in

Table 5.2. Both complexes 8 and 9 crystallize in monoclinic space group P2;/n.
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Fig. 5.7. The solid-state crystal structure for (a) complex 8 and (b) complex 9,

hydrogen atoms are omitted for clarity.

Table 5. 2. Selected bond lengths (A) and bond angles (°) for 8 and 9.

Complex 8 Complex 9

Cul-01 2.394(2) Cul-01 1.912(2)

Cul-02 1.958(2) Cul-02 1.971(3)

Cul-N1 2.056(3) Cul-N1 1.971(4)

Cul-N2 2.078(2) Cul-N2 2.048(3)

Cu1-01 1.984(2) Cul1-03 2.722(3)

Cul-02 2.511(3)

O1-Cul-N1 87.14(10) 01-Cul-02 94.24(12)
O1-Cul-N2 175.50 (10) O1-Cul-N1 92.60(11)
N1-Cul-N2 94.28(10) 01-Cul-N2 177.29(13)
0O1-Cul-02 87.28(8) 0O1-Cul-03 132.00(12)
N1-Cul-02 172.56(10) N1-Cul-N2 85.17(12)
N2-Cul-02 90.69(9) 02-Cul-03 53.32(12)
01-Cul-01 85.79(12) 02-Cul-N1 101.88(11)
02-Cul-N2 84.73(12)

5.3.3 Synthesis and characterization of heterogeneous catalysts
After the synthesis of binuclear copper complexes, the zeolite-Y super-cage was
used for the encapsulation of complexes 8 and 9. The complexes were

successfully encapsulated into cages in two-step processes; copper exchange
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followed by ligand exchange and the desired compounds in zeolite environment
are formed and identified as compounds 10 and 11.

The bands in the regions of 900-1180 cm™ and 670-820 cm™ in the FTIR
spectrum of 10 and 11 are appeared due to the Vasymmetric (OTO) and vsymmetric
(OTO) stretching of zeolite AI-O-Si framework. A band shift for C=C and C=N
was observed in the case of encapsulated compound upto ~30 cm™ and the
recovered catalysts also possess similar frequencies as that of heterogeneous
counter parts shown in figure 5.8. Additionally, the vibrations for Cu-N and Cu-O
stretching were obtained at 511 and 579 cm™, which were, verified by Raman
spectroscopy. It shows characteristic peaks at 500 (Cu-O) in the encapsulated
complexes. A sharp peak at 948 cm™ is responsible for Usymmetric  (S104
framework) in Cu@Y (OAc) (Figure 5.9). The peaks at 1324 cm™ and 1588 cm™

are accountable due to the vsymmetric aNd Vasymmetric (COO) stretches revealing the
presence of acetate.

4000 3500 3000 2500 2000 1500 1000 500
1 1 1 | 1 1

e amaannel
Cu(ll)(HL*)(OAC)@Y Y,

— Cu(ll)L}(OAC)@Y

Cu(I)@Y(OAC)

Transmitance (%)

— Na@Y

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
-1
Wavenumber (cm™)

Figure 5.8. FTIR spectra of (where v are the stretching frequencies, and
represented in cm™): (a) NaY, (b) Cu@Y(OAc), (c) CuL®(OAc)@Y, (d)
Cu(HL*)(OAc)@Y (bottom to top).
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Figure 5.9. Raman spectra (in cm™) homogeneous complexes and zeolite

immobilized complexes.

The thermal stability profiles of parent and exchanged zeolites show the
presence of physical or chemisorbed water molecule which evaporates up to 360
°C. Furthermore, in the temperature range 361-470 and 361-460 °C in the case of
encapsulated [CuL3}(OAc)@Y] and [CuL*(OAc)@Y] shows ~4% loss in mass
due to the dissociation of Schiff base ligand (figure 5.10). N, adsorption
decreases after encapsulation of complexes, the Langmuir surface area 419.603
and 409.077 m?g for [CuL3(OAc)@Y] and [CuL*(OAc)@Y] respectively
which are smaller with respect to the pure or copper ion-exchanged zeolite
626.547 and 568.075 m?/g (figure 5.11 and Table 5.3). Hence, TG and BET
studies show the formation of a host-guest complex inside the super cage of

zeolites.

100 — Ze0lite-Y

= Cu(I)@Y-(OAc)
— Cu(I)L'(OAC)@Y
e Cu(I1)(HL?)(OAC) @Y

Weight Loss (%)

T T T T T T
100 200 300 400 500 600 700 800

Temperature (OC)

Figure 5.10 TGA-DTA profile of pure NaY and zeolite encapsulate complexes.
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Figure 5.11. N, adsorption isotherms of pure zeolite and encapsulated catalysts.
(a) NaY,(b) Cu@Y(OAc), (c) CuL*(OAc)@Y, and (d) Cu(HL*)(OAc)@Y.

Table 5.3. BET adsorption results of zeolite exchanged and encapsulated

catalysts
Catalyst Multi Point Langmuir Pore Volume | Average Pore
BET (m%g) Surface Area (cc/g) Size
(m?/g)
Zeolite-Y 626.547 1018.700 3.749 x 10™ 2.52178 nm
Cu@Y(OACc) 568.075 902.811 3.388 x 10™ 2.39319 nm
CuL*(0Ac)@Y 419.603 711.890 2.645 x 10™ 2.52178 nm
Cu(HLY(OAc)@Y 409.077 724.094 2.730 x 10™ 2.66990 nm

After the encapsulation of homogeneous complexes inside the cavity of zeolite,

the morphology remains unchanged (figure 5.12). The PXRD pattern suggests

that, after the incorporation of copper complex inside the matrix of zeolite, the

Bragg faces of pure zeolite do not change. NaY has 20 value at 10° and 12°

corresponding to 220 and 311 planes respectively. After the formation of the

host-guest complex, the relative peak intensities of zeolite-Y (I > I311) are

reversed (loxo < I311) (figure 5.13). This is a characteristic of the bulky complex

formation inside the cavity of the zeolite.
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Figure 5.12. FESEM images (EHT, 10 kV; Signal A, SE2; Scale bar, 1um) of
(a) NaY, (b) Cu@Y(OAc), (c) CuL}(OAc)@Y, and (d) Cu(HL*)(OAc)@Y.
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Figure 5.13. PXRD patterns of pure zeolite, copper ion-exchanged zeolites, and

zeolite encapsulated complexes. # signifies the reused catalyst.

Although, the information regarding the encapsulation inside the zeolite super-
cages is confirmed by the TGA and BET studies. But to confirm the presence of
Cu(ll) and ligands inside the zeolite, the binding energy studies have been

performed using X-ray photoelectron spectroscopy.
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Figure 5.14. (a) and (b) represent XPS survey spectrum of CuL*(OAc)@Y, and
Cu(HL*(OAC)@Y respectively. (c) and (d) display the XPS patterns of
copper(Il) in 2ps, state.

Binding energies of CuL}(OAc)@Y at 77.66, 101.05, 400.32, 284.57 and
531.91 eV are corresponding to Al(2p), Si(2p), N(1s), C(1s) and O(1s) shell,
respectively (figure 5.14). Similarly, CuL*(OAc)@Y having an energy value of
77.63, 101.16, 401.22, 284.27 and 531.96 eV defines Al(2p), Si(2p), N(1s), C(1s)
and O(1s) shell, respectively. Peaks at 933.35 and 953.15 eV are corresponding
to the Cu(2psr), and Cu(2p12) shells in case of both the catalysts. Furthermore,
the peak at 531 eV in both compounds 10 and 11, proves the presence of the
acetate group. Apart from that, a peak associated with N(1s) in both cases is
shown at 400.32 eV, revealing the presence of ligands in encapsulated
compounds. The presence of satellite peak in both the heterogeneous catalysts
(10 and 11) indicates the presence of paramagnetic Cu (+2, d°) [32, 33]. Further,
the percentage of the elements is calculated by using the area covered by the

curve, and the composition data have been summarized in the Table 5.4.
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Table 5.4. XPS elemental composition for the encapsulated catalysts

Element detection (in %)

Samples O(1s) | Cu(2p3) | C(1s) | Al(2p) | Si(2p) | N(1s)

Catalyst-10 | 48.48 5.28 2513 | 160 | 16.73 | 2.79

Catalyst-11 | 49.05 4.16 2449 | 149 | 17.63 | 3.19

5.3.4. Photocatalytic cleavage of model compounds

All the homogeneous and heterogeneous complexes have been tested towards the
oxidative cleavage of the C=C bond of ferulic acid (1a), under the visible light
irradiation. The C=C bond cleavage into the corresponding aldehydes and
carboxylic acids is an important reaction from an organic as well as biochemistry
viewpoint [4-11]. The catalytic ability of the synthesized Cu(ll) containing
compounds were verified for the oxidative cleavage of the C=C bond of the
lignin upon visible light irradiation. All the compounds have shown encouraging
results toward the cleavage of the C=C bond. Ferulic acid has been taken as
model substrates for optimization of reaction conditions of the oxidative cleavage
of the C=C bond as per Table 5.5. The reaction was carried out under visible light
(irradiated by 12 watts of the LED bulb) at room temperature in an open
atmosphere. Complex 8 with acetonitrile (1 mL) as a solvent in the presence of
five equivalents of H,O, afforded only 12% and 21% cleavage of a model
substrate with 100% selectivity towards the vanillin after 1 hr and 2 hrs of light
irradiation respectively (entry 1 and 2), whereas upon visible light irradiation for
3 hrs, 6 hrs and 8 hrs afforded 40%, 62% and 70% cleavage of substrate
respectively (entry 3, 4 and 5). The over oxidation product vanillic acid has
obtained from this cleavage reaction, this reaction afforded 25%, 50% and 50%
selectivity towards the vanillic acid after 3 hrs, 6 hrs and 8 hrs of the irradiation
of visible light respectively (entry 3, 4 and 5). When tert-Butyl hydroperoxide
(TBHP) was used in place of H,0, as oxidant, 95% and 98% of conversion were
obtained along with the 87% and 92% selectivity towards the vanillin in 1 hr and

2 hrs of light irradiation (entries 6 and 7).
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Table 5.5. Photocatalytic C=C cleavage of ferulic acid by complex 8

Entry | Oxidant | Time | Conversion | Selectivity [%] | Yield [%]
No (h) [%] b c b c
1 H,0; 1 12 100 00 12 00
2 H,0, 2 21 100 00 21 00
3 H,0; 3 40 75 25 30 10
4 H,0; 6 62 50 50 31 31
5 H,0, 8 70 50 50 35 35
6 TBHP 1 95 87 13 83 12
7 TBHP 2 98 92 8 90 8

“General reaction conditions: Substrate (0.1 mmol), catalyst complex 8 (5 mol %
/5 umol, 4.3 mg), Oxidant (5 equivalent / 0.5 mmol), ACN 1 mL, light intensity
(12 Watt white LED bulb, 400—800 nm wavelength range), Stir at room
temperature (~25 °C).

Afterward, some common solvents were screened for their suitability by
using the above reaction condition for the C=C bond cleavage reaction in the
presence of complex 8 (Table 5.6). Among these solvents, 97 % of conversion in
the presence of acetonitrile as a solvent was obtained with 87 % selectivity
towards the vanillin (entry 1 of Table 5.6).

Furthermore, the above-optimized reaction was further optimized with
varying quantitiy of TBHP to know the suitable amount for this reaction. In the
presence of 5 equivalent of TBHP with respect to the substrate better results were

obtained than the other conditions as represented in entry number 4 (Table 5.7)

179



Chapter 5

Table 5.6. The effect of the solvent on the oxidative cleavage of ferulic acid la
with TBHP

Entry | Solvent | Conversion | Selectivity [%] Yield [%]
No (I mL) [%0] b C b C
1 ACN 97 87 13 84 13
2 H,O 21 00 100 00 21
3 DCM 40 75 25 30 10
4 MeOH 10 40 60 4 6
5 EtOH 10 40 60 4 6
6 THF 5 80 20 4 1
7 DMF 40 85 15 34 6
8 DMSO 36 80 20 29 7
9 EtOAC 30 80 20 24 6

“General reaction conditions: Substrate (0.1 mmol), catalyst complex 8 (5 mol %
/5 umol, 4.3 mg), Oxidant TBHP (5 equivalent / 0.5 mmol), solvent 1 mL, light
intensity (12 Watt white LED bulb, 400—800 nm wavelength range), Stir at room
temperature (~25 °C ) for 1h.

Table 5.7. The effect of TBHP on the oxidative cleavage of the C=C bond of

ferulic acid 1a.

Entry | Equiv. of | Conversion | Selectivity [%] Yield [%]
No TBHP [%] b c b c
1 1 10 100 00 10 00

2 2 12 100 00 12 00

3 4 80 86 14 69 11

4 5 97 87 13 84 13

5 6 97 80 20 77 20

6 8 98 70 30 74 24

7 10 99 48 52 48 51

“General reaction conditions: Substrate (0.1 mmol), catalyst complex 8 (5 mol %
/5 umol, 4.3 mg), ACN 1 mL, light intensity (12 Watt white LED bulb, 400—800

nm wavelength range), Stir at room temperature (~25 °C) for 1h.
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After optimization of the reaction conditions, the photocatalytic reaction by using

all homogeneous (complexes 8 and 9) and heterogeneous (complexes 10 and 11)

catalysts was carried out with different substrates. In all the cases, the

heterogeneous system afforded higher conversion than the homogeneous catalyst.

In the case of p-coumeric acid, I got 100% selectivity towards the aldehyde

whereas in all other cases the over oxidation product (acid) was found (Table

5.8).

Table 5.8. Percentage conversion of ferulic acid and other similar compounds by

homogeneous and heterogeneous catalysts (8, 9, 10 and 11).

Entry Substrates Conversion Products
SL. [%] (selectivity % in all cases)
No Cat-8/9 10/11
o HO _Q_\ o
X \ HO
1 Q/\)Lo“ 97/95  99/97 4 ° O: or
HO ) \ \
> (87) (13)
(0] /@AO O
N HO
2 W OH | 93109 9502 | HO Q on
HO OH HO
OH (70) (30)
0) N i -9 ~0 § 0
3 |7 OH | 92/89 95/93 | mo Ho@—40H
HO O\ (e}
O \
84
(84) (16)
0 /@/%0 0
N HO
4 wo“ 93/89  95/91 | HO Sat
HO (100) (00)

“General reaction conditions: Substrate (0.1 mmol), catalyst (5 mol % / 5 umol),

Oxidant TBHP (5 equivalent / 0.5 mmol), ACN 1 mL, light intensity (12 Watt

white LED bulb, 400—800 nm wavelength range), Stir at room temperature (~25

°C) for 1h.
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5.3.5 The degradation of authentic lignin feedstocks

The results of the photocatalytic cleavage of C=C bond of ferulic acid by
synthesized catalysts encouraged further to apply the optimized reaction
conditions to degrade the natural lignin into monomers. The optimized reaction
condition was applied for the depolymerization of extracted lignin for four hrs.
The aromatic aldehydes syringaldehyde and vanillin, as well as other chemicals
including syringic acid and vanillic acid, were produced by the cleavage of
coconut lignin (figure 5.15).
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Syringic acid
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Figure 5.15. HPLC interpretation of degraded product of authentic coconut husk
lignin.

The structural changes of the extracted lignin from the coconut husk and the
degraded residue were analyzed through two-dimensional heteronuclear single-
guantum coherence nuclear magnetic resonance (2D HSQC-NMR, figure 5.16).
HSQC and HPLC results suggest that the catalytic system degraded the coconut

husk lignin into the monomers.
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Figure 5.16. 2D HSQC-NMR spectra of coconut husk lignin sample (A) before
and (B) after degradation reaction.

5.4 Conclusions

Two new binuclear Cu(ll) complexes viz. [CUL*(OAc)], (8) and [CuL*(OAc)].
(9) have been synthesized by reacting with HL® and HL* respectively in MeOH.
Complexes 8 and 9 were characterized by single crystal X-ray crystallography,
LCMS, FTIR and power X-ray diffraction techniques. The heterogeneous
catalysts 10 and 11 were synthesized by encapsulation of the copper(ll) ion and
the corresponding ligands within the zeolite core. The incorporation of the Cu(ll)
complexes inside the zeolite core were indicated by Raman spectroscopy and
BET analysis, further confirmed by X-ray photoelectron spectroscopy. The Cu(ll)
complexes 8 and 9 along with its heterogeneous counter parts 10 and 11 have
shown their ability towards the photocatalytic cleavage of the C=C bond of the
lignin at room temperature in the presence of TBHP (tert-Butyl hydroperoxide).
The photocatalytic degradation of lignin into the valuable monomers was
confirmed by HPLC and 2D HSQC NMR. The heterogeneous catalysts show
better catalytic activity than its homogeneous counterparts.
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6.1 General conclusions

Over the past few decades, there has been widespread interest in the identification
of transition metal-based compounds for various applications. Among the various
kinds of ligand systems N, O-donor-based ligands are found to be very attractive
because of their intermediate strength which can be tuned further with denticity,
flexibility, and formal charge on them. There is an impetus among inorganic
chemists to explore the versatility of Mannich bases and Schiff bases ligands,
with N, O-donor based ligand backbone. Details of the studies on the synthesis,
characterization, and applications, particularly of biological and ecological
relevances for some new N, O-donor based ligands and their copper complexes
are presented in this thesis. In this aspect, the thesis is divided into six chapters.

The essences of these chapters are delineated hereunder.

Chapter 1 under the heading of ‘Introduction’ explains the novelty of N, O-donor
based ligands and their transition metal complexes mainly composed of Cu(ll).
The biological importance, photocatalytic ability, and sensing behavior of these
compounds have been presented. A brief review of recent reports is incorporated

in this chapter.

Chapter 2 describes the materials and methods used for the synthesis of ligands
and metal complexes. Various characterization techniques used to study the
structures of the synthesized compounds have also been summarized. Metallo-
enzyme mimicking properties via Mannich base Cu(ll) complexes (1 and 2) have
been explored. Apart from that, one hexanuclear Cu(ll) Mannich base complex
(3) has been synthesized and investigated for their sensing ability towards the

picric acid.

Chapter 3 deals with the template synthesis of binuclear Cu(ll) complexes (4 and
5) from Mannich base ligands and their photocatalytic ability towards the benzyl

alcohol oxidation as well as N-alkylation of aniline reactions.

Chapter 4 defines the synthesis and characterization of binuclear Schiff base

Cu(ll) complexes (6 and 7) and their catalytic efficiency towards the

191



Chapter 6

photocatalytic cleavage of C-C bonds of lignin model substrate as well as

authentic (pineapple) lignin.

Chapter 5 pronounces the importance of zeolite-encapsulated Schiff base copper
complexes in oxidative C=C bond cleavage reactions and degradation of
extracted (coconut husk) lignin. Moreover, the stability of these copper

complexes inside the super cages of zeolites has been explored in this chapter.

6.2 Comparison of photocatalytic ability of synthesized mono-

and bi-nuclear Cu(ll) complexes

/@/\()H Cat, TEMPO _ /©/§O
R White LEDs, RT R

DCM, O,

Table 6.1. Photocatalytic oxidation of benzyl alcohol by synthesized complexes.

Entry No | Catalyst Conversion Selectivity Yield | TON
[%] [%] [%]
1 Comp-1 90 99 90 89
2 Comp-2 89 99 89 88
3 Comp-4 92 99 92 92
4 Comp-5 87 99 87 86
5 Comp-6 85 99 85 84
6 Comp-7 72 99 72 71
7 Comp-8 92 99 92 92
8 Comp-9 89 99 89 88
9 Comp-10 95 99 95 95
10 Comp-11 92 99 92 90

%General reaction conditions: benzyl alcohol (1 mmol), catalyst (1 mol%),
TEMPO (2 mol%), DCM (1 mL), Air, light intensity (12 Watt LED bulb), room

temperature, stir 1 h.

The synthesized mono- and bi-nuclear (homogeneous and heterogeneous)
copper complexes have been tested for the photocatalytic oxidation of benzyl

alcohol into an aldehyde. Complex 4 and 8 afforded 92 % conversion with 99 %
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selectivity towards the benzaldehyde in 1 h, which is better among the
homogeneous complexes (Table 6.1). In the presence of heterogeneous
compound 10, 95 % conversion with 99 % selectivity of benzaldehyde (Table
6.1) was observed. The acetate group abstracts the hydrogen more easily than the
other weak base co-ligand present in the complexes, making complexes 4 and 8
better catalysts. The heterogeneous compound showed better catalytic ability

among all synthesized Cu(ll) containing compounds.

6.3 Future scopes

N, O-donor-based ligands are dynamic in geometry, electron affinity, and
reactivity, making them excellent choices to feed the ongoing field of catalysis
and sensing. This area of research is still of much relevance and continously
expanding. Results obtained from the present work would be very useful for the
synthesis of organic compounds and drugs in environmentally friendly processes.
Furthermore, the selective design of Cu(ll) complexes can be useful for the
degradation of bio-polymers into valuable chemicals and fuels. The present work
concludes that heterogeneous complexes might be a better catalyst for various
catalysis. The study of the intrinsic properties and stability of heterogeneous
catalysts after several times of use would be supportive for efficient design. Apart
from that, these Cu(ll) complexes can be investigated as electrocatalysts in H,O-
splitting as well as in the CO, reduction reactions [1, 2].
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