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SYNOPSIS

SYNTHESIS AND CHARACTERIZATION OF NON-HEME 3d METAL
COMPOUNDS FOR SELECTED APPLICATIONS

General Introduction

The thesis entitled “Synthesis and Characterization of Non-heme 3d Metal Compounds for
Selected Applications” encompasses synthesis, characterization, and selective applications of

several novel 3d metal compounds stabilized by non-heme nitrogen and sulfur donor ligands.

Enzymes are involved in the majority of biological processes. Nature has capitalized on the
unique properties of metal ions by encapsulating them with various protein matrices and
tailoring these to perform a wide range of specific functions related to biological processes.
Metals such as manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu) and zinc (Zn)
that have biological significance are prominent examples in the field of biomimetic chemistry
[1-5]. As Ronald Breslow noted, biomimetic chemistry is a branch of science that reflects
human endeavors spanning decades, which involve creating new innovations inspired by
natural processes [6,7]. The primary objective of the study is to characterize newly synthesized

compounds, while also exploring their biomimetic functions in different reactions.

Investigating enzymatic reactions in detail is complicated by the short lifespan of intermediate
compounds within the catalytic cycle; therefore, it is not always evident which reactive species
is responsible for the transformations or which characteristics of the active site influence the
rate-determining step of the reaction. Biomimetic models were employed to comprehend the
functional characteristics of these metal-containing active sites, which included a metal with a
comparable coordination environment [8-13]. Biomimetic models offer valuable insights into
how ligands affect the chemical properties and reactivity of the oxidant, including its first and
second coordination spheres, as well as the reaction mechanism and rate constants. Numerous
critical oxidative transformations and metabolic reactions are highly regio- and stereospecific,
and it is thought that selectivity is influenced by the second coordination sphere effects on the
protein. Steric and electronic effects are two crucial tuning parameters which reveal the
reactivity profiles of these systems, with a subtle distinction existing between the two

influences. Specifically, a more precise positioning of the oxidant and substrate in the rate-
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determining transition state reduces the reaction barrier. Consequently, an ideal balance
between steric and electronic factors facilitates the optimal positioning of the oxidant and
substrate in the rate-determining transition state, which in turn impacts the reactivity of high-
valent reaction intermediates [14,15]. Over the past few decades, numerous bioinorganic
chemistry groups have been actively engaged in the modelling of metalloenzymes, as a result
of which this field has been extensively researched in the recent past [16-20]. Building on the
research of several groups in this area, we concentrated on creating novel nonheme ligands
(Scheme 1) and their 3d metal compounds for targeted uses. The nonheme ligands utilized in
this research were either synthesized in accordance with a previously documented procedure
or via the implementation of a novel synthetic approach. The various non-heme 3d metal

compounds analyzed in this research are shown in Scheme 2.
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Scheme 1: Schematic representation of the pentadentate and tetradentate nonheme ligands, L.1-
L12, examined in this study.
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Scheme 2: Schematic representation of the novel compounds 1-26 investigated in the thesis.

The content of this thesis is organized into five chapters. A concise, section-by-section
summary of the findings is provided below.
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Chapter 1: Introduction

This chapter provides a concise introduction to the research topic, highlighting the aims and
objectives of the study along with a general literature review.

Chapter 2: Materials and Methods

Chapter 2 outlines the particulars of all the materials used in the research and includes the
general procedures for the synthesis, purification, and characterization of ligands and metal
compounds. The specific instrumental and technical details of the instruments employed in the
different characterizations are also examined. An overview of the methodologies utilized in

this work is presented in Scheme 3.
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Scheme 3: Schematic representation of the general techniques and work strategy utilized in
this present work.

Chapter 3

Section I: Influence of methyl substitution on structural parameters and catalytic

mimicking activity of Cu(I) compounds.

The synthesis of mononuclear Cu(Il) compounds 1-4 with nonheme pentadentate ligands L1-
L3 is the main focus of Section I in Chapter 3.The ligands L2 and L3 reported in this study are
N-methylated analogues of the non-methylated pyridyl amine ligand L1. Our group reported
the new pentadentate ligands L2 and L3 for the first time, characterizing them using NMR

spectroscopy. Compounds 1-4 were synthetized and characterized using various techniques
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including IR, ESI-MS, TG-DTG, SQUID and UV-Visible spectroscopy. Structural analysis of
compounds 1-4 by SCXRD revealed that the compounds crystalize in monoclinic crystal
system with the asymmetric unit built from one unique Cu(Il) ion, a discrete pentadentate
ligand and two independent perchlorate ions (Figure 1). The computed 15 values for the
compounds indicate a notable geometrical alteration caused at the coordination center by the

methylation of amine nitrogen atoms.

Figure 1: Crystal Structure of compounds a) [Cu(L1)]" 1, and b) [Cu(L2)]" 3 with atom
labelling scheme. Thermal ellipsoids are drawn at 50% probability except for the H atoms,
which are shown as spheres of arbitrary radii.

We investigated the application of these Cu(Il) compounds for the phenoxazinone synthase
and catecholase-like mimicking reactivities by using 2-aminophenol (OAP) and 3,5- di-tert-

butylcatechol (3,5-DTBC) [21,22] and the results are discussed in this section.

Section II: Synthesis, characterization and reactivity studies of non-heme Ni(Il) and

Co(II) compounds

The work done in Section I prompted us to delve into more model compounds of alternative
3d metals employing the same series of aminopyridyl ligands. Ni(II) and Co(II) compounds
are frequently employed in literature as biomimetic models [23,24]. The three new compounds
[Ni(L2)(H20)](ClOs4)2 5, [Co(L2)(H20)](Cl104)2 6, and [Ni(L1)(Cl)] CI-2H20 7 were prepared
and analyzed wusing CHN analysis, ESI-MS, VSM, IR, and UV-Visible
spectroscopy. Compounds 5 and 6 are isostructural, as indicated by single-crystal X-ray

diffractometry.
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Figure 2: UV-Visible spectral changes after addition of H>O, in the presence of TBAH
(tetrabutylammonium hydroxide) at 15°C. Inset shows time trace monitored at 326 nm for the
formation of peak.

The generation of reactive intermediates from compounds 5-7 was assessed by their reaction
with the artificial oxidant H>O; in basic conditions using TBAH. We successfully detected the
intermediate related to compound 5 with a UV-Visible spectrophotometer (Figure 2). This
intermediate was subsequently utilized in the aldehyde deformylation reaction. An elaborate

account of the detailed investigation is provided in the thesis.
Chapter 4

Section I: Rational design of bioinspired novel pentadentate Fe(II) compounds : reactivity

towards oxidation reactions

Metalloenzymes that activate oxygen possess distinctive structures and characteristics,
enabling them to catalyze a wide variety of chemical reactions in nature under physiological
conditions. A number of these metalloenzymes use iron that is attached to the protein at its
active site. The active site of metalloenzymes often exhibits unique properties due to sulfur
ligation, be it the equatorial sulfur/thiol ligation in nonheme iron enzymes or the axial
cysteinate ligand in cytochrome P450s [25,26]. To comprehend how sulfur ligation interacts
with iron compounds and its influence on the structural, spectroscopic, and intrinsic properties
of the active species as well as the catalysis of substrates, we conducted a systematic study and

designed a few N- and S-based bioinspired ligand frameworks L4-L7.
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This section highlights the synthesis and characterization of the newly developed nonheme
ligands L6 and L7, where one of the amine functional groups in the parent ligands L.4 and L5
is replaced with a thioether sulfur functional group. The novel Fe(Il) compounds
[Fe(L5)(H20)](ClO4)2 8, [Fe(L7)(H20)](ClO4)2 9, [Fe(L7)(CH3CN)](ClO4)2 10, and
[Fe(L6)(CH3CN)](ClOs)> 11 were synthesized and characterized by various techniques
including C,H,N,S analysis, ESI-MS, IR, and UV-Visible spectroscopy. Compounds 8-11 were
further characterized using single-crystal XRD, and the analysis uncovered unique structural

characteristics, which are detailed further in this section.
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Figure 3: a) The crystal structure of [Fe(L7)(H20)]** 9 with atom labels. Thermal ellipsoids
are drawn at 50 % probability except for the H atoms which are shown as spheres of arbitrary
radii. b) UV-Visible spectral changes after the reaction of 9 (1mM) and PhIO (1.1equiv.) in
CH3CN at -10°C. Inset: time course monitored at 776 nm for the formation of the peak.

The treatment of compounds 8 and 9 with 1.1 equiv. of iodosylbenzene (PhIO) in CH3CN at
-10°C resulted in the formation of new species 8a and 9a, as evidenced by the appearance of
the new bands at 780 and 776 nm respectively in its UV-Vis spectrum (Figure 3). Given the
stability of the newly discovered species, we were able to examine their reactivity with various

organic substrates, as detailed in this thesis.

Section II: Synthesis and spectroscopic study of 3d metal compounds bearing N/S-donor

ligands

Biomimetic inorganic chemistry has shown numerous examples illustrating how slight
alterations in denticity and stereoelectronic properties significantly impact the performance of

model systems [27]. The 3d metal compounds are considered as candidates due to their
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abundance and redox characteristics. Investigations in Section I led us to further explore model

compounds of alternative 3d metals utilizing the same series of ligands.

Section II of Chapter 4 discusses the synthesis of the seven new compounds,
[Ni(L6)(CH3CN)](ClO4)2 12, [Ni(L7)(CH3;CN)](ClOs)2 13, [Mn(L6)](ClOs), 14,
[Mn(L7)(H20)](ClO4)2 15, [Co(L7)(H20)](ClO4)2 16, [Zn(L7)(H20)](ClO4)2 17 and
[Zn(L3)](ClO4)> 18, which were prepared by the reaction of M(Cl04),.6H,0 salt and the
corresponding ligand. These compounds were characterized by various techniques including
C,H,N analysis, ESI-MS, IR, and UV-Visible spectroscopy. Compounds 12-18 were studied in
detail using single-crystal XRD, revealing distinctive structural properties that are discussed in

this section.

Section III: Ligand backbone influenced luminescent properties of Zn(II) compounds for
detection of nitroaromatic compounds

Aminopyridine-based multidentate ligands have proven more acceptable in contemporary
coordination chemistry due to their reactivity and stability being governed by a delicate
interplay of electronic and structural properties [28]. Minor alterations to the ligand's structure
can have a significant effect on its properties. Compounds of non-transition metals, such as
Zn>" and Cd*" display notable luminescence in comparison to compounds of other transition
metals, which in turn makes them suitable for a range of applications [29]. Hence, this research
focused on the structural, spectroscopic, and photophysical characteristics of two Zn(Il)
compounds, [Zn(L4)](ClO4)> 19 and [Zn(L1)](Cl10O4) 20.

We investigated the sensing powers of 19 and 20 in relation to various NACs, specifically
nitrobenzene (NB), o-nitrotoluene (0-NT), p-nitrotoluene (p-NT), o-nitrophenol (0-NP), p-
nitrophenol (p-NP), 2.4-dinitrophenol (DNP), and 2.4,6-trinitrophenol (TNP) (Figure 4).
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Figure 4: The decay of fluorescence emission peak of 1 (Aex. = 370 nm) upon gradual addition
of 1 mM of trinitrophenol (TNP).
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The findings of this work encapsulated the selectivity of Zn(Il) compounds as a reagent for
chemical sensing in the detection of TNP and DNP. The Stern-Volmer plot showed non-linear
characteristics with Ky values significantly higher than those of other NACs, indicating its
exclusive quenching ability. The distinct influence of varying ligand topology is evident in the

reactivity patterns of compounds 19 and 20 with different NACs.

Chapter 5

Section I: Synthesis and characterization of novel tetradentate Cu(II) compounds and its
reactivity

The conversion of nitrites (NO2") to nitric oxide (NO) at Cu/Fe centers is a crucial process
within the nitrogen cycle and provides a vital pathway for NO production. Over the past few
years, several in vitro functional models have been developed and studied in order to gain a
deeper understanding of NO;™ reduction chemistry. Here, we endeavored to synthesize the
novel Cu-nitrito compound as a functional model [30,31]. This section covers the synthesis
and characterization of a newly developed tetradentate ligand L8, and its subsequent chelation
with copper(Il). The obtained compound, [Cu(L8)](C1O4)2 21 was thoroughly characterized by
C,H,N analysis, IR, ESI-MS and UV-Visible spectroscopy.

Figure 5: The crystal structure of [Cu(L8)(NO2)](ClO4) 22 with atom labels. Thermal
ellipsoids are drawn at 50 % probability except for the H atoms which are shown as spheres of
arbitrary radii.

Further, in order to investigate the NO, ™ reactivity we synthesized the Cu-nitrito compound
[Cu(L8)(NO2)](CIO4) 22 (Figure 5) as functional model by addition of 1 equiv. of NaNO; to
compound 21. The analysis of a single crystal of compound 22 showed that the central

copper(II) ion is bonded to four nitrogen atoms of ligand L8, and the fifth coordination site is
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filled with the oxygen of a nitrite ion. The detailed investigation of the acid-catalyzed
conversion of NO, ™ to NO at the Cu" center in Cu'" -nitrito compound 22 is presented in this

section.

Section II: Synthesis and spectroscopic study of tetradentate quinoline based Zn(II)

compounds

Bis-quinoline derived ligands constitute a category of nonheme ligands that have been
employed to synthesize model compounds and require detailed examination to fully
comprehend their spectroscopic, structural, and chemical characteristics [32,33]. Chapter 5,
Section II, explores uninvestigated Zn(II) compounds of non-heme tetradentate quinoline-
based ligands. Four new  compounds [Zn(L9)(H2O)(CH3CN)](ClO4), 23,
[Zn(L10)(H20)(CH3CN)](ClO4)2 24, [Zn(L11)(H20)(Cl04)](ClO4) 25 and
[Zn(L12)(H20)(C104)](Cl04) 26 have been prepared by reaction of Zn(ClO4),.6H,O with
ligands L9-L12. Single crystal X-ray diffractometry of compounds 23-26 showed that they
possess an octahedral geometry. Compounds 12-18 were studied in detail using single-crystal
XRD, revealing distinctive structural properties that are discussed in this section. A thorough
examination of the structural framework showed that the unique structural characteristics arose

from modifications to the ligand backbone, as detailed in this section.
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Chapter 1

CHAPTER 1
General Introduction

Over millions of years, evolution and natural selection has shaped living things into
efficient molecular machines, each equipped with specialized tools for essential
biochemical tasks. Nature uses the right tool for each job. Many of these tools are proteins
that hold metal ions, called metalloproteins. A special group of metalloproteins,
metalloenzymes, speed up many key reactions in cells under gentle, life-friendly
conditions. The metal ions can switch between oxidation states. This lets metalloenzymes
run important redox reactions with high control. Scientists try to learn from these natural

systems| 1 ].

Bioinorganic chemistry, at the interface of chemistry and biology, seeks to understand
how metal ions embedded within protein frameworks achieve such reactivity and how
these principles can be translated into well-defined synthetic systems[2,3]. A productive
route to this understanding is biomimetic chemistry, the design of small molecule models
that capture the key structural and functional features of enzymatic active sites. Breslow
coined “biomimetic chemistry” to describe inventing new chemistry inspired by what
nature already does[4—6]. The term “biomimetics,” from the Greek bios (life) and mimesis
(imitation), dates to the 1960s[7]. Rather than reproducing full protein architectures,
biomimetic studies apply principles derived from nature to craft synthetic compounds that
deliver comparable function. A central aim is to decipher metalloenzyme mechanisms well

enough to create artificial catalysts.

Thirteen elements are widely recognized as essential for life: the alkali or alkaline earth
metals Na, K, Mg and Ca, and the d-block metals V, Cr, Mn, Fe, Co, Ni, Cu, Zn and Mo,
which support biological function in humans and other organisms. d-block transition
metals play special roles in catalysis, signaling, transport, structure, and sensing. Some are
essential at trace levels, while others such as iron, which mediates O» transport, electron
transfer, and oxidation chemistry, can be abundant. Of the elements essential to life, seven
are typically 3d metals in cationic form: Fe, Mn, Cu, Co, V, Ni (redox-active) and Zn (a
Lewis acid and structural template)[8,9]. Biologically important 3d metals, anchor a wide
array of metalloenzymes that inspire biomimetic design. Iron is indispensable, occurring in

soluble methane monooxygenase (sSMMO), chloroperoxidase (CPO), cytochrome P450
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(CYP), and the bleomycin—iron compound (Fe-BLM), where it mediates C-H
hydroxylation, peroxidation, and DNA cleavage[10—12]. Manganese is likewise prevalent
in manganese superoxide dismutase (MnSOD), manganese catalase (MnCAT) and the
manganese-dependent class Ib ribonucleotide reductase (RNR), governing reactive-
oxygen control and dNTP biosynthesis. Cobalt appears in corrinoid (B12) enzymes such as
methylmalonyl-CoA mutase (MCM) and methionine synthase (MetH), and in non-heme
systems like nitrile hydratase (NHase)[13—18]. Nickel sits at the cores of urease (Ure),
[NiFe]-hydrogenase (H;ase) and carbon monoxide dehydrogenase/acetyl-CoA synthase
(CODH/ACS), catalyzing wurea hydrolysis, H» interconversion and CO/CO;
transformations[19-21]. Copper features in laccase (LAC) and tyrosinase (TYR),
multicopper oxidases that couple O> reduction to substrate oxidation, as well as
cytochrome c¢ oxidase (CcO) and copper nitrite reductase (CuNiR), which mediate
respiratory Oz reduction and NO>~ to NO conversion[22-25]. Zinc, typically as catalytic or
structural Zn(II), is exemplified by carbonic anhydrase (CA), alcohol dehydrogenase
(ADH) and carboxypeptidase A (CPA), effecting CO> hydration, alcohol/aldehyde
interconversion and peptide bond hydrolysis[26-28].

Systematic investigation of enzymatic reactivity provides a practical blueprint for chemists
to design and synthesize tailored, 3d metal based small molecules. Because many catalytic
intermediates are short lived and air sensitive, their generation and manipulation demand
careful technique. This work focuses on designing synthetic compounds that reproduce
natural function, guided by insights from biology. Central to this approach is a deep
understanding of metalloenzymes, whose metal cofactors promote transformations that are
otherwise difficult under mild conditions[29]. The primary coordination sphere (direct
ligation) defines geometry and redox properties, whereas the secondary sphere i.e. non-
coordinating residues and the local environment, exerts decisive control through
electrostatics, hydrogen bonding, van der Waals interactions and hydrophobic effects.
Even subtle mutations in these outer sphere elements can markedly reshape activity and
selectivity. Because numerous residues surround many enzymatic active sites, extracting
clear structure—function parameters from the native proteins are challenging;
consequently, simplified model systems capturing key features of the biological site are
invaluable[30]. These models enable straightforward links between structure and reactivity

and allow systematic tuning in ways that are rarely feasible in the full protein context.
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Chapter 1

Given the breadth of prior work, this introductory chapter provides only a concise
backdrop to the advances in bioinorganic chemistry, while the detailed literature survey
pertinent to the present study is organized chapter wise in Chapters III-V. This thesis
investigates a series of new 3d metal compounds, Mn, Fe, Co, Ni, Cu and Zn, stabilized by
non-heme ligands. These compounds are thoroughly characterized and evaluated in

enzyme inspired model reactions and in selected sensing applications.

Heme iron enzymes feature a porphyrinoid macrocycle bound to Fe at the center, whereas
non-heme enzymes employ iron coordinated by non-porphyrinoid ligands[31].
Accordingly, “heme ligands” and “non-heme ligands” refer to porphyrinoid and non-
porphyrinoid scaffolds, respectively. Representative oxygenase’s include cytochrome
P450 (heme) and taurine/a-ketoglutarate dioxygenase (TauD, non-heme) (Figure 1.1), for
which Fe(IV/V)=0 species are invoked as key intermediates in alkane C—H activation[32].

While heme systems have been extensively explored, recent emphasis has shifted toward

non-heme compounds.

b)
Argzro Y

. ASp o

Taurine

Figure 1.1 Representative structural snapshots of (a) cytochrome P450 and (b) taurine/o-
ketoglutarate dioxygenase, derived from PDB entries 5G5J and 1087 respectively.

Earth’s biosphere evolved under an oxidizing atmosphere, and molecular oxygen has been
pivotal to the emergence and sustenance of aerobic life. Dioxygen is an especially
effective oxidant because its ground state is triplet, bearing two unpaired electrons (i.e.,
diradical character). Consequently, many biological oxidations proceed via the
thermodynamically favorable four electron reduction of Oz to H>O, the universal solvent

of living systems. In nature, metalloenzymes commonly mediate O; activation to
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accomplish diverse oxidative transformations. Upon coordination to a metal center, Oz can
be stepwise reduced to a spectrum of reactive oxygen species (ROS)[33,34]. The general
synthetic manifold for accessing such metal oxygen intermediates in model systems is
summarized in Scheme 1.1, proceeds via stepwise O activation[35]. Initial binding of
ground-state dioxygen at the metal center furnishes M-superoxo species. When
superoxide does not directly participate in substrate oxidation, one-electron reduction
affords M—peroxo, which upon protonation yields M—hydroperoxo. Subsequent O—O bond

cleavage (homolytic or heterolytic) produces the high-valent M—oxo unit.

Mononuclear M-O, intermediates

O H ot

— - - O
0—o0 i r o—o0 e
WD, — % or C|} E o N/ or ?
M1 M pgnt e
side-on superoxo  end-on SUpPeroxo side-on peroxo  end-on peroxo
H l H
ﬁ : Homolysi o " Heterolysi ITI}
+ OH omolysis eterolysis + OH
Mncj g Mn+1 . Nln-i&

hydroperoxo

Scheme 1.1 The synthetic routes showing formation of reactive intermediates in the
enzymatic reactions by the reaction of the dioxygen with mononuclear metal centre at the
active sites.

These four high valent metal-oxygen intermediates have been identified, with
spectroscopic support in enzymes. Illustrative examples include Mn(IV)=0 within the
oxygen-evolving complex (OEC) of photosystem II, which promotes the four electron
oxidation of water to Oz[36-38]. Mononuclear nonheme Fe(IV)=0O species have been
implicated in a-KG-dependent oxygenases such as prolyl-4-hydroxylase[39] and taurine
dioxygenase[40], in pterin-dependent hydroxylases (e.g., phenylalanine[41] and
tyrosine[42] hydroxylases), and in halogenases enzymes including cytochrome Cj
halogenases[43,44] and SyrB» halogenases|[45,46]. Manganese peroxo intermediates have
been associated with manganese ribonucleotide reductase[47], MndD[48], Mn-
SOD[49,50], and again the OEC in photosynthesis, supported by complementary

spectroscopic and computational evidence. Metal hydroperoxo species are also
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documented, for example, a high spin Fe(III)-OOH (S = 5/2) in benzoate 1,2-dioxygenase
(EPR/Moéssbauer)[51], and an end-on Fe(III)-OOH captured crystallographically in
carbazole 1,9a-dioxygenase from the Rieske family[52]. Additional reactive motifs
include a di-iron(IlI)-superoxo in myo-inositol oxygenase (MIOX), which converts myo-
inositol to D-glucuronate via activation of O; at a mixed-valent Fe(II/III) site[53], and a

Mn(IIl)—superoxo (S = 5/2) observed in Mn-substituted HPCD (Mn-HPCD)[48].

Inspired by these biological blueprints, chemists have developed small, well-defined
transition-metal models that form and utilize such intermediates in the laboratory. The
protein environment is structurally diverse, with metal ions bound to heteroatom donors
(N/O/S) and small ligands embedded within a large macromolecular matrix[54]. To
emulate this, synthetic systems use multidentate ligands that recreate the primary and
secondary spheres around the metal. Ligand choice governs steric, electronic, redox
properties, and flexibility, thereby influencing accessible oxidation and spin states and
ultimately reactivity[55]. This tunability underpins the surge of interest in non-heme
ligand platforms, which can be systematically modified while maintaining robustness
under oxidative conditions and stabilizing high valent states required for biomimetic

chemistry.

Several non-heme ligand families have been especially influential (Scheme 1.2).
Tetramethylated cyclam macrocycles of varying ring size (12-, 13-, 14-, 15-TMC)
stabilize a broad range of 3d metal intermediates[56]. Pentadentate scaffolds such as
N4Py[57] and Bn-tpen[58] support high valent metal-oxo species, in some cases even at
room temperature. By contrast, certain tetradentate ligands (e.g., BQCN, TPA) stabilize
Mn(IV)=0 and Fe(IV)=0 only at cryogenic temperatures[59], whereas the pentadentate
analogues (Bn-tpen, N4Py) yield Fe(IV)=0 and Mn(IV)=0 intermediates that persist at
ambient conditions[60,61]. Macrocycle ring size also modulates reactivity: 13-TMC-
supported Fe(IV)=0 outperforms 14-TMC analogues in oxidation, and 12-TMC-supported
Co(IlT)—peroxo 1is more reactive than its 13-TMC counterpart in aldehyde
deformylation[62]. In addition, redox-inactive Lewis acids (e.g., Ca?" Sc*") enhance
activity by stabilizing key states or facilitating O—O chemistry[63—66]. Inspired by PSII,
where Ca?" is proposed to assist O—O bond formation at the Mn—Ca site[67-70], studies
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show Sc** can boost Fe(IV)=0 and Mn(IV)=0 oxidations[71,72], with single-crystal XRD
confirming Sc** binding to an Fe(IV)=0 unit [68].

N/ \N \N N/
EN ~N N N
/N /N /N /N
N N N N
o~ X ‘ = =
= | pZ = =
= X

5 \

N

N X /\ l\ X
N N__- =N m N N__-

R s

N oS ‘N N N
< D @r J@
\
R-TPA, R=H,Me R-TPEN, R = Me,Bn N3S2

0 __o " NI N
e _\ NH N \N N \N N
(n) (n) [ ] [ ]
\—/N N\—/ NH  HN

L NN NN
n=1,12-TMC Cvel tat

n= 2, 13-TMC yclam acelate TMCS TI'\."ICPy
n=3, 14-TMC

Scheme 1.2 The structure of non-heme ligands that are frequently employed for stabilizing
high valent metal-O: species.

Biologically, high-valent species arise from O and its reduced forms or water. In the
laboratory, diverse oxidants are used, including peracids, PhlO, KO», m-CPBA, CAN/H>O
and H»O»[73]. The first synthetic, spectroscopically characterized Fe(Ill)—superoxo was
generated by bubbling O» into a THF solution of Fe(II)(BDPP) at —80°C|[74], and an end-
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on Mn(Ill)—superoxo has likewise been prepared using O2. Water has served as an oxygen
source in several cases[75—77]. H2O; offers a greener route to intermediates, while PhIO is
a versatile two-electron oxygen donor; historically, ozonolysis of an Fe-cyclam acetate

provided an early Fe(IV)=0 example[78].

Ligand architecture plays an important role in tuning function in non-heme 3d compounds.
Multidentate N/S/O-donor scaffolds define geometry (octahedral, trigonal bipyramidal,
square planar/pyramidal), enforce chelation and rigidity, and modulate metal center
electronics, thereby stabilizing specific oxidation and spin states. Macrocyclic amines,
polypyridyl and bis-quinoline frameworks are frequently deployed to access high valent
metal-oxygen adducts and to tune reaction pathways for O—O bond cleavage and H-atom
abstraction (HAT). Secondary sphere elements such as proximal H-bond networks,
charged or Lewis-acidic groups and sterically defined pockets further influence substrate
binding, transition state stabilization and product release. In addition, exogenous ligands
(axial donors, counter-anions) and medium effects (solvent, pH, ionic strength) can pivot
reactivity between nucleophilic, electrophilic and radical pathways. Experimentally,
building a faithful and useful model requires (i) rational ligand synthesis, (ii) controlled
metalation to access targeted oxidation states and (iii) comprehensive physicochemical
characterization. Against this backdrop, the present thesis focuses on the synthesis and
characterization of non-heme 3d metal compounds tailored for selected applications
spanning oxidative catalysis and small molecule activation. Emphasis is placed on
establishing structure, property and reactivity relationships by systematic variation of

ligand topology (denticity, donor set, rigidity), steric profile and electronic tuning.

The objectives of the present investigation are as follows
1. Design and synthesis of novel as well as known non-heme ligands that are robust
and capable of stabilizing 3d metals across multiple oxidation states, with built-in
handles for secondary sphere modulation.
2. The characterization of the ligands using IR and NMR spectroscopy.
3. Preparation of non-heme 3d metal compounds using synthesised ligands under

controlled metalation conditions to access targeted geometries and spin states.
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4. Comprehensive characterization using CHN analysis, IR, UV-Vis spectroscopic

techniques, ESI-MS spectrometry, single-crystal X-ray diffraction and where
applicable, EPR and VSM.

. Investigate enzyme-mimetic reactivity of the complexes through representative

model transformations using artificial oxidants.

. Reactivity assessment in selected applications, including oxidative C—H activation,

aldehyde deformylation and nitrite reduction to nitric oxide, with product analysis

by GC and appropriate methods.

. Examine extended properties of the systems, including analytical sensing

application.
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CHAPTER 2

2.1 Introduction

Chapter 2 sets out the experimental foundation of this work, built on carefully designed
protocols and systematic observation. It consolidates the procedures used to design ligand
architecture and assemble the target metal compounds. The technical aspects and key
operating parameters of the instruments employed for structural, spectroscopic, kinetic,
and application-oriented studies are also discussed. An integrated overview of these

synthetic routes and characterization steps is summarized in Scheme 2.1.

Characterized l;)-' e N
IR/NMR )
spectroscopy

-

_______

N/S-donor
Ligands

[ models ]

: Product analysis by Gas : i Detection of reactive intermediate :
Chromatography . JomnmnmaRnmmnnaes . by UV-Vis spectroscopy

i Characterization of intermediate by ESI- :
MS and EPR spectroscopy .

Scheme 2.1 Diagrammatic illustration of the general techniques and work strategy used in
this present work.

2.2 Experimental section

2.2.1 Chemicals and solvents

All the chemicals employed were of analytical reagent grade and were used without
further purification unless specified. lodometric titrations were used to measure the
precise amount of peroxide in commercially available 30% H>O[1]. Solvents were dried
according to established protocols[2] and distilled under nitrogen atmosphere prior to use.
Purified solvents were transferred into pre-dried glassware under vacuum. All glassware

was thoroughly dried either by prolonged heating in a hot oven before use.
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2.2.2 Synthesis of metal perchlorate hexahydrate M(Cl104):.6H>0O

The 3d-metal compounds described in this study were obtained by reacting non-heme
ligands with the corresponding metal perchlorate salts. The hexahydrate salts,
M(CI04)2-6H20, were prepared according to a reported method[1]: an aqueous suspension
of the metal carbonate was treated dropwise with 70% aqueous perchloric acid under
stirring until CO; evolution ceased. The mixture was filtered to remove any residual
carbonate, and the clear filtrate was slowly evaporated to afford crystalline metal
perchlorates. The isolated salts, Mn(ClO4),-6H>O (pale pink), Ni(ClO4),-6H>O (green),
Co(Cl04)2-6H>O (reddish-pink) and Cu(ClO4)2-6H,O (dark blue), were obtained as

crystalline solids.

Caution: Perchlorates salts are potential explosive and should be handled in small
quantity with care.

2.2.3 Synthesis of iodosylbenzene (PhIO)

Iodosylbenzene (PhlO) was prepared following a reported method[3]. Finely powdered
iodosobenzene diacetate (3.2 g, 0.010 mol) was placed in a 100 mL vessel under vigorous
stirring, and 15 mL of 3N NaOH was added dropwise over ~5 min. Any agglomerates that
formed initially were broken up with a spatula for ~15 min, and the mixture was then left
to stand for a further 45 min to complete the conversion. Water (10 mL) was added to the
suspension and stirred vigorously, the crude PhlO was collected by vacuum filtration. The
solid was triturated with 20 mL of water, refiltered, and washed thoroughly with an
additional 20 mL of water before drying under vacuum to give a yellow solid. Final
purification was achieved by trituration with 10 mL of chloroform, followed by filtration

and air-drying.

2.2.4 Synthesis strategy employed for the synthesis of ligands

The aminopyridine based ligands were prepared by the condensation of a primary amine
and pyridine-2-carboxaldehyde to give Schiff base imine, which was then reduced by
sodium borohydride to give the non-methylated aminopyridine ligands as shown in
Scheme 2.2. We have further reported the synthesis of novel N-methylated aminopyridine
ligands from the non-methylated precursors following the Eschweiler-Clarke reaction[4,5]

(Scheme 2.3).

Jeffrey L. Viegas (Ph. D Thesis), School of Chemical Sciences 14



Chapter 2

) N+ /‘ R ‘\ i)Ethanol, Reflux
i NH, NH, i) Methanol, NaBH,
& 0°C- RT

=OONT S =T e
H
Scheme 2.2 Synthetic route employed to synthesize non-methylated aminopyridine ligands.
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Scheme 2.3 Synthetic route employed to synthesize methylated ammopyridine ligands.
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Quinoline-based ligands were prepared using a generalized synthetic protocol. The
corresponding primary amines were reacted with 8-hydroxyquinoline via The modified
Bucherer reaction, initially reported by Nielsen and co-workers[6] (Scheme 2.4). Minor

adjustments to the workup substantially improved the isolated yields.
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Scheme 2.4 Synthetic route employed to synthesize non-methylated quinoline-based
ligands.
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2.2.5 Reaction setup for the synthesis of metal compounds

(saq flow in ' “

il bubbler

}) Flask

Vacuum trap

Vacuum pump

Figure 2.1 Schlenk line setup for the synthesis of metal compounds under inert
atmosphere.

The Schlenk line setup used for synthesis of compounds is illustrated in Figure 2.1. All
glassware (Schlenk flasks, adapters, syringes) was oven dried and assembled under a
positive flow of dry Nz. The round bottom Schlenk flask containing the metal perchlorate
solution was sealed with a septum and connected to the dual manifold via a two-way
stopcock. The assembly was evacuated and backfilled with N»; this pump and purge cycle
was repeated 4 times to remove residual oxygen and moisture to establish an inert

atmosphere. Where required, solvents were pre-dried and degassed.

With the metal solution stirring, the ligand solution was introduced dropwise by syringe
through the septum. Addition rates were kept slow to minimize local concentration
gradients and to control heat release; the internal pressure was relieved via a needle vent to
maintain a gentle N> overpressure. After complete addition, the mixture was stirred for
approximately 5 h, maintaining the inert atmosphere throughout. Crystallization was
achieved by slow diffusion of diethyl ether into the reaction mixture. Throughout, a slight
positive N, pressure was maintained, and all transfers were performed by syringe or

cannula to avoid air ingress.
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2.3 Instrumentation techniques

2.3.1 Infrared spectroscopy (IR)

The infrared (IR) region of the electromagnetic spectrum is conventionally divided into
three parts: near-IR (14,000—4,000 cm™), mid-IR (4,000-400 cm™), and far-IR (400-10
cm™). In IR spectroscopy, a molecule absorbs radiation at frequencies characteristic of its
structure; absorption occurs when the incident frequency matches that of a normal
vibrational mode (i.e., is resonant). In this work, IR spectroscopy was used primarily to
characterize the ligands and their metal complexes, and to track multistep ligand syntheses
via changes in functional group signatures|7]. Upon coordination to a metal centre,
diagnostic ligand bands often shift to lower wavenumbers. When perchlorate served as the
counter anion, its distinctive IR bands also corroborated successful metalation. Spectra
were collected in the 4,000-400 cm™ range on a Shimadzu IRPrestige-21 FT-IR
spectrometer (4 cm™ resolution) using KBr pellets prepared from finely ground samples

and on an Alpha II transmittance FT-IR instrument.

2.3.2 Nuclear magnetic resonance (NMR) spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy probes how magnetically active nuclei
respond to a strong external field and radiofrequency excitation; in such a field, nuclei
behave like tiny bar magnets and resonate at characteristic frequencies dictated by their
chemical environment[8]. We used NMR to confirm the structures of the synthesized
ligands and to assess their purity. 'H, 1*C, and DEPT spectra were acquired on a Bruker

Avance III 400 MHz instrument with the samples dissolved in CDCls.

2.3.3 Elemental analysis (CHN)

Elemental (CHNS) analysis was used to determine the mass percentages of carbon,
hydrogen, nitrogen, and sulfur in each sample. For measurement, a known amount of
material was weighed into a tin foil capsule, sealed, and placed in the instrument’s loading
assembly. Using sulfanilamide as the calibration standard, CHN measurements were
performed on an Elementar vario MICRO cube (CHNS) analyzer to verify the

composition and assess the purity of the synthesized ligands and metal compounds.
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2.3.4 UV-Visible spectroscopy

Ultraviolet—visible (UV-Vis) spectroscopy quantifies how a sample absorbs UV and
visible light and is widely used to characterize materials. According to the Beer Lambert
law, absorbance (A) varies linearly with the concentration of the absorbing species and the
optical path length. In this study, UV—Vis measurements served to probe the electronic
structures of the metal compounds and to characterize species formed during reactions. All
spectra were recorded in 1 cm quartz cuvettes. The generation of metal-oxygen reactive
intermediates was monitored by UV—Vis spectroscopy: upon addition of oxidants, these
intermediates displayed bands that were clearly distinct from those of the precursor
compounds. Their stability was assessed by following the time dependent absorbance at
the diagnostic Amax. Kinetic information (rate constants) was obtained under pseudo-first-
order conditions by fitting the change in absorbance at Amax at controlled temperatures.
Spectra were collected on an Agilent 8453 UV—Vis spectrophotometer equipped with a

liquid-nitrogen cryostat (Unisoku) and a temperature controller.

2.3.5 Electron spray ionization mass spectroscopy (ESI-MS)

Mass spectrometry was employed to characterize both the metal compounds and, where
possible, transient solution-phase intermediates. Acetonitrile solutions were analyzed by
electrospray ionization (ESI-MS) using Applied Biosystem Matrix-assisted Laser
Desorption lonization Time-of-flight (MALDI-TOF) spectrometer and on a Thermo
Finnigan (San Jose, CA, USA) LCQ™ Advantage MAX quadrupole ion trap via direct
infusion using a syringe pump (20 pL min™). The spray potential was typically 4.7 kV,

and the capillary temperature was adjusted to suit the thermal stability of each sample.

2.3.6 Electron paramagnetic resonance (EPR) spectroscopy

A subfield of absorption spectroscopy known as electron paramagnetic resonance (EPR)
studies how paramagnetic materials absorb microwave-frequency radiation to cause
changes in the magnetic energy levels of electrons with unpaired spins. The foundation of
ESR is the fact that molecules, atoms, ions, or molecular fragments with an odd number of
electrons display distinctive magnetic characteristics. The resonance condition and the

spectrum depends on the local environment (e.g., ligand field, geometry, and nearby
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nuclei). EPR therefore serves as a sensitive probe for identifying paramagnetic centers and
extracting information about their electronic structure and surroundings|[9]. The X-band
EPR measurements were performed on a JEOL X-band spectrometer (JESFA100) at liquid

nitrogen temperature (77 K).

2.3.7 Single crystal X-ray diffractometry

Single crystals appropriate for structural analysis were obtained using the vapor diffusion
of diethyl ether into an acetonitrile solution of metal compounds and slow evaporation
techniques. The Bruker D8 Quest Eco X-ray diffractometer was used to determine the
single crystal structure of the compounds[10]. At room temperature (RT), intensity values
were obtained using monochromatic light (MoKo = 0.7107 A). The frames were
integrated, absorption correction was carried out, and the unit cell was ascertained using
the APEX4 software suite (Version 2021.10-0). SHELXS was used to solve the structures,
and SHELXL was used for further modifications. Anisotropic refinement was used for all
non-hydrogen atoms. The hydrogen bonding parameters were determined by the WinGX
Single Crystal Suite. "Diamond 2: Crystal and Molecular Structure Visualization" and

"Mercury 4.2" softwares were used to create crystal pictures.

2.3.8 Gas chromatography (GC)

The Shimadzu GC 2014 with an HP capillary column (30 m x 0.25 mm x 2.5 uM) and an
FID detector was used to quantify the organic products in the catalytic reactions. The
products' peak areas and retention times were then compared with the standard curves that

were produced using authentic samples. Decane was used as an internal standard.

2.3.9 Photoluminescence (PL) spectroscopy

The Iluminescence characteristics of the compounds were investigated using
photoluminescence spectroscopy|11]. The Cary Eclipse Fluorescence Spectrophotometer
(G9800A) from Agilent Technologies, which uses xenon flash lamp technology, was used

to acquire the photoluminescence spectra.
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2.3.10 Powder X- ray diffraction (PXRD)

Powder X-ray diffraction is an analytical method that can provide information about
the unit cell dimensions, purity assessment, studying polymorphism and used for phase
identification of a crystalline material. The diffraction pattern was obtained employing a
RIGAKU ULTIMA 1V and RIGAKU SMARTLAB diffractometer using Cu-Ka

radiations.

2.3.11 Thermogravimetric studies

Thermogravimetric Analysis (TGA) and Derivative Thermogravimetry (DTG) are two
methods for examining a material's thermal characteristics. TGA measures the change in
weight of a sample as it is heated or cooled whereas DTG is the first derivative of the
TGA curve, which indicates the rate of weight change with respect to temperature or time.

TGA and DTG were determined using the Netzsch STA 409 analyser.

2.3.12 Vibrating Sample Magnetometer (VSM) and Superconducting
Quantum Interference Device (SQUID)

Magnetic susceptibility describes how strongly a material becomes magnetized when it is
placed in an external magnetic field. If the response is positive i.e. the magnetization
aligns with the field, the material is paramagnetic; if the response is negative i.e. it
opposes the field, the material is diamagnetic[12]. Field dependent magnetization
measurements including zero-field-cooled (ZFC) and field-cooled (FC) protocols were
carried out between 5 and 300 K under an applied field of 100 Oe (M-T) with S700X
SQUID magnetometer, Cryogenic Limited and The Quantum Design, USA make Versalab
Cryogen free VSM with 3 Tesla Magnet and temperature range of 50-400 K.
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The following chapters have covered the specific synthetic procedures as well as the
ligand and new metal compound characterization used in this investigation. Scheme 2.5

and Scheme 2.6 shows the chemical structures of the ligands L1-L12 and metal

compounds 1-26 respectively.
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Scheme 2.5 The chemical structures of all the ligands in this study.
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Scheme 2.6 Chemical structures of the new compounds 1-26 discussed in the subsequent
Chapters of the thesis.
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CHAPTER 3

Section I: Influence of methyl substitution on structural parameters and

catalytic mimicking activity of Cu(II) compounds

3.1 Introduction and literature

Pentaammine compounds of transition metals have held a significant position in the
historical and evolutionary development of coordination chemistry. The synthesis of
[Co(NH3)sH,O]**, [Co(NH3)sC1]*", and [Co(NH3)sNO>]*" in the mid-1800s exhibited how
altering one ligand could influence the color of the resulting compound[1]. The 19th
century signified the commencement of mechanistic and kinetic investigations of ligand
exchange reactions and electron transfer reactions employing pentaamine compounds|2—
4]. Pentadentate pentaamine ligands represent a logical extension of the pentaamine unit.
However, such ligands have been relatively rare and underutilized until the last two
decades. Over the course of this period, extensive research employing such ligands has

been conducted|[5].

Aminopyridyl ligands are the most commonly used type of pentadentate ligands. Nitrogen
based pentadentate aminopyridyl ligands are a group of multidentate ligands that are
defined by their capacity to form bonds with metal centers via five different donor atoms,
usually incorporating multiple pyridine units and amine groups. A significant amount of
interest has been focused on these ligands within coordination chemistry due to their
robust metal-binding abilities, varied coordination geometries, and adjustable electronic
characteristics, ultimately enabling their application in catalysis, biomimetic simulations,

and materials science research[6—8].

Structurally, pentadentate aminopyridyl ligands are composed of pyridine rings connected
to central nitrogen atoms via flexible or rigid linkers, often secondary or tertiary amines,
which create a stable chelating framework that facilitates coordination with a range of
metal ions. These structural configurations result in stable metal compounds with distinct
coordination geometries, commonly taking on trigonal bipyramidal or square pyramidal
structures, which are vital for regulating the electronic and steric surroundings around the

metal centre. Modifications to these ligand structure enable researchers to make precise
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adjustments to their electronic and spatial properties, thereby allowing for the optimization

of ligand frameworks to achieve improved catalytic performance and selectivity[9—13].

Although significant research has been carried out, additional investigation into
pentadentate aminopyridyl ligands is still required to fully take advantage of their
chemical flexibility and to gain a more profound understanding of their structure activity
correlations. In our endeavor to design new N3Py2 type N-donor ligands, we herein report
the synthesis and characterization of new ligands L2 = N/ N’-dimethyl-N'-(3-
(methyl(pyridin-2-ylmethyl)amino)propyl)-N-(pyridin-2-ylmethyl)propane-1,3-diamine)

and L3 = N'-methyl-N*-(pyridin-2-ylmethyl)-N’-(3-((pyridin-2-
ylmethyl)amino)propyl)propane-1,3-diamine prepared by methylation of L1 = NI-
(pyridin-2-ylmethyl)-N*-(3-((pyridin-2-ylmethyl)amino)propyl)propane-1,3-diamine at

normal laboratory conditions.
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Scheme 3.1 Diverse set of pentadentate aminopyridyl ligands supporting transition metal
compounds.
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The transition metalloenzymes play critical roles in biological processes. Several reports
on biomimetic model compounds containing N-donor coordination suppliers have shown
an insight into the structure-function properties|14-21]. The impetus to design novel
ligands and transition metal compounds appears from their potential to understand the
correlation of their geometric and electronic structure with their reactivity. The copper-
based coordination compounds are known for their diverse applications[22-25]. Several
copper compounds have been known as biomimetic models of metalloenzymes[26,27].
The coinage transition metal copper is a well-known essential element in biology. Its
compounds can catalyze various biochemical redox reactions such as methane
monooxygenase, catechol oxidase, superoxide dismutase, and phenoxazinone
synthase[28-31]. Phenoxazinone synthase (PHS) is a multicopper oxidase enzyme
produced by Streptomyces antibioticus. A hexameric copper active site can catalyze an
oxidative coupling of substituted 2-aminophenols to phenoxazinone chromophore in the
biosynthesis of actinomycin D, a naturally synthesized antineoplastic agent[32,33]. The
design and development of numerous small molecule catalysts bearing amine and
polypyridyl ligands have helped the bioinorganic chemist to understand the structure-
activity synergy at the active site[34-39]. The metal compounds, ligand architecture, and
coordination geometry, are known to control the reactivity and stability of such
compounds[40-46]. Copper(Il) ions tend to form common tetrahedral, octahedral, square
pyramidal, and trigonal bipyramidal geometry compounds, all of which are tetragonally
distorted[47]. The pentadentate N-donor ligands form square pyramidal and trigonal
bipyramidal copper(I) compounds. Addison and co-workers showed connectivity between

SP and TBP with intermediate geometries in copper compounds[48].

In this work, we are presenting thoroughly characterized four copper(Il) compounds 1-4,
stabilized by novel pentadentate aminopyridyl ligand architectures, showing the influence
of ligand architecture and geometry on the phenoxazinone synthase and catecholase-like

activity.
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Section II: Synthesis, characterization and reactivity studies of non-heme Ni(II) and

Co(II) compounds

Research into the chemistry of first row transition metal compounds that incorporate
nonheme N-donor ligands is an area of growing interest[49,50]. In metalloenzymes, metal
active sites are crucial for facilitating biochemical reactions[51]. Transition metals from
the 3d series exhibit a range of properties making them abundant and available for various
applications, due to their ability to form a variety of coordination numbers and adopt
flexible geometries. Cobalt and nickel, which are late transition metals, have received less
attention in biomimetic research owing to their limited applications in the field of biology.
Substantial research has been conducted in recent years to comprehend the functions of
high valent cobalt and nickel oxygen intermediates in various biomimetic reactions[52—

56].

A large number of Nickel(IT) compounds have been studied for their role as the models for
several metalloenzymes. They displayed good efficiency in electrolytic water
oxidation[57], hydrogen gas generation and oxygen gas evolution[58,59]|. Biomimetic
non-heme systems have gained significant attention in recent years due to their potential to
function as oxidizing agents. Akita and co-workers have investigated the reactivity of a
nickel(Il)-alkylperoxo complex, [Ni(OO7Bu)(TpiPr)], when it reacts with a series of para-
substituted benzaldehydes, resulting in the formation of the corresponding benzoato
adducts[60]. Further research by Nam and co-workers has provided a high-resolution
crystal structure of a side-on nickel(Ill)-peroxo complex containing a 12-membered
macrocyclic ligand, [Ni"(O2)(12- TMC)]". Investigations have been conducted using both
2-PPA and CCA as substrates, yielding acetophenone and cyclohexene as a result of a
nucleophilic aldehyde deformylation reaction. The reactivity of nickel-oxygen adducts is
influenced by the ring size of the supporting ligands[61], as well as electronic and steric
effects[62,63]. Cho and his colleagues have synthesized a nickel(Ill)-peroxo complex
using the Meg¢-trien ligand, which is analogous to the macrocyclic 12-TMC ligand, and
discovered that an open-chain nickel-oxygen intermediate complex is more reactive than

its macrocyclic counterpart towards aldehyde deformylation[64].

Investigations into the interaction of cobalt complexes with dioxygen have been extensive,

resulting in the synthesis of Co-O; species that serve as chemical models of dioxygen
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carrier proteins, such as haemoglobin and myoglobin[65,66]. Currently, many Cobalt-
Oxygen species stabilised by non-heme ligands have been identified using spectroscopic
methods and a smaller number have been characterised by X-ray crystallography, with
their reactivity having been studied in a range of oxidation reactions.

Extensive examination of cobalt schiff base complexes in the presence of dioxygen
revealed their potential for the catalytic oxidation of organic substrates such as phenols
and olefins. These Oxidative studies proposed an end-on Co(IIl)-superoxo intermediate as
the key species involved in the reactions. It is proposed that this species abstracts a
hydrogen atom from the substrates through the weak C-H or O-H bonds[67,68].
Researchers led by Nam characterised a cobalt(Ill)-peroxo complex incorporating the
tetradentate TMC ligand and examined its reactivity in deformylation reactions with
various aldehydes[69]. Further research concentrated on how variations in the TMC ring's
size affected cobalt(Ill)-peroxo complexes reactivity in the aldehyde deformylation
reaction. Specifically, two mononuclear cobalt(Ill)-peroxo complexes were examined:
those with tetradentate 12-TMC and 13-TMC ligands. A larger ring size resulted in an
oxidant that was more reactive towards nucleophilic addition to aldehydes[70]. Reports on
cobalt(IIT)-hydroperoxo species are scarce in comparison to those on the Co(IIl)-peroxo
species[71]. The end-on Co(IlI)-hydroperoxo species have been found to form through the

protonation of Co(III)-peroxo species in acidic conditions|72].

Section I of our studies has focused on the synthesis, characterisation, and catalytic
reactivity of copper(Il) complexes incorporating the pentadentate ligands L1, L2, and L3.
Despite significant amounts of research on nonheme Ni(II) and Co(Il) compounds, our
current understanding indicates that there is still potential in designing novel topological
ligands that aid in stabilizing Ni-O; and Co-O: intermediates. This section focuses on 3d
transition metal compounds, specifically those of Ni(II) and Co(II). The Ni(IT) and Co(II)
compounds synthesised from the pentadentate ligands L1 and L2 have been characterised
and their potential role in the formation of stable reactive intermediates for biomimetic

purposes has been studied.
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3.2 Experimental details

The details of procedures which are employed for the synthesis of ligands L1, L2 and L3
along with four Cu(Il) compounds [Cu(L1)](ClO4)> 1, [Cu(L1)](NO3)2 2, [Cu(L2)](ClO4)>
3 and [Cu(L3)](ClO4)2 4 and their characterization have been described in this section.
The Scheme 3.2 shows structures of ligands and the Cu(Il) compounds that are

synthesized in this study.
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Scheme 3.2 Structure of the ligands employed in this work and the corresponding Cu(Il)
compounds.

3.2.1 Synthesis of ligands L.1, L2 and L3

The synthesis of L1 was reported elsewhere, followed with modifications[73]. A solution
of bis(3-aminopropyl) amine (1.8 g, 14.0 mmol) in ethanol (5 mL) was added dropwise to
a solution of pyridine-2-carboxaldehyde (3.0 g, 28.0 mmol) in ethanol (15 mL) and
refluxed, with stirring, for 5 h. The mixture was cooled to room temperature and
evaporated under reduced pressure to produce semisolid imine. The imine was redissolved
in ice-cold methanol (20 mL) and to this solution NaBH4 (0.48g, 12.8 mmol) was added
slowly, after which the mixture was stirred overnight. The solvent was then removed
under vacuum, and the distilled water (20 mL) was added to the crude product flask.
Yellow viscous oil of L1 was extracted with three aliquots of 30 mL of ethyl acetate. The
yield of L1 was 3.6g (11.48 mmol), 85 %. Anal. Calc. for L1 Ci1gH27Ns (%): C, 68.97; H,
8.63; N, 22.34. Found: C, 68.26; H, 8.45; N, 21.92. IR (KBr, cm™): 3298 v(NH); 3053-
2816 v(CH).
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Ligand L2 was synthesized by methylation of the reported L.1[74]. The ice-cold aqueous
solution of L1 (3g, 9.5 mmol) was combined with formaldehyde solution (37%, 22.0 mL)
and formic acid (85%, 15.0 mL) and refluxed for 24 h. An aqueous NaOH (2.0 M) was
added until the pH was above 12. A brown oil was extracted with three 30 mL aliquots of
chloroform and dissolved in HCI solution (pH ~ 1). The acidic mixture was basified with
aqueous NaOH, and the reddish-brown product L2 was then extracted with six 20 mL
aliquots of diethyl ether. The yield of L2 was 2.7g (7.59 mmol), 79 %. Anal. Calc. for L2
C21H33Ns (%): C, 70.95; H, 9.36; N, 19.70. Found: C, 70.04; H, 8.95; N, 19.03. IR (KBr,
cm™): 3007-2895 v(CH); 'H NMR (CDCls, ppm): § 8.54 (d, 2H, J = 4.8 Hz), § 7.65 (t, 2H,
J=7.6Hz),57.42(d, 2H, J=8.0 Hz), 6 7.15 (t, 2H, J= 6.0 Hz), 6 3.64 (s, 4H), 6 2.44 (t,
4H), § 2.36 (t, 4H), § 2.24 (s, 6H), & 2.20 (s, 3H), & 1.70 (qui, 4H),"*C NMR (CDCls,
ppm): & 159.4, 6 149.0, 6 136.4, 6 123.0, 6 121.9, 6 63.9, 8 55.9, 6 55.6, 6 42.4, 6 42.2, %
25.1.

Ligand L3 was synthesized by similar protocol as in L1 wherein 3,3'-Diamino-N-
methyldipropylamine (2.0 g, 14.0 mmol) instead of Bis(3-aminopropyl) amine was reacted
ethanolic solution of pyridine-2-carboxaldehyde (3.0 g, 28.0 mmol). The yield of L3 was
3.6g (1.11 mmol), 80 %. Anal. Calc. for L3 Ci9H29Ns5 (%): C, 69.69; H, 8.93; N, 21.39.
Found: C, 70.15; H, 9.27; N, 21.81. IR (KBr, cm™): 3007-2895 v(CH); '"H NMR (CDCl;,
ppm): 6 8.55 (d, 2H, J=4.4 Hz), 6 7.66 (t, 2H, J = 7.6 Hz), 6 7.31 (d, 2H, J = 7.6 Hz),
7.17 (t, 2H, J = 6.4 Hz), 6 3.88 (s, 4H), 6 2.69 (t, 4H), 6 2.41 (t, 4H), 6 2.20 (s, 3H), 6 1.74
(qui, 4H),"*C NMR (CDCls, ppm): § 159.3, 8 149.1, & 136.4, § 122.3, 5 121.9, § 55.9, §
55.0,0 48.0, 6 42.0, 6 27.2.

3.2.2 Synthesis of Cu(Il) compounds [Cu(L1)](ClO4): 1, [Cu(L1)](NO3):

2, [Cu(L2)](Cl104)2 3 and [Cu(L3)](ClO4): 4

[Cu(L1)](ClO4)2 1 was synthesized with a modification of the reported procedure[74]. A
solution of L1 (0.42 g, 1.37 mmol) in acetonitrile (5 mL) was added slowly to the stirring
solution of Cu(ClO4),.6H,O (0.50 g, 1.37 mmol) in acetonitrile (2 mL) at room
temperature. The mixture was stirred for ~8 h. Diethyl ether (10 mL) was added to the
resulting dark blue color solution, and the mixture was kept undisturbed for crystallization.
The blue crystals formed after two days were isolated by filtration and dried in the air. The
yield of 1 was 0.62g (1.07 mmol), 80 %. Anal. Calc. for 1 Cis Hz7 Clz Cu Ns Og (%): C,
37.54; H, 4.73; N, 12.16. Found: C, 37.10; H, 3.95; N, 12.23. IR (KBr, cm): 3217
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v(NH); 3053-2816 v(CH); 1093, 621 v(ClO4); UV-Vis data, Amax, CH3CN/nm (&/dm> mol!
cm): 280 (2722) and 690 (75). ESI-MS: m/z = 188.0 (calc. 188.0) for [Cu(L1)]* and m/z
=475.1 (calc. 475.1) for [Cu(L1)(C104)]".

Compound 2 was prepared by similar protocol as in 1 wherein Cu(NOs3).3H>O (0.50 g,
2.06 mmol) instead of Cu(ClO4),.6H>O was reacted with L1 (0.64 g, 2.06 mmol) in
acetonitrile. Yield of 2 was 0.86g (1.73 mmol), 85(%). Anal. Calc. for 2 Cig Ha7 Cu N7 O¢
(%): C, 43.15; H, 5.43; N, 19.57. Found: C, 43.58; H, 5.98; N, 20.18. IR (KBr, cm™):
3208 v(NH); 3071-2878 v(CH); 1384 v(NO3); UV-Vis data (CH3CN, Amax, nm, €): 280
(2722) and 690 (83). ESI-MS: m/z = 188.6 (calc. 188.3) for [Cu(L1) " and m/z = 438.6
(calc. 438.4) for [Cu(L1)(NO3)]".

A solution of L2 (0.48 g, 1.37 mmol) in acetonitrile (5 mL) was added slowly to the
stirring solution of Cu(Cl0O4)2.6H20 (0.50 g, 1.37 mmol) in acetonitrile ( 2 mL) at room
temperature. The mixture was stirred for ~ 8 h. Diethyl ether (10 mL) was added to the
resulting dark blue color solution, and the mixture was kept undisturbed for crystallization.
The blue crystals formed after two days were isolated by filtration and dried in the air. The
yield of 3 was 0.64 g (1.03 mmol), 77.0 %. Anal. Calc. for 3 C21 H33 Cl2 Cu N5 Og (%): C,
40.82; H, 5.38; N, 11.33. Found: C, 40.58; H, 5.05; N, 11.95. IR (KBr, cm™): 3007-2895
v(CH); 1093, 621 v(ClO4); UV-Vis data, Amax, CH;CN/nm (g/dm? mol™! cm™): 275 (2665)
and 610 (45). ESI-MS: m/z = 209.1 (calc. 209.1) for [Cu(L2)]*" and m/z = 517.0 (calc.
517.0) for [Cu(L2)(ClO4)]".

L3 (0.45g, 1.37 mmol) was dissolved in acetonitrile (2 mL) and added to the stirring
solution of Cu(ClO4)2.6H>0 (0.50g, 1.37 mmol) in acetonitrile at room temperature. The
mixture was stirred for 5 h and filtered. The product was isolated by evaporation of
solvent and recrystallization of the residue from minimum volume of acetonitrile by the
gradual addition of diethyl ether to obtain the compound as a blue solid. Crystals of
diffractable quality were obtained by slow diffusion of diethyl ether to acetonitrile solution
of the compound. The yield of 4 was 0.68 g (1.16 mmol), 85.0 %. Anal. Calc. for 4
Ci19H29C12CuN;sOs (%): C, 38.68; H, 4.96; N, 11.87. Found: C, 38.92; H, 5.07; N, 11.24.
IR (KBr, cm™): 3007-2895 v(CH); 1093, 621 v(ClO4); UV-Vis data, Amax, CH3CN/nm
(e/dm?® mol™! cm™): 286 (2893) and 720 (115). ESI-MS: m/z = 215.7 (calc. 215.6) for
[Cu(L3)(CH3CN)]* and m/z = 489.2 (calc. 489.1) for [Cu(L3)(Cl04)]".
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3.2.3 Catalytic oxidation

Compounds 1 - 4 were tested in the oxidation of model substrates 2-aminophenol (OAP)
and 3,5-di-tert-butylcatechol (3,5-DTBC). In a typical catalytic reaction, the compound (1
x 10 M) dissolved in dioxygen-saturated methanolic solution was reacted with OAP (1 x
10 M) at 25°C for 2 h. The time dependent reaction progress was monitored using UV-
Vis spectrophotometer. After two hours, the evaporation of the solvent yielded a reddish-
brown residue which was then infused on Shimadzu GC 2014 equipped with HP capillary
column (30 m x 0.25 mm x 2.5 uM) and an FID detector using methanol as eluent. The
oxidation of 3,5-DTBC was examined spectrophotometrically by reacting 100 equivalents
of 3,5-DTBC with catalyst (1 x 10* M) in methanol for two hours. The quinone was
purified by column chromatography using a 10% mixture of ethyl acetate and hexane as

eluent.

3.3 Results and discussions

3.3.1 Synthesis and characterization of L1, L2 and L3
Martell and co-workers first synthesized the bis-pyridine ligand L1 in 1978, wherein the

Schiff base was subsequently hydrogenated with a palladium catalyst. A similar diimine
reduction method with Zn has also been reported[5]. In the current work, we have
synthesized L1 starting from its diimine precursor, followed by the standard NaBH4
reduction (Scheme 3.3).

HZN/\/\H/\/\NHz H
1. EtOH, reflux N -H CHZO HCOOH —

+
CHO 2. NaBH, , MeOH reflux
~
2
_N L1\ 2 N

Scheme 3.3 Synthesis of ligands L1 and L2.

We have further reported the synthesis of new pentadentate N-methylated pyridyl amine
ligands L2 and L3. L2 is prepared from the non-methylated precursor L1 via the
Eschweiler-Clarke reaction (Scheme 3.3)[75]. Whereas L3 is synthesized by reductive

amination of Bis(3-aminopropyl) amine with pyridine-2-carboxaldehyde (Scheme 3.4).
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I
P NT |
H,N N NH, (’”\N@

. 1. EtOH, reflux _ H-R N-H
CHO 2. NaBH, , MeOH
o ([ N N=
=N <~/ L3 N\ /

Scheme 3.4 Synthesis of ligand L3.

IR spectra of ligands L1- L3 were recorded in the region 4000 — 400 cm™'. The overlaid IR
spectra (Figure 3.1) show features attributed to the ligand formation. The IR spectrum of
L1 exhibits N-H stretching vibration in the region 3290-3350 cm !, while similar peaks
were not observed in the IR spectrum of methylated analog. Medium-to-weak absorptions
observed between 2890-3040 cm™ were characteristic of C-H stretching vibrations of

organic ligands[76].

L3

L Yy

L2

LI

% Transmittance (a.u.)

I I I T T T T
3500 3000 2500 2000 1500 1000 500
]
Wavenumber (cm )
Figure 3.1 IR spectra of the ligands L1, L2 and L3.

The structure of the ligands was confirmed by 'H, '*C and DEPT NMR spectroscopy and
the corresponding peaks were assigned in the corresponding NMR spectra as depicted in

Figure 3.2-3.7.
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Figure 3.2 The 'H NMR spectrum of L2 recorded in CDCI;s (S stands for solvent peak).
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Figure 3.3 The >C NMR spectrum of L2 recorded in CDCI; (S stands for solvent peak).
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Figure 3.4 The DEPT spectrum of L2 recorded in CDCl3.
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Figure 3.5 The 'H NMR spectrum of L3 recorded in CDCl;.
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Figure 3.6 The 3C NMR spectrum of L3 recorded in CDCI;s (S stands for solvent peak).
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Figure 3.7 The DEPT spectrum of L3 recorded in CDCl;.
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3.3.2 Infrared (IR) spectroscopic analysis of compounds 1-4

The bands due to O-H vibrations are absent in the IR spectra of compounds 1-4, indicating
the absence of water molecules, thus giving the first hint of pentadentate coordination with
copper(Il). The spectra showed C-H stretching vibration in the region 3100-2800 cm™ due
to incorporating ligands. In 1, 3 and 4, the well-resolved absorption bands at ~ 1090 cm!
and ~ 620 cm™ are observed for uncoordinated perchlorate anions[77,78] (Figure 3.8),

whereas 2 exhibited a peak at 1384 cm™ due to nitrate anion[79].
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Figure 3.8 The overlaid infrared spectra of compounds 1-4.

3.3.3 UV-Visible spectra of compounds 1-4

UV-Vis spectra for compounds 1-4 were recorded in CH3CN. The pentadentate ligand-
based Cu(Il) compounds with a typical square pyramidal geometry exhibit d,, dy, — d,2
transition bands in the 550-670 nm region, i.e., a high-energy peak with a low-energy
shoulder. The intense band observed in the high energy region are assigned to the Cu(II)-
pyridine charge transfer band (260-315 nm)[80]. The weaker d-d bands observed in the
500-1000 nm region and their patterns can suggest the exact nature of pentacoordinate
geometry[81,82]. A broad band centered at ~690 nm in compound 1 and 2; and ~720 nm
in compound 4 indicates a significant distortion (Figure. 3.9).The high-intensity band at ~
610 nm and shoulder at ~ 800 nm could be attributed to the effects of distortion in

compound 3.
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Figure 3.9 UV-Vis spectra recorded in CH3CN for compounds 1-4 (5 mM) shows the
visible region exposing the d-d bands.

3.3.4 ESI-Mass spectrometry

Electrospray mass spectra (ESI-MS) of compounds 1-4 were studied in acetonitrile. ESI-
MS spectrum of 1 exhibits mass peaks at m/z = 188.0 (calc. m/z 188.3) for [Cu(L1)]*" and
m/z = 475.1 (calc. m/z 475.1) for [Cu(L1)(ClO4)]" fragments. On the other hand, the ESI-
MS spectrum of 2 exhibits two major mass peaks at m/z = 188.6 (calc. m/z 188.3) and m/z
= 438.6 (calc. m/z 438.4), which can be assigned to [Cu(L1)]*" and [Cu(L1)(NO3)]*
species, respectively (Figure 3.10). Similarly the ESI-MS spectrum of 3 shows
fragmentation peaks at m/z = 209.1 (calc. m/z 209.1) for [Cu(L2)]*" and m/z = 517.0 (calc.
m/z 517.0) for [Cu(L2)(ClO4)]". The peaks observed at m/z = 215.9 (calc. m/z 215.6) and
m/z = 489.3 (calc. m/z 489.1) in ESI-MS spectrum of 4 can be attributed to
[Cu(L3)(CH3CN)]** and [Cu(L3)(ClO4)]* species respectively (Figure 3.11).
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Figure 3.10 ESI-MS spectrum of 1 (left) and 2 (right) recorded in acetonitrile solvent. The
inset shows the isotope distribution patterns for the prominent peaks in black with
stimulated pattern in blue colour.
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Figure 3.11 ESI-MS spectrum of 3 (a) and 4 (b) recorded in acetonitrile solvent.

3.3.5 Crystal structure and geometrical analysis of compounds 1- 4

All four compounds 1-4 were obtained as crystalline solids. Single crystals of
[Cu(L1)](ClOs4)2 1, [Cu(L1)](NO3)2 2, [Cu(L2)](ClO4)2 3 and [Cu(L3)](ClO4); 4 suitable
for structure determination were obtained by slow diffusion of diethyl ether into the
CH3CN solution of the respective compounds. Our CSD search indicated that the crystal
structure of 1 was earlier reported[74]. However, for comparing the crystal structure data
of 1, we have reinvestigated the crystal structure and reactivity of compound 1 prepared by
our method. The summary of technical details of data acquisition and selected refinement
results for 1 and 2 are given in Table 3.1 and for 3 and 4 are given in Table 3.2. At the
same time, the desired bond lengths and angles are provided in Table 3.3, Table 3.5,
Table 3.6 and Table 3.8 for 1-4 respectively. Compounds 1, 2 and 3 crystallize in the
centrosymmetric monoclinic space group P2i/n whereas 4 in monoclinic space group
P21/c with all the atoms located at general positions. An asymmetric unit of 1-4 is made up
of one unique Cu(Il) ion, a discrete pentadentate ligand (L1 in 1 and 2; L2 in 3; L3 in 4),

and two independent counter ions (ClO; in 1,3 and 4; NO3 in 2). The independent anions
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balance the charge neutrality of the cationic core without coordinating with the Cu(Il) ion
(Figure 3.12-3.15). Despite of apparent resemblance in their asymmetric unit, they show

different coordination geometries due to changes at N-donor. Crystallographic analysis of

compound 1 revealed it to be identical to the previously published structure[74].

Table 3.1 Technical details and structure refinement parameters of 1 and 2.

Compound

1

2

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Theta range for data collection
Completeness to theta

Index ranges

Reflections collected
Independent reflections
Refinement method

Absorption correction

Data/restraints/parameters
Goodness-of-fit on F

Final Rindices[I>2sigma(])]
R indices (all data)

CCDC No.

Ci1sH27CL,CuNsOs
575.90

296(2) K
0.71073 A
Monoclinic
P2i/n
a=28.2978(4) A
b=14.7237(7) A
c=19.4686(9) A
a=90°
B=92.263(2)°

vy =90°
2376.71(19) A3
4

1.609 mg/m’
1.198 mm!

1188

2.708 to 28.295°
99.9%

-11<h <11
-19<k<19
-25<1<25

35004
5895(Rin= 0.0387)

Full-matrix least-squares on

F2

Semi- empirical
from equivalents
5895/0/319
1.043

R1=0.0372, wR2= 0.0854
R1=0.0636, wR2=0.1023

2244556

Cis H27 Cu N7 O¢
501.02

296(2) K

0.71073 A
Monoclinic

P2i/n
a=8.1442(7) A
b=13.8364(11) A
c=19.4561(16) A
a=90°
B=90.978(3)°

v =90°

2192.1(3) A3

4

1.518 mg/m’
1.047 mm'!

1044

2.695 to 26.598°
99.9%

-10<h <10
-17<k<17
-24<1<24

46401

4590 (Rin= 0.0340)

Full-matrix least-squares on

FZ

Semi- empirical
from equivalents
4590 /0 /301
1.038

R1=0.0471, wR2=0.1361
R1=10.0612, wR2=0.1527

2386737
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Table 3.2 Technical details and structure refinement parameters of 3 and 4.

Compound 3 4

Empirical formula C21H33C1CuNsOg Ci9 H29 Cl2Cu N5 Og
Formula weight 617.97 589.92

Temperature 296(2) K 296(2) K
Wavelength 0.71073 A 0.71073 A

Crystal system Monoclinic Monoclinic

Space group P2i/n P2i/c

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Theta range for data collection
Completeness to theta

Index ranges

Reflections collected
Independent reflections
Refinement method

Absorption correction

Data/restraints/parameters
Goodness-of-fit on >

Final Rindices[I>2sigma(])]
R indices (all data)

CCDC No.

a =8.3095(3)A
b=34.3277(13)A
c=9.4567(4)A

a=90°

B =100.7640(10)°

v =90°

2650.02(18) A®

4

1.549 mg/m’

1.080mm’!

1284

2.565 to 28.272°

99.8%

-11<h <11

-45< k<45

-12<1<12

24038

6565 (Rin= 0.0439)
Full-matrix least-squares on
B2

Semi- empirical

from equivalents
6565/0/337

1.079

R1=0.0751, wR2=0.1882
R1=0.1102, wR2=0.2108
2244555

a=14.1336(5 A
b=10.5927(4) A
c=17.9410(6) A

a=90°
B=111.5030(10)°

v =90°

2499.05(15) A®

4

1.568 mg/m?

1.141 mm’!

1220

2.277 to 28.419°

100%

-18<h <18

-14<k<l14

-23<1<24

72769

6246 (Rin= 0.0742)
Full-matrix least-squares on
B2

Semi- empirical

from equivalents

6246 /0/320

1.009

R1=0.054, wR2=0.1350
R1=0.0986, wR2=0.1567
2386753
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ACN

Figure 3.12 Crystal structure of 1 showing atom labelling scheme. The thermal ellipsoids

are drawn at a 30 % probability level for all the atoms except for the H atoms, which are
shown as spheres of arbitrary radii.

Table 3.3 Selected bond lengths (4) and angles (°) for 1.

Bond lengths (A)

Cu(1)-N(1) 2.017(2) Cu(1)-N(2) 2.023(2)
Cu(1)-N(3) 2.028(2) Cu(1)-N(5) 2.032(2)
Cu(1)-N4) 2.225(2)

Bond angles (°)

N(1)-Cu(1)-N(2) 82.97(9) N(1)-Cu(1)-N(3) 153.78(10)
N(2)-Cu(1)-N(3) 91.94(10) N(1)-Cu(1)-N(5) 93.25(8)
N(2)-Cu(1)-N(5) 175.72(9) N(3)-Cu(1)-N(5) 92.34(10)
N(1)-Cu(1)-N(4) 106.05(9) N(2)-Cu(1)-N(4) 98.62(9)
N(3)-Cu(1)-N(4) 100.14(10) N(5)-Cu(1)-N4) 80.47(9)

Table 3.4 Hydrogen bonding parameters (4, °) for 1.

D-H---A D-H/ A H---A/A D---A/A D-H--*A/° Symmetry code
N3-H6 04 0.79(0)  2.402(1) 3.075(1) 143.72(0) x,y,z
CI3-HI3B 04 0970(1) 2.6112) 3.561(3)  166.29(0) x+1,y,7
N4-H5---08 0.817(0)  2.501(2)  3.195(2)  14338(0) x,y,z
C6-H6AB ---08  0.97(0)  2.682(1) 3.471(1)  138.72(0) x,y,z

CIS8-HIS ---06  0.930(0) 2.676(1) 3.457(1)  141.98(0) x-1,y,z
C7-H7AB---07  0970(1) 2.677(2) 3.6153) 162.85(0) x-1,y,z
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Figure 3.13 Crystal structure of 2 showing atom labelling scheme. The thermal ellipsoids
are drawn at a 30 % probability level for all the atoms except for the H atoms, which are
shown as spheres of arbitrary radii.

Table 3.5 Selected bond lengths (4) and angles (°) for 2.

Bond lengths (A)

Cu(1)-N(1) 2.038(3) Cu(1)-N(Q2) 221903)
Cu(1)-N(3) 2.022(3) Cu(1)-N(5) 2.023(3)
Cu(1)-N(4) 2.026(3)

Bond angles (°)

N(1)-Cu(1)-N(2)  80.42(12) NG3)-Cu(1)-N(1) 92.01(12)
NG)-Cu(1)-NQ2)  100.44(13) N(5)-Cu(1)-N(1) 93.66(11)
NG)-Cu(1)-N@)  104.40(11) N(3)-Cu(1)-N(5) 155.11(13)
N@)-Cu(1)-N(1)  176.10(11) N(4)-Cu(1)-N(2) 100.10(12)
N(3)-Cu(1)-N@4)  91.69(13) N(5)-Cu(1)-N(4) 82.46(11)
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Figure 3.14 Crystal structure of 3 showing atom labelling scheme. The thermal ellipsoids
are drawn at a 30 % probability level for all the atoms except for the H atoms, which are
shown as spheres of arbitrary radii.

Table 3.6 Selected bond lengths (A) and angles (°) for 3.

Bond lengths (A)

Cu(1)-N(1) 2.064(4) Cu(1)-N(4) 2.067(4)
Cu(1)-N(2) 2.302(4) Cu(1)-N(5) 2.042(4)
Cu(1)-N(3) 2.088(4)

Bond angles (°)

N(5)-Cu(1)-N(1) 91.47(16) N(5)-Cu(1)-N(4) 80.64(17)
N(1)-Cu(1)-N(4) 162.05(16) N(5)-Cu(1)-N(3) 169.90(17)
N(1)-Cu(1)-N(3) 91.62(16) N(4)-Cu(1)-N(3) 93.64(17)
N(5)-Cu(1)-N(2) 96.28(16) N(1)-Cu(1)-N(2) 79.39(15)

N(4)-Cu(1)-N(2) 117.31(15) N3)-Cu(1)-N(2)  93.74(17)

Table 3.7 Hydrogen bonding parameters (4, °) for 3.

D-H---A D-H/ A H---A/A D-*A/A D-H:--A/° Symmetry code
C6-H6AB-- 05 0.97(0)  2.638(0) 3.514(0)  150.3(0)  x-1/2, -y+1/2, z+1/2
C4-H4--- 05 0.93(0)  2.539(0)  3.275(0)  136.28(0) x-1/2, -y+1/2, z+1/2

CI0-HIOA--- 05 0.97(1)  2.536(1) 3.478(2)  163.80(0) x,y,z+l
ClI-HI11B--- 07 0.960(1) 2.551(1) 3.438Q2) 153.7(0) x,y,z+l
C3-H3--- 04 0.93(0)  2.54(0)  3211(1) 129.42(0) x,v,z
CI6-HI6A--- 03 0.97(0)  2.439(0) 3.346(0) 155.61(0) -x,y-1,-z+2
CI5-HISC- 03 0.96(0)  2.690(1)  3.530(1)  146.34(0) -x,y-1,-z+2
CI3-HI3B-~ Ol 0.97(0)  2.533(0) 3.206(0) 126.51(0) x,y,z
CIS-HISA- 02 0.96(0)  2.654(1) 3.269(1) 122.27(0) x,y,z-1
CI-HI-- 02 0.93(0)  2.468(0)  3.354(0) 159.38(0) x,y,z-1
Cl4-HI4A--- 07 097(0)  2.47(0)  3.418(00) 165.57(0) x-1,y,z+1
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Figure 3.15 Crystal structure of 4 showing atom labelling scheme. The thermal ellipsoids
are drawn at a 30 % probability level for all the atoms except for the H atoms, which are
shown as spheres of arbitrary radii. The perchlorate anions are omitted for clarity.

Table 3.8 Selected bond lengths (4) and angles (°) for 4.

Bond lengths (A)

Cu(1)-N(4) 2.0153) Cu(1)-NQ3) 2.113(3)

Cu(1)-NQ2) 2.021(3) Cu(1)-N(1) 2.207(3)

Cu(1)-N(5) 2.111(3)

Bond angles (°)

N@)-Cu()-NQ2) 169.12(13)  N(5)-Cu(D-NG3)  130.62(11)
N(4)-Cu(1)-N(5) 80.88(12) N@)-Cu(1)-N(1)  92.88(12)
N(2)-Cu(1)-N(5) 95.04(11) N@)-Cu(-N(1)  78.84(11)
N(4)-Cu(1)-N(3) 96.15(13) N(5)-Cu(D-N(1)  108.95(11)
N(2)-Cu(1)-N(3) 94.15(12) NG)-Cu()-N(1)  120.42(11)

Table 3.9 Hydrogen bonding parameters (4, °) for 4.

D-H---A D-H/ A H---A/A D---A/A D-H---A/° Symmetry code

N2-H2 ---04 0.980(0) 2.076(1) 3.027(1) 162.95(0) x,v,z
N4-HIB --05  0.815(0) 2.352(1)  3.149(1)  165.68(0) x,y,z
CII-HI1A--05 0.970(0) 2.625(1) 3.480(1) 147.12(0) x,y,z
C19-HI9B ---05 0.960(0)  2.644(1)  3.587(1)  167.46(0) x,y,z
CI3-HI3B ---08 0.970(0) 2.365(1)  3.312(1)  165.25(0) -x, -y, -z+1
C10-HI0A--06 0.970(1)  2.517(1)  3.404(3)  152.06(0) x, -y+1/2, z+1/2
C9-H9A---O7  0.970(1) 2.618(1) 3.544(3)  159.76(0) x,-y+1/2, z+1/2
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The two unique perchlorate ions in compound 1 display an extensive network of hydrogen
bonding. The predominant intermolecular H-bonding interactions arising from N3-
H6---O4 and N4-H5---O8, accompanied by several C-H:---O interactions, renders
additional stability to compound 1 (Figure 3.16 and Table 3.4). The oxygen atoms: Ol,
02, 03, 04, 05, and O7 of the tetrahedral (ClO4)" units are involved in C-H---O

interactions resulting in an extended network in compound 3 (Figure 3.16 and Table 3.7).

Figure 3.16 Hydrogen bonding interactions in 1 (a) 3 (b) with atom labeling scheme of
atoms involved in hydrogen bonding.
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The geometries of five-coordinated metal compounds lie on a continuum between a square
pyramid and a trigonal bipyramid. Addison and co-workers clearly defined and quantified
this continuum using the geometric parameter 7, according to the equation 7 = (ff —
a)/60, where B > a are the two most prominent coordinate angles[48]. Since such
structural parameters were also calculated for four-coordinate compounds, the symbol 1
was modified to t5[83]. For perfect square pyramidal, 15 is 0, while it becomes 1.0 for
ideal trigonal bipyramidal geometry; however, Allan and co-workers have also presented
15 values greater than 1.0[84,85]. The calculated ts5 values for compounds 1 compared with
2 suggest a significant structural change induced upon the coordination center by

methylation of amine nitrogen atoms.

In compound 1, N4 is the apical bond, and the atoms N1, N2, N3, and N5 form the base of
the square pyramid. The basal Cu-N bond lengths lie in the range (2.017-2.032 A),
whereas the apical Cu-N4 bond is slightly longer, 2.225 A, as is typical for SP Cu(Il)
geometries (Figure 3.12 and Table 3.3). Based on the calculation, the two relevant angles
B and a are N2-Cul-NS5 (175.72°) and N1-Cul-N3 (153.78°), respectively, which gave ts
= 0.36. Similarly, Compound 2 exhibited distorted square pyramidal geometry (Figure
3.13) as revealed from lower t value of 0.34 calculated from 7 = (f — @) /60 ; B and a are
N(4)-Cu(1)-N(1) (176.10°) and N(3)-Cu(1)-N(5) (155.11°) respectively. In compound 3
(Figure 3.14) the equatorial positions of square pyramidal geometry are occupied by N1,
N3, N4, and N5, while N2 occupies the axial position. The 15 value calculated from the
bond angles N5-Cul-N3 (169.90°) and N1-Cul-N4 (162.05°) was found to be 0.13, which
indicates a slight divergence from the ideal square pyramidal geometry. The t value of
0.64 calculated for compound 4 indicates a geometry that is intermediate between the two
ideal square pyramidal and trigonal bipyramidal geometries. Thus, suggesting that the
compound 4 is leaning more towards trigonal bipyramidal geometry, but still indicating

some distortion.

Table 3.10 Structural parameters for Cu(ll) compounds supported by pentadentate
ligands.

Compound T (distortion index)
1 0.36
2 0.34
3 0.13
4 0.64
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3.3.6 X-ray powder diffraction

We recorded powder X-ray diffraction patterns to confirm the phase purity of the
crystalline compounds 1-4 with that of the bulk material. The experimental powder
patterns of 1-4 were compared with the simulated PXRD pattern obtained from single
crystal structure data of 1 using Mercury 4.0 software[86]. The experimental and
simulated powder patterns matched, suggesting that the bulk and single crystal phase are

identical (Figure 3.17-3.20).
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Figure 3.17 The experimental and calculated PXRD patterns of 1.
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Figure 3.18 The experimental and calculated PXRD patterns of 2.
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Figure 3.19 The experimental and calculated PXRD patterns of 3.
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Figure 3.20 The experimental and calculated PXRD patterns of 4.
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3.3.7 Magnetic studies of 1 - 4.

The magnetic properties of compound 1-4 were studied by temperature-dependent
magnetic susceptibility (yM) measurements on the finely powdered samples under an
applied magnetic field of 100 Oe in the temperature range of 5 -300K. The resulting
magnetization (emu/g) vs. temperature plots for compounds 1-4 revealed simple

paramagnetic behavior (Figure 3.21-3.24)[87].
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Figure 3.21 Plot of Magnetic moment vs. Temperature for 1 under an applied field of 100
Oe between 5 to 300 K.
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Figure 3.22 Plot of Magnetic moment vs. Temperature for 2 under an applied field of 100
Oe between 50 to 300 K.
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Figure 3.23 Plot of Magnetic moment vs. Temperature for 3 under an applied field of 100
Oe between 5 to 300 K.
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Figure 3.24 Plot of Magnetic moment vs. Temperature for 4 under an applied field of 100
Oe between 50 to 300 K.

3.3.8 Thermogravimetric and EPR studies of 1 and 3

Thermogravimetric (TG) plots of compounds 1 and 3 obtained between 30-400 °C under a
nitrogen atmosphere are displayed in Figure 3.25. The slight difference in the thermal
stability of compounds 1 and 3 can be attributed to the nature of the ligands (L1 and L2)
coordinated with the copper (II) ion. The decrease in weight observed above 200 °C
indicates the absence of lattice water or solvent in its formula unit and the decomposition

of the ligand.
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Figure 3.25 Thermogravimetric (TG) and derivative thermogravimetric (DTG)
measurements of compounds 1 (left) and 3 (right).

The EPR spectra for Compounds 1 and 3 were recorded as frozen acetonitrile solutions at
77 K. Both 1 and 3 showed a broad pseudo isotropic band at 312 mT (Figure 3.26), with
Ziso values of 2.07 and 2.06, respectively, and no observable hyperfine structure. Similar

observations were reported for the known square-pyramid compounds|74,88-90].

I | |
250 300 350
Magnetic Field, mT

Figure 3.26 EPR spectra of frozen sample of 1 and 3 recorded 77K in CH3CN.
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3.3.9 Catalytic activity

As compounds 1-4 were phase pure, thermal stable, and structurally different in terms of
15 values, we considered investigating their enzyme-mimicking properties using 2-
aminophenol (OAP) and 3,5-di-tert-butylcatechol (3,5-DTBC) for phenoxazinone
synthase and catecholase activity. The dioxygen-saturated methanolic solutions (1 x 10
M) of 1-4 were treated with OAP (1 x 103 M) at 25°C. The time-dependent
spectrophotometrically studies exhibited a gradual growth of the signature peak at 432 nm,
indicating the formation of phenoxazinone chromophore[91]. The colorless solution of
OAP changing to intense brown reveal its catalytic oxidation to the corresponding 2-
aminophenoxazine-3-one (APX). The oxidation product was quantified by gas
chromatography, and the yields were 30 (£3) %, 30 (£3) %, 73 % (£5) and 10 (£2) % for
compounds 1, 2, 3 and 4 respectively. The appearance of a base peak at m/z 213.0 in ESI-
MS spectrometry and the 'H NMR (CDCls, ppm): & 7.77 (d, 1H), § 7.46-7.35 (m, 3H), §
6.48 (s, 1H), 6 6.42 (s, 1H), & 5.13 (br, s, 2H), analysis of the product helped in confirming
the formation of APX product. The comparative experiments without a catalyst do not

show significant peak intensity growth at 432 nm under identical conditions.

The kinetic experiments have been performed to understand the catalytic efficacy of
copper (I) compounds 1 (Figure 3.28) and 3 (Figure 3.27) in the oxidation of OAP. For
this study, a fixed concentration of 1 x 10* M solutions of 1 and 3 was reacted with
varying substrate concentrations in methanol to maintain the pseudo-first-order kinetics.
All the kinetic studies were carried out at 25°C. The experiments were monitored at a
wavelength of 432 nm for a time span of 10 min. The non-linear plot of the initial rate of a
reaction (v,) versus substrate concentration indicates rate saturation kinetics for both

compounds 1 (Figure 3.30) and 3 (Figure 3.29).

The Michealis-Menten approach was used to analyze the data and obtain the kinetic
parameters like maximum rate of reaction (Vmax), Michealis binding constant (K), and
turnover number (Kca), which are listed in Table 3.11. Comparing compound 1 with 3, we
observed a higher catalytic efficiency Kea (4.34 x 10° h'!) for 3 than 1 Keae (3.67 x 10* h'!)

in methanol.
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Figure 3.27 The UV-Vis spectral profile exhibiting the growth of phenoxazine band (432
nm) over time upon addition of 10~ M 2-aminophenol to 10* M methanolic solution of

compound 3 at 25°C.
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Figure 3.28 The UV-Vis spectral profile exhibiting the growth of phenoxazine band (432
nm) over time upon addition of 107 M 2-aminophenol to 10* M methanolic solution of

compound 1 at 25°C.
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Table 3.11 Kinetic parameters comparison for phenoxazinone synthase-like activity of
compounds 1 and 3.

Compound Vimax (Ms™) Kn (M) Keat (h™)
1 10.21 x10* 2.62 x10* 3.67x 10*
3 12.06 x107 2.05x107 434x10°
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Figure 3.29 Plot of rate vs [OAP] in the presence of 3 in methanol.
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Figure 3.30 Plot of rate vs. [OAP] in the presence of 1 in methanol.

For catecholase activity studies, we have examined the efficiency of 1-4 in the oxidation
of 3,5-di-tert-butylcatechol (3,5-DTBC). 3,5-DTBC is known to form a very stable
oxidized product 3,5-di-tert-butyl-o-quinone (3,5-DTBQ) due to low quinone-catechol
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reduction potential[92]. The time-dependent spectral changes for a period of 2 h after the
addition of catalyst (1 x 10 M) and 100 equivalents of 3,5-DTBC in methanol were
monitored by UV-Visible spectroscopy. The growth of the characteristic peak of 3,5-
DTBQ at 398 nm in methanol was observed (Figure 3.31 for 3 and Figure 3.32 for 1),
which is due to the oxidation of 3,5-DTBC in presence of the catalyst (1 and 2) [93]. The
color of the solution gradually turned deep brown that indicated the formation of 3,5-
DTBQ. However, the oxidative conversion of 3,5-DTBC substrate alone in methanol was
found to be negligible. The 3,5-DTBQ was purified by column chromatography, and the
product was isolated as a solid. The melting point (110° C) of the isolated o-quinone
product was the same as that reported literature[93]. The 'H NMR spectrum in CDCl3 of
the isolated o-quinone product same as reported[93]. The yields for 1-4 were 35 (£2) %,
32 (£2) %, 85 (£5) and 5 (£2) %, respectively. The first-order catalytic reaction was
observed with an initial rate of 2.7 x107 s! for compound 3 and 3.4 x107 s! for compound
1.

Absorbance

0.0 -

300 | 400 | 500
Wavelength (nm)

Figure 3.31 The UV-Vis spectral profile showing an increase of 3,5-DTBQ band at 398
nm on addition of 100 equivalents of 3,5-DTBC to the solution of 3 in MeOH.

Thus, the product yields and reactivity studies of 1-4 with OAP and 3,5-DTBC was clearly
visible based on the topology of ligands L1, L2 and L3 in 1-4. In 3 all three N’s are
methylated, making it sterically hindered, less distorted and more reactive; on the other
hand, 1 and 2 has all three secondary N’s making it topologically a different environment

around the Cu(Il) ion and show greater distortion as compared to analogous methylated
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compound 3. Compound 4 exhibits highest distortion form ideal square pyramidal
geometry among compounds 1-4, and show negligible reactivity. Ligand topology in
various metal compounds has always been a factor in olefin oxidation, C-H activation, and

other oxygenation reactions[94-96].
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Figure 3.32 The UV-Vis spectral profile showing an increase of 3,5-DTBQ band at 398
nm on addition of 100 equivalents of 3,5-DTBC to the solution of 1 in MeOH.

3.4 Conclusion

In this study we have successfully synthesized novel ligands L2 and L3, as well as the
previously reported ligand L1, using a newly developed method. L1, L2, and L3 were
then utilized for the synthesis and analysis of four mononuclear copper(Il) compounds,
[Cu(L1)](ClO4)2 1, [Cu(L1)](NO3)2 2, [Cu(L2)](ClO4)2 3 and [Cu(L3)](Cl04)2 4. The four
compounds were identified through a combination of analytical methods. Compounds 1-4
were studied using single crystal X-ray diffraction. These compounds crystallize in a
centrosymmetric monoclinic crystal system and exhibit geometries typical of five-
coordinated metal compounds, ranging from a square pyramidal to a trigonal bipyramidal,
with 4 exhibiting the greatest distortion from the ideal square pyramidal geometry among
them. We then examined the applications of compounds 1-4 in phenoxazinone synthase
and catecholase activity. The findings indicate that compound 3 outperformed the others in
both activities. Research has indicated that the ligand topology of molecules L1, L2, and

L3 plays a significant role in the reactivity of compounds 1-4.
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Section 11

Synthesis, characterization and reactivity studies of non-heme Ni(Il) and

Co(IT) compounds

3.5 Experimental details

Detailed procedures for the synthesis of compounds of nickel(Il) and cobalt(Il) derived
from ligands L1 and L2 are outlined in this section. The structures of compounds
[N1(L2)(H20)](ClO4)2 5, [Co(L2)(H20)](ClOs)2 6 and [Ni(L1)(Cl)] C1.2H20 7, which
were synthesized and characterized, are illustrated in Scheme 3.5 for their potential use in

catalytic reactions.
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Scheme 3.5 Structure of the Ni(Il) and Co(ll) compounds used in this work.

3.5.1 Synthesis of Ni(II) and Co(II) compounds [Ni(L2)(H20)](C104): 5,
[Co(L2)(H20)](ClO4)2 6 and [Ni(L1)(Cl)] CL.2H:0 7.

Acetonitrile solution of L2 (0.49 g, 1.37 mmol) was added dropwise to the stirring
solution of Ni(ClO4)2.6H,0 (0.50 g, 1.37 mmol) in acetonitrile (2 mL) under the N>
atmosphere at room temperature. The mixture was stirred for ~ 8 h. Diethyl ether (10 mL)
was added to the resulting dark blue color solution, and the mixture was kept undisturbed
for crystallization. The blue crystals formed after two days were isolated by filtration and
dried in the air. The yield of 5 was 0.71 g (1.12 mmol), 82.0 %. Anal. Calc. for 5§ Co1 Has
Clx Ni N5 O9 (%): C, 39.96; H, 5.59; N, 11.10. Found: C, 39.48; H, 5.02; N, 11.89. IR
(KBr, cm™): 3460 v(OH); 3007-2895 v(CH); 1094, 620 v(ClO4); UV-Vis data, Amax,
CH3;CN/nm (&/dm® mol™! em™): 275 (2682), 592 (42) and 977 (28). ESI-MS: m/z = 207.1
(calc. 207.0) for [Ni(L2)]*" and m/z = 512.5 (calc. 512.3) for [Ni(L2)(C104)]".

Compound 6 was synthesized via a similar protocol as described in 5; L2 (0.49 g, 1.37

mmol) was reacted with Co(ClO4)2.6H20 (0.5 g, 1.37 mmol) in acetonitrile under a N>
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atmosphere. The reddish-pink crystalline compound 6 was obtained. The yield of 6 was
0.75 g (1.19 mmol), 77.0 %. Anal. Calc. for 6 C»1 H3s Cl2 Co N5 O¢ (%): C, 39.95; H,
5.59; N, 11.09. Found: C, 39.31; H, 5.09; N, 11.63. IR (KBr, cm™): 3460 v(OH); 3007-
2895 v(CH); 1093, 620 v(ClO4); UV-Vis data, Amax, CH3CN/nm (/dm?® mol™! cm™): 275
(2671), 505 (38) and 961 (19). ESI-MS: m/z = 207.5 (calc. 207.2) for [Co(L2)]*" and m/z
= 513.5 (calc. 513.9) for [Co(L2)(ClO4)]".

L1 (0.65 g, 2.1 mmol) was dissolved in CH3CN (2 mL) and added to the stirring CH3CN
solution of NiCL.6H>O (0.5g, 2.1 mmol) at room temperature. The mixture was stirred for
4 h and filtered. To the resulting dark blue solution, diethyl ether (10 mL) was added and
the mixture was kept undisturbed for crystallization. The blue crystals formed after two
days were isolated by filtration and dried in air. The yield of 7 was 0.82 g (1.71 mmol), 83
%. Anal. Calc. for 7 Cis H31Clx Ni N5sO2 (%): C, 45.13; H, 6.52; N, 14.62. Found: C,
45.10; H, 6.40; N, 14.55. IR (KBr, cm™): 3435 v(OH); 3010-2850 v(CH); UV-Vis data,
Amax, CH3CN/nm (¢/dm® mol™' em™): 280 (2793), 576 (39) and 931 (27). ESI-MS: m/z =
406.4 (calc. 406.1) for [Ni(L1)(CD]*

3.5.2 Reactivity of 5-7 with H,O: in presence of TBAH

Adding 10 equivalents of 30% hydrogen peroxide (H2O;) and 5 equivalents of
tetrabutylammonium hydroxide (TBAH) to the 0.5 mM solution of 3 in 2ml of CH3CN
resulted in an intense band at 326 nm in the UV-Vis spectrum. This species exhibited
kinetic stability. Following the intermediate solution, the addition of 40 equivalents of 2-
PPA caused the peak at 326 nm to decay. The products resulting from the reaction
assessed through GC analysis indicated the major product of the reaction with 2-PPA was

acetophenone.

3.6 Results and discussions

3.6.1 Synthesis and characterization of 5 and 6

The reaction of L2 with metal salts, specifically Ni(ClO4)2.6H>0 and Co(ClO4).6H20 in
CH;CN at an equimolar concentration yielded us two new compounds, namely
[Ni(L2)(H20)](ClO4)2 5 and [Co(L2)(H20)](ClO4)2 6, as shown in Scheme 3.6. The
compounds were unambiguously formulated as [Ni(L2)(H20)](ClO4) S and
[Co(L2)(H20)](ClO4)2 6 based on IR, C,H,N analysis, and UV-Vis spectroscopy results
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combined with data from ESI-MS. Compounds S and 6 were subsequently analyzed by

single-crystal X-ray structure determination.

Scheme 3.6 Synthetic protocol for the Ni(Il) and Co(Il) compounds of ligand L2.

3.6.2 Infrared (IR) spectroscopic analysis of compounds 5 and 6

The Infrared spectra of compounds S and 6, as overlaid, are illustrated in Figure 3.33. A
broad band centered at ~3460 cm™' have been attributed to the O-H vibration of a water
molecule. Further, the well pronounced absorption peaks at 1090 cm™ and 621 cm’

indicates uncoordinated perchlorate ions[77,78].
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Figure 3.33 Overlaid Infrared spectra of compounds 5 and 6.
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3.6.3 ESI-Mass spectrometry

The ESI-MS spectra of compounds 5 and 6 are presented in Figure 3.34. The mass
spectrum obtained by electrospray ionization mass spectrometry (ESI-MS) of compound 5
dissolved in acetonitrile exhibited two distinct mass peaks at m/z values of 207.1 (calc. m/z
207.0) and 512.5(calc. m/z 512.6). These peaks were attributed to the [Ni(L2)]** and
[Ni(L2)(ClO4)]" species respectively. Whereas the peaks observed at m/z values of
207.5(calc. m/z 207.3) and 513.5(calc. m/z 513.5) can be assigned to [Co(L2)]*" and
[Co(L2)(Cl04)]" species respectively.
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Figure 3.34 ESI-MS spectrum of 5 (a) and 6 (b) recorded in acetonitrile solvent. The inset
shows the isotope distribution patterns for the prominent peaks in black with stimulated
pattern in blue colour.
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3.6.4 Crystal structure and geometrical analysis of compounds S and 6

Single crystals of compounds 5 and 6, suitable for X-ray crystallography, were grown by
slowly diffusing diethyl ether into their solutions of acetonitrile. The technical details of
data acquisition and selected refinement results for 5 and 6 are listed in Table 3.12. The
selected bond lengths and bond angles for 5 and 6 are listed in Table 3.13 and Table 3.15.
In our X-ray structural analysis, compounds 5 and 6 are seen to be isostructural.
Compounds 5 and 6 crystallize in monoclinic space groups, specifically P2i/c and P2i/n
respectively. The crystal structures of both compounds feature a centrally positioned
metal(II) ion, specifically nickel(Il) in compound 5 and cobalt(Il) in compound 6, along
with a pentadentate L2 ligand and a water molecule, as well as two crystallographically
independent perchlorate ions, as depicted in Figure 3.35 and Figure 3.36 respectively.
The octahedral [MNsO]** unit, where M is either Ni(Il) or Co(II), shows slight distortion.
This distortion is caused by the presence of two types of nitrogen donor atoms, with two
being from the pyridyl part and three from the tertiary amine backbone, as well as a water
molecule. The distortion in the octahedral structure is visibly apparent from the cis angles
of (N-Ni-N and N-Co-N), which span a range of 83.43(11)-104.65(11)° in sample S and
78.37(14)-107.44(13)° in sample 6, and similarly, the trans angles vary between
167.25(10)-171.85(12)° in 5 and 166.25(15)-169.85(15)° in 6 (Table 3.13 and Table
3.15). In both compounds, the pyridyl nitrogen atoms are oriented in a syn arrangement,
and the triamine section occupies the facial position of the octahedral structure. Analogous
donor atom dispositions were also observed in compounds incorporating pentadentate
ligands derived from pyrrole[37,97]. Reports have also described triamine nitrogens
occupying the meridional positions of the octahedron. The perchlorates in compounds 5
and 6 function solely as counter anions for the cations [Co(L2)]*" and [Ni(L2)]*" and do
not engage in bonding with cobalt(Il) or nickel(Il) ions (Figure 3.35 and Figure 3.35).
However, the perchlorate anions contribute significantly to the formation of the extended
network via their oxygen atoms, which include O6 and O8 in structure 5, and O6 and O7
in structure 6; these oxygen atoms participate in weak hydrogen bonding with a water
molecule, as shown in Table 3.14 and Table 3.16. The three-dimensional network
structures, which are composed of Cl-O--H contacts, [MNsO]*" motifs, and perchlorate
anions, are illustrated in Figure 3.37 and Figure 3.38. Two O-Cl-O and two H-O-H
molecules are connected through hydrogen bonds to create a 12-membered ring structure

within compounds § and 6. Structural data clearly indicates that the primary source of
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hydrogen bonding is the coexistence of a water molecule and perchlorate ions in
compounds 5 and 6. The presence of water in the crystal structures of 5 and 6 can be
accounted for despite the use of acetonitrile as the solvent, due to the employment of metal
perchlorate hexahydrates in the synthesis process. Water molecules were also incorporated

in other nickel(II) compounds, despite the reactions being conducted in methanol[98—100].

Table 3.12 Technical details and structure refinement parameters of 5 and 6.

Compound 5 6
Empirical formula C21H35C12NiN5O9 C21H35C1,CoN509
Formula weight 631.15 631.37
Temperature 296(2) K 296(2) K
Wavelength 0.71073 A 0.71073 A
Crystal system Monoclinic Monoclinic
Space group P2i/c P2i/n
Unit cell dimensions a=93312)A a =8.6089(4) A
b=33.424(7) A b=34.7926(15) A
c=8.6936(19) A c=9.4193(4) A
a=90° a=90°
B =104.045(6)° B =102.8400(10)°
v =90° Y =90°
Volume 2630.4(19) A3 2750.8(2) A®
VA 4 4
Density (calculated) 1.594 mg/m’ 1.525 mg/m’
Absorption coefficient 1.001 mm! 0.875 mm’!
F(000) 1320 1316
Theta range for data collection 2.331 to 28.391° 2.508 to 26.374°
Completeness to theta 99.7% 99.9%
Index ranges -12<h <12 -10<h <10
-44< k<44 -43<k<43
-11< 111 -11<1<11
Reflections collected 84615 35102
Independent reflections 6542(Rin= 0.0484) 5611 (Rin= 0.034)
Refinement method Full-matrix least-squares on Full-matrix least-squares on
F? F?
Absorption correction Semi- empirical Semi- empirical
from equivalents from equivalents
Data/restraints/parameters 6542 /0/390 5611/1/352
Goodness-of-fit on /2 1.228 1.058
Final Rindices[I>2sigma(])] R1=0.0637, wR2=0.1283 R1=0.0676, wR2=0.1900
R indices (all data) R1=0.0682, wR2=0.1305 RI1=0.0840, wR2=0.2073
CCDC No. 2386748 2386736
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Figure 3.35 Crystal structure of 5 showing atom labelling scheme. The thermal ellipsoids
are drawn at a 50 % probability level for all the atoms except for the H atoms, which are
shown as spheres of arbitrary radii.

Table 3.13 Selected bond lengths (A) and angles (°) for 5.

Bond lengths (A)
Ni(1)-N(5) 2.111(3) Ni(1)-N(2) 2.116(3)
Ni(1)-0O(9) 2.143(3) Ni(1)-N(4) 2.174(3)
Ni(1)-N(3) 2.202(3) Ni(1)-N(1) 2.331(3)
Bond angles (°)

NG)-Ni(1)-N@2)  92.61(12) N(3)-Ni(1)-009)  83.43(11)
N(@2)-Ni(1)-0(9)  89.54(11)  N(5)-Ni(1)-N(4)  79.83(11)
N@)-Ni(1)-N@)  171.30(12)  O(9)-Ni(1)-N(4)  85.35(11)
N(5)-Ni(1)-N(3)  171.85(12) N(2)-Ni(1)-N(3)  93.77(11)
O(9)-Ni(1)-N(3)  91.55(11)  N(4)-Ni(1)-N(3)  93.40(12)
N(G)-Ni()-N(1) ~ 90.49(11)  N(2)-Ni(1)-N(1)  79.52(10)
O(9)-Ni(1)-N(1)  167.25(10) N(4)-Ni(1)-N(1)  104.65(11)
NEG)-Ni(1)-N(1) ~ 95.65(11)

Table 3.14 Hydrogen bonding parameters (4, °) for 5.

D-H---A D-H/ A H---A/A D---A/A D-H---A/° Symmetry code

09-H9A - O8A 0.851(1) 1.994(4) 2.820(4) 163.46(2) 1, l-y, 1z
09-H9B-- 06  0.851(2) 2.091(3) 2.801(5) 140.59(1) x,y,z
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Figure 3.36 Crystal structure of 6 showing atom labelling scheme. The thermal ellipsoids
are drawn at a 30 % probability level for all the atoms except for the H atoms, which are
shown as spheres of arbitrary radii.

Table 3.15 Selected bond lengths (A) and angles (°) for 6.

Bond lengths (A)

Co(1)-N(1) 2.155(4)  Co(1)-N(5) 2.163(3)
Co(1)-0(1) 2.198(3)  Co(1)-N(4) 2.219(4)
Co(1)-N(3) 2230(4)  Co(1)-N(2) 2.316(4)
Bond angles (°)

N(1)-Co(1)-N(5)  92.44(14)  N(1)-Co(1)-O(1)  88.37(16)
N(5)-Co(1)-O(1)  84.04(15)  N(1)-Co(1)-N(4)  169.10(14)
N(5)-Co(1)-N(4) 78.37(14)  O(1)-Co(1)-N(4)  84.88(16)
N(1)-Co(1)-N(3)  95.84(15)  N(5)-Co(1)-N(3)  169.85(15)
O(1)-Co(1)-N(3)  90.32(16)  N(4)-Co(1)-N(3)  92.75(15)
N(1)-Co(1)-N(2)  78.51(13)  N(5)-Co(1)-N(2)  92.36(13)
O(1)-Co(1)-N(2)  166.25(15) N(4)-Co(1)-N(2)  107.44(13)
N(3)-Co(1)-N(2)  95.04(15)

Table 3.16 Hydrogen bonding parameters (4, °) for 6.

D-H---A D-H/ A H---A/A D---A/A D-H---A/° Symmetry code

Ol1-HIA - 07  0.793(0) 2.014(0) 2.797(1)  169.54(0) 1-x, l-y, 1-z
O1-H5-- 06 0.892(0)  2.054(0) 2.762(1)  135.47(0) x,y,z
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Figure 3.37 (a) The cyclic structure formed due to hydrogen bonding interactions in 5
with atom labelling scheme of atoms involved in hydrogen bonding. Hydrogen atoms
attached to carbon are omitted for clarity (b) The enlarged view of a network of hydrogen
bonding in 5 showing the symmetric organisation of [Ni(L2)(H-0)]’* cations and
perchlorate anions.
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Figure 3.38 (a) The cyclic structure formed due to hydrogen bonding interactions in 6
with atom labelling scheme of atoms involved in hydrogen bonding. Hydrogen atoms
attached to carbon are omitted for clarity (b) The enlarged view of a network of hydrogen
bonding in 6 showing the symmetric organisation of [Co(L2)(H:0)]** cations and
perchlorate anions.
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3.6.5 Magnetic studies of 5 and 6

Compounds 5 and 6 had their magnetic properties examined through magnetic
susceptibility (yM) measurements, which were taken at varying temperatures, on finely
powdered samples under a magnetic field of 100 Oe between 5 and 300K. The plots of
magnetization (emu/g) versus temperature for compounds 5 and 6 showed straightforward

paramagnetic properties (Figure 3.39 and Figure 3.40).
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Figure 3.39 Plot of Magnetic moment vs. Temperature for 5 under an applied field of 100
Oe between 50 to 300 K.
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Figure 3.40 Plot of Magnetic moment vs. Temperature for 6 under an applied field of 100
Oe between 50 to 300 K.
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3.6.6 Synthesis and characterization of 7

\ /\O
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Scheme 3.7 Synthetic protocol for the Ni(ll) compound of ligand L1.

Cl.2H,0

The synthetic strategy employed to obtain compound 7 is shown in Scheme 3.7. The
stoichiometric addition of L1 and nickel chloride in acetonitrile afforded blue crystalline
powder of 7. IR spectrum of compound 7 exhibit broad peak at 3435 cm™ which can be
attributed to the O-H stretching vibration of water. The bands in the range 3010-2850 cm!
are exhibited due to the C-H streching vibrations[ 78] (Figure 3.41).
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Figure 3.41 Infrared spectrum of compound 7.

The mass spectrum of compound 7 was analyzed in acetonitrile solution, which was
obtained via electrospray ionization. The formation of the fragmentation peak at m/z =
406.4 was evident from electrospray-ionization mass spectrometry (ESI-MS). The peak at

406.4 is assignable to [Ni(L1)(Cl)]" (calculated = 406.4) according to its mass (Figure
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3.42).The powder pattern derived from experimental data was compared to the simulated
PXRD pattern obtained from single crystal data for compound 7 using the Mercury 4.0
software[86]. The experimental and simulated powder patterns showed a match, implying

that the bulk and single crystal phases are the same, as demonstrated in Figure 3.43.
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Figure 3.42 ESI-MS spectrum of 7 recorded in acetonitrile solvent.
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Figure 3.43 The experimental and calculated PXRD patterns of 7.
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3.6.7 Crystal structure description of 7

We were able to grow single crystals of the compounds 7 by using slow diffusion
crystallization techniques, where 7 was crystallized into blue block shaped crystals upon
slow diffusion of diethylether in a CH3CN solution of the compound. The single crystal X-
ray crystallographic (SCXRD) data analysis revealed that compound 7 crystallize in the
centrosymmetric monoclinic space group P2i/c. The technical specifications of data
collection and the chosen refinement parameters for compound 7 can be found in Table

3.18 and the selected bond lengths and angles are listed in Table 3.17.

Figure 3.44 Crystal structure of 7 showing atom labelling scheme. The thermal ellipsoids
are drawn at a 50 % probability level for all the atoms except for the H atoms, which are
shown as spheres of arbitrary radii.

Table 3.17 Selected bond lengths (A) and angles (°) for 7.

Bond lengths (A)

Ni(D)-N(1) 2.119(4) Ni(1)-N(5) 2.154(4)
Ni(1)-CI(1) 2.4786(13) Ni(1)-N(4) 2.112(4)
Ni(1)-N(3) 2.158(4) Ni(1)-N(2) 2.112(4)
Bond angles (°)

NQ)-Ni(1)-N@4)  172.86(16) NQ)-Ni(D)-N(1)  80.34(14)
N(@4)-Ni(1)-N(1)  98.75(15) NQ)-Ni(1)-NG5)  94.22(15)
N(4)-Ni(1-N(5)  92.88(16) N(1)-Ni(1)-N(5)  91.40(15)
N(2)-Ni(1)-N(3)  94.03(15) N@)-Ni(1)-NG3)  78.83(15)
N(1)-Ni(1-N(3)  86.53(14) N(5)-Ni(1)-N3)  171.04(15)
N(2)-Ni(1)-CI(1)  90.38(11) N(@4)-Ni(1)-CI(1) ~ 90.02(11)
N(1)-Ni(1)-CI(1)  170.08(10) N(5)-Ni(D-CI(1) ~ 92.77(12)

N(3)-Ni(1)-CI(1) 90.67(10)
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The asymmetric unit of 7 has a distinct cationic core, chloride as a counter ion, and two
lattice water molecules, as illustrated in the figure. The unique cationic core is built from
one independent Ni(Il) ion, along with L1, which functions as a pentadentate ligand and

one coordinated chloride ion, leading to an octahedral geometry around the Ni(II) ion.

Table 3.18 Technical details of crystal data and structure refinement parameters of 7.

Compound 7

Empirical formula CisH31CIbNiNsO»
Formula weight 479.07
Temperature 296(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2i/c

Unit cell dimensions a=9.5980(16) A

b=15.785(3) A
¢ =14.990(3) A

a=90°
B=92.193(6)°
vy =90°
Volume 2269.5(7) A®
VA 4
Density (calculated) 1.402 mg/m?
Absorption coefficient 1.113 mm’!
F(000) 1008
Theta range for data collection 2.720 to 28.328°
Completeness to theta 99.8%
Index ranges -12<h <12
-21<k=21
-19<1<19
Reflections collected 33136
Independent reflections 5630(Rin= 0.1014)
Refinement method Full-matrix least-squares on
B2
Absorption correction Semi- empirical
from equivalents
Data/restraints/parameters 5630/0/ 281
Goodness-of-fit on F> 1.137
Final Rindices[I>2sigma(I)] R1=0.0651, wR2=0.1185
R indices (all data) R1=0.1174, wR2=0.1364
CCDC No. 2386735
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3.7 Reactivity of 5-7 with H>O: in presence of TBAH

Compound 5 (0.5 mM in 2 ml) in CH3CN on reaction with 10 eq. of H>O> in the presence
of 5 eq. tetrabutylammonium hydroxide (TBAH) at 15°C resulted in the formation a new
species as evidenced by the appearance of a peak at 326 nm in the UV-Vis spectrum with
a colour change from light blue to yellowish green (Figure 3.45). The intermediate formed
was quite stable at 15°C. Earlier studies on the Nickel-oxygen species by other researchers

had yielded similar findings[101,102].
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Figure 3.45 UV-Visible spectral changes for § after addition of 10 eq. of H20:2 in presence

of 5 eq. of tetrabutylammonium hydroxide (TBAH) at 15 °C. Inset shows time trace
monitored at 326 nm for the formation of the peak.

The reactivity of the intermediate was examined with various substrates, and its progress
was monitored via UV-Vis spectroscopy. The addition of substrates such as thioanisole,
triphenylphosphine, xanthene, benzyl alcohol, and cyclohexane resulted in no spectral
changes, with the peak at 326 nm remaining unchanged. The product analysis of the

reaction showed that no oxygenated products were formed.

The addition of 2-PPA (2-phenylpropinaldehyde) caused the characteristic UV-Vis band at

326 nm to fade away through a pseudo-first order decay process. We then proceeded to
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treat this solution with varying concentrations of 2-phenylpropionaldehyde at a
temperature of 15°C. The spectral variations associated with the 326 nm peak decay were
tracked over time as shown in Figure 3.46. The peak at 326 nm gradually decreased in
intensity following pseudo-first order kinetics, allowing us to determine a pseudo-first

order rate constant, ks of 2.5 x 1072 5!

, as shown in Figure 3.46. The values of kops
increased as the concentration of 2-PPA increased, providing us with a second-order rate
constant, k> = 1.19 M! S (Figure 3.47). An examination of the final reaction solution by
gas chromatography showed that acetophenone was the predominant product. In the case

of 6 and 7, no clear formation of new species was observed in the reaction with H,O> /

TBAH.
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Figure 3.46 UV-Vis spectral changes occurring at 326 nm on addition of 2-PPA (20 mM).
Inset shows the pseudo first order time trace for the decay of peak at 326 nm on addition
of 2-PPA.
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Figure 3.47 Plot of kobs vs concentration of 2-PPA to determine second-order rate
constant (k).

3.8 Conclusion

This study describes the synthesis and characterization of two new Ni(Il) compounds, 5
and 7, stabilized by nonheme ligands L2 and L1, respectively, as well as a Co(Il)
compound 6 stabilized by L2. Compounds 5-7 were characterized via a combination of
analytical techniques including C, H, N analysis, infrared (IR), ultraviolet-visible (UV-
Vis) and electrospray ionization mass spectrometry (ESI-MS). The compounds were
examined using a single-crystal X-ray diffraction technique. The compounds form
centrosymmetric monoclinic crystals, which have an octahedral geometry. Compounds 5-7
were tested for the production of reactive intermediates, and the reaction of compound 5
with H>O»/TBAH produced a reactive species, as shown by the UV-Vis spectrum, which
was subsequently used in a deformylation reaction involving 2-PPA as a substrate. The

major product formed was acetophenone following a deformylation reaction.
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Section I: Rational design of bioinspired novel pentadentate Fe(II)

compounds: reactivity towards oxidation reactions

4.1 Introduction and literature

Oxygen-activating metalloenzymes sit at the heart of biological redox chemistry,
orchestrating an impressive array of reactions under the gentle conditions of living
systems[1-3]. In most of these catalysts, an iron centre is anchored by protein residues
whose imidazole or carboxylate side chains, typically those of histidine, aspartate, or
glutamate, provide neutral or anionic ligation. Yet a sizeable metalloenzymes depend on
binding the metal axially or equatorially through cysteine derived sulfur. The nature and
geometry of these donor atoms profoundly reshape the electronic landscape of the active
site, ultimately governing each enzyme’s reactivity and functional spectrum. Notable
examples include cytochrome P450 and nitric-oxide synthase, whose crystal structures
reveal an iron—heme prosthetic group tethered to the protein backbone via a cysteinate
sulfur[4-6]. The thiolate ligand does more than simply secure the cofactor: its strong -
donor character “pushes” electron density toward the metal-heme core, elevating the
basicity and tuning the redox potential of the ensuing metal-oxygen intermediates. This
electronic modulation is widely regarded as a key factor in the remarkable efficiency of
these enzymes for oxygen-atom transfer chemistry[7-9]. Cytochrome P450s are the most
intensively studied monooxygenases which carry out a remarkable breadth of regio- and
stereoselective oxidations, notably C—H hydroxylation and olefin epoxidations that drive
xenobiotic detoxification in the liver and underpin the biosynthesis of many natural
products[10—13]. Their expansive substrate scope and catalytic properties make P450s

indispensable oxidative tools throughout biology.

A comparable motif is found among several nonheme iron enzymes in which a cysteinyl
residue from the substrate itself coordinates the metal centre, either as a free amino acid or
embedded within a peptide backbone. Representative examples include isopenicillin N
synthase (IPNS)[14,15], cysteine dioxygenase (CDO)[16-19], the ergothioneine-
biosynthetic enzyme EgtB[20], and mercaptopropionate dioxygenase (MDO)[21,22].
Collectively, these enzymes engage molecular oxygen at the iron active site and are
thought to carry out the reaction through a Fe(IV)-oxo species. Computational

comparisons between wild-type CDO and variants in which a neutral equatorial histidine
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is replaced by an anionic donor have illuminated how such ligand swaps reshape
reactivity[23]. Introducing an anionic ligand attenuates the strength of the Fe—S bond, a
perturbation that dramatically alters the kinetics of the reaction. These findings underscore
a central principle in bioinorganic chemistry: the identity and geometry of first
coordination sphere fine tune the electronic character of the iron centre and, by extension,

dictate its catalytic properties.

Despite the central role that equatorially bound Sulphur donors play in many non-heme
metalloenzymes, their precise influence on the geometry and reactivity of Fe(IV)-oxo
remain poorly defined. These high valent oxo species are widely recognized as the pivotal
intermediates responsible for most biological reactions. To probe how sulfur coordination
modulates their electronic structure and oxidative power, numerous research groups have
turned to biomimetic chemistry, devising synthetic Fe(IV)-oxo complexes that replicate
the enzymatic first sphere[24-26]. Yet, despite intensive synthetic exploration, an
iron(IV)—oxo porphyrin bearing a coordinated thiolate has not been reported. In contrast,
several non-heme systems that integrate thiolate or thioether donors into their ligand
scaffolds have been successfully prepared and characterized. The cationic [Fe
IV(O)(TMCS)]" compound reported by Bukowski and co-workers, stands as one of the

earliest sulfur ligated iron(IV)—oxo species[26].

Within native non-heme enzymes, the transient Fe(IV)-oxo moieties that drive substrate
oxidations are unequivocally high-spin (S = 2). In contrast, nearly all synthetic analogues
favour a low-spin configuration, with only a few notable compounds replicating the
enzymatic S = 2 state[27-29]. Density functional theory (DFT) predicts that the high spin
compounds offer a pronounced kinetic edge in hydrogen atom abstraction relative to low
spin[30,31]. For pseudo-octahedral systems, narrowing the crystal-field splitting among
equatorial d orbitals promotes population of the higher spin state, a goal often achieved by
incorporating weak field donors into pentadentate ligand frameworks[27]. Moreover,
multiple studies reveal that even low spin Fe(IV)-oxo species display enhanced oxidative
reactivity when the ligand field is deliberately weakened, underscoring the pivotal

influence of electronic structure on catalysis[32].

Beyond the metal coordinated sphere that make up the primary coordination sphere (PCS),
metalloenzyme function is profoundly shaped by the surrounding secondary coordination

sphere (SCS), that delivers subtle non-covalent influences that includes electrostatic fields,
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hydrophobic pockets, steric boundaries, and hydrogen bond networks. De novo protein
scaffolds and re-engineered natural folds have proven invaluable for dissecting these
effects in artificial metalloenzymes, offering a controlled platform to probe how SCS
architecture governs metal center behaviour[33-38]. Systematic variation of these outer
sphere elements has already enabled redox potentials to be shifted over remarkably broad
range[39-41]. By contrast, leveraging the same interactions to steer catalytic reactivity
remains one of the most challenging and exciting frontiers in contemporary

metalloenzyme engineering[42-44].

The literature survey above suggests the diversity of iron(I) compounds that arise from
variations in ligand scaffolds; most notably in donor atom type (N and S), denticity, and
overall geometry. Motivated by the rich reactivity of nonheme transition metal compounds
featuring mixed N/S donors, we set out to engineer ligands that balance electronic effects
with steric control. Toward this aim we revisited two pentadentate aminopyridine
frameworks previously prepared in our laboratory: N!-(pyridin-2-ylmethyl)-N?-(2-
((pyridin-2-ylmethyl)amino)ethyl)ethane-1,2-diamine (L4) and N, N’-dimethyl-N’-(2-
(methyl(pyridin-2-ylmethyl)amino)ethyl)-N?-(pyridin-2-ylmethyl)ethane-1,2-diamine

(L5). To demonstrate how targeted modifications can fine tune both structure and catalytic
behaviour, we have now synthesized two new ligands, 2,2'-thiobis(N-(pyridin-2-
ylmethyl)ethanamine) (L.6) and 2,2'-thiobis(N-methyl-N-(pyridin-2-ylmethyl)ethanamine)
(L7), in which one of the N-H or N-methyl group of L4 and LS, respectively, is
strategically replaced by a thioether sulfur donor. This substitution introduces a softer
donor site while preserving the pentadentate backbone, providing a platform to probe how

subtle electronic and steric adjustments influence iron-centred reactivity.

In this work, four novel Fe(Il) compounds supported by the tailored ligands LS5, L6, and
L7 were synthesized and comprehensively characterized. Comparative crystallographic
analysis across the series reveals systematic variations in coordination geometry that
correlate with the incremental electronic and steric modifications embedded within each
ligand framework. To extend these findings to high valent chemistry, the N4S-coordinated
iron(IV)-oxo species (9a) was generated and directly compared with its Ns-ligated
iron(IV)-oxo analogue (8a). Both oxo complexes were obtained under same oxidative
conditions, authenticated by a suite of spectroscopic techniques, and subsequently
evaluated for their reactivity using representative model substrates. The comparison of 9a

and 8a thus provides a focused platform for elucidating how equatorial sulfur donors
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modulate both the structure and the catalytic profile of non-heme iron(IV)-oxo centres

thereby advancing our understanding of ligand field effects in biomimetic oxidation
chemistry.
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Scheme 4.1 Ligands Scaffolds that can stabilize iron oxo intermediates.
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Section I

Rational design of bioinspired novel pentadentate Fe(II) compounds :

reactivity towards oxidation reactions

4.2 Experimental details

The procedures used to synthesise ligands L4, LS, L6, and L7, as well as four Fe(Il)
compounds, [Fe(L5)(H20)](ClO4)2 8, [Fe(L7)(H20)](ClO4)2 9, [Fe(L7)(CH3CN)](ClO4)2
10 and [Fe(L6)(CH3CN)](ClO4)2 11 are detailed in this section along with their
characterization. The structures of the ligands and the Fe(II) compounds synthesised in

this study are depicted in Scheme 4.2.

H

H. /_/ H H N /_/ H v H, /_/ H H ~ /—/ H s
=
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Scheme 4.2 Structure of the ligands employed in this work and the corresponding Fe(Il)
compounds.

4.2.1 Synthesis of ligands L4, L5, .6 and L7

L4 and LS were synthesized via our previously reported procedure, which involved the
reductive amination of diethylenetriamine and pyridine-2-carboxaldehyde in ethanol,

followed by N-methylation with formaldehyde and formic acid[45.,46].

L6 was prepared by adding a solution of 2,2’-thiobis(ethylamine) (1.8 g, 14.0 mmol) in 5
mL of ethanol to a solution of pyridine-2-carboxaldehyde (3.0 g, 28.0 mmol) in 15 mL of
ethanol. The resulting mixture was refluxed and stirred for approximately 5 h. Following
this, the mixture was cooled to room temperature, and then the solvent was evaporated
under reduced pressure, resulting in a semisolid imine that was subsequently redissolved
in 20 mL of methanol. Slowly, 0.48g of NaBH4 (12.8 mmol) was then added to this

methanolic solution, following which the mixture was stirred overnight. The crude

Jeffrey L. Viegas (Ph. D Thesis), School of Chemical Sciences 86



Chapter 4

product, which resulted after evaporating the solvent, was then further processed by
adding 20 mL of distilled water and extracted with three 30 mL portions of ethyl acetate,
ultimately yielding a yellow viscous oil of L6. The yield of L6 was 3.44g (11.4 mmol)
81.2 %. Anal. Calc. for L6 CisH22N4S (%): C, 63.54; H, 7.33; N, 18.53; S 10.60 Found: C,
63.53; H, 7.19; N, 18.32; S 10.35 IR (KBr, cm™): 3310-3360 v(NH); 2980-3130 v(CH);
"H NMR (CDCls, ppm): & 8.55 (d, 2H, J = 4.4 Hz), § 7.66 (t, 2H, J = 7.6 Hz), § 7.32 (d,
2H,J=8.0 Hz), 6 7.17 (t, 2H, J = 4.8 Hz), 6 3.92 (s, 4H, Ar-CH2), 3 2.86 (t, 4H, N-CH2),
8 2.73 (t, 4H, S-CH2),"*C NMR (CDCls, ppm): & 159.51, & 149.26, § 136.52, § 122.25, §
122.0, 6 54.77, 8 48.27, 6 32.17.

L6 (2.6 g and 8.6 mmol) was dissolved in 3.0 mL of water and cooled in an ice bath.
Formaldehyde (37 %, 22.0 mL) and formic acid (85 %, 15.0 mL) were then added to the
mixture, which was refluxed for 24 h, cooled, and basified to a pH of 12 using 2 M NaOH
solution. The crude brown oil resulting from chloroform extraction (20 mL x 4) was
dissolved in a HCI solution to a pH of 1. NaOH solution was used to basify the mixture,
with the resulting pH being 12; the product was then extracted using diethyl ether, yielding
L7 as an orange oil. The yield of L7 was 2.28g (6.89 mmol) 80.28%. Anal. Calc. for L7
Ci8H26N4S (%): C, 65.42; H, 7.93; N, 16.95; S 9.70 Found: C, 65.17; H, 7.19; N, 18.32; S
10.35 IR (KBr, cm™): 2980-3130 v(CH); 'H NMR (CDCls, ppm): & 8.53 (d, 2H, J = 4.0
Hz), 8 7.66 (t, 2H, J= 8.0 Hz), 6 7.46 (d, 2H, J= 8.0 Hz), 6 7.16 (t, 2H, J = 4.0 Hz), 3 3.68
(s, 4H, Ar-CH2), § 2.70 (m, 8H, N-CH2, S-CH2), & 2.28 (s, 6H, N-CH3).1*C NMR
(CDCl3, ppm): 6 159.07, & 148.95, 6 136.38, 6 123.03, 8 121.95, 6 63.55, 8 57.55, & 42.30,
029.87.

4.2.2 Synthesis of Fe(Il) compounds [Fe(LS5)(H:0)](ClO4): 8,
[Fe(L7)(H20)](C104)2 9, [Fe(L7)(CH3CN)](ClO4): 10 and
[Fe(L6)(CH3;CN)](ClO4): 11

Compound 8 was synthesized by adding iron(Il)-perchlorate (0.5 g, 1.96 mmol) to a
Schlenk flask that had been dried and connected to a Schlenk line, and a nitrogen
atmosphere was maintained. Acetonitrile was introduced against positive N> pressure and
allowed to stir at room temperature for 15 minutes. The acetonitrile solution of LS (0.64 g,
1.96 mmol) was then added slowly against positive N pressure. The mixture was left to
stir at room temperature for 5 hours, then placed in a diethylether bath and stored

overnight. Crystallization of compound 8 following slow diffusion resulted in pink
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crystals, which were then collected by filtration and dried. The yield of 8 was 0.96 g (1.6
mmol), 82.05 %. Anal. Calc. for 8 Ci9 H31 Clx Fe N5 O9 (%): C, 38.02; H, 5.21; N, 11.67.
Found: C,38.30; H, 5.84; N, 11.79. IR (KBr, cm™): 3490 v(OH); 1092, 622 v(C104); UV-
Vis data, Amax, CH3CN/nm (e/dm? mol™ cm™): 253 (3133), 352 (1016) and 555 (167). ESI-
MS: m/z = 191.6 (calc. 191.6) for [Fe(L5)]*" and m/z = 482.1 (calc. 482.1) for
[Fe(L5)(ClO4)]".

Compound 9 was synthesized in a manner analogous to 8 by adding L7 (0.647 g, 1.96
mmol) dissolved in 2 mL CH3CN to an iron(I)-perchlorate solution in 2 mL CH3CN (0.5
g, 1.96 mmol). Whitish pink crystals resulted from the slow diffusion of diethyl ether over
a period of two days. The yield of 9 was 0.91 g (1.5 mmol), 77.11 %. Anal. Calc. for 9
Ci18H28C12FeN4OoS (%): C, 35.84; H, 4.68; N, 9.29; S 5.32. Found: C, 35.46; H, 4.31; N,
9.02; S, 5.18. IR (KBr, cm™): 3490 v(OH); 1092, 622 v(ClOs); UV-Vis data, Amax,
CH;CN/nm (g/dm?® mol™! em™): 251 (2978), 341 (1146) and 551 (73). ESI-MS: m/z =
193.1 (calc. 193.1) for [Fe(L7)]**, m/z = 213.1 (calc. 213.4) for [Fe(L7)(CH;CN)]** and
m/z = 485.0 (calc. 485.0) for [Fe(L7)(Cl04)]".

Compound 10 was obtained by slow evaporation of acetonitrile solution of compound 9.
The yield of 10 was 1.16 g (1.84 mmol), 95 %. Anal. Calc. for 10 Cy Hy9 Cl2 Fe N5 OgS
(%): C, 38.36; H, 4.67; N, 11.18; S, 5.12. Found: C, 38.14; H, 4.33; N, 11.02; S, 4.97. IR
(KBr, cm™): 3053-2816 v(CH); 1093, 621 v(ClO4); UV-Vis data, Amax, CH3CN/nm (&/dm?
mol! ecm™): 251 (2951), 341 (1105) and 551 (68). ESI-MS: m/z = 213.5 (calc. 213.4) for
[Fe(L7)(CH3CN)]*" and m/z = 485.0 (calc. 485.0) for [Fe(L7)(Cl04)]".

Compound 11 was obtained using a method analogous to that of compound 9. L6 (0.59 g,
1.96 mmol) was dissolved in 2 mL of acetonitrile. To this, iron(II)-perchlorate (0.5 g, 1.96
mmol) in 2 mL acetonitrile was slowly added in a dropwise manner. Whitish pink crystals
suitable for single-crystal X-ray diffraction were obtained from the slow diffusion of
diethyl ether over a period of two days. The yield of 11 was 1.02 g (1.7 mmol), 87.17 %.
Anal. Calc. for 11 Cig Has Clz Fe Ns OsS (%): C, 36.14; H, 4.21; N, 11.71; S, 5.36. Found:
C, 36.21; H, 4.35; N, 11.93; S, 5.58. IR (KBr, cm™): 3310 v(NH); 1093, 621 v(ClO4);
UV-Vis data, Amax, CH;CN/nm (g/dm® mol! cm™): 278 (2876), 360 (2436) and 547
(1847). ESI-MS: m/z = 199.5 (calc. 199.5) for [Fe(L6)(CH3CN)]*" and m/z = 457.0 (calc.
457.0) for [Fe(L6)(C104)]".
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4.3 Results and discussions

4.3.1 Synthesis and characterization of L4, L5, L6 and L7

Research in bioinspired chemistry has demonstrated that the ligands create an environment
for central metal ions which enables the resulting structure to function as a model for
enzymatic reactions. Transition metal compounds catalyze oxidation reactions through the
formation of a high valent metal-oxygen intermediate, stabilized by highly basic
ligands. Pentadentate N-donor ligands used in early research showed that metal
compounds were well stabilized in their high-valent oxidation state. The ligand's structure
should be sufficiently robust to withstand the catalytic oxidative conditions. The
methylation of N-H bonds is a key step, which ensures the ligand's protection against
decomposition[47]. The pentadentate ligands L4 and LS were synthesized using a
previously established method published by our team[45,46]. L4 was formed through the
reductive amination of diethylenetriamine and pyridine-2-carboxaldehyde in ethanol with
sodium borohydride. The N-methylated analogue, L5, was synthesized by methylation of
N-H bonds with formaldehyde and formic acid.

Ray and co-workers suggested that the introduction of sulfur groups increases oxidative
reactivity of the ligands. Mandal et al. conducted a comprehensive computational analysis
which revealed that enriching sulfur atoms within the ligand framework enhances the C-H
activation reactivity of iron(IV)-oxo cyclam compounds[32.48]. Here, two novel ligands,
L6 and L7, were synthesized to provide further insights into the enrichment of sulfur
atoms into the ligand scaffold. In this case, one of the three amine groups in the parent
ligand framework of L4 and L5 was replaced by a thioether sulfur group, which
significantly altered the chemical properties and reactivity of these compounds.
Preparation of L6 involved the condensation of 2,2’-thiobis(ethylamine) and pyridine-2-
carboxaldehyde to form a Schiff base imine, which was subsequently reduced using
sodium borohydride (Scheme 4.3). Ligand L7 was synthesized by methylation of N-H
bonds of ligand L6 following Eschweiler-Clarke reaction (Scheme 4.3). L6 and L7 were
characterized using Infrared spectroscopy, 'H, *C, DEPT NMR spectroscopy.
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21l N 2. NaBH4 O°C MeOH reflux

Scheme 4.3 Synthesis route to ligands L6 and L7.

The ligands L6 and L7 were analyzed by infrared spectroscopy in the region 4000-400
cm’!. In L6, peaks occur at 3310-3360 cm™ due to N-H stretching vibrations, whereas a
comparable peak was not seen in L7 because of methylation of secondary amine groups.
Medium-to-weak absorption peaks detected between 2980-3130 cm™' were indicative of

C-H stretching vibrations in L6 and L7[49].

L7

R

% Transmittance (a.u.)

| 1 I | I I |
3500 3000 2500 2000 1500 1000 500
-1
Wavenumber (cm )

Figure 4.1 IR spectra of the ligands L6 and L7.

Confirmation of the L6 and L7 structure was achieved through the use of 'H, *C and
DEPT NMR spectroscopy, with the associated peaks identified in the corresponding NMR

spectra as shown in Figure 4.2-4.7.
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Figure 4.2 The 'H NMR spectrum of L6 recorded in CDCls (asterisk (*) stands for
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Figure 4.3 The >C NMR spectrum of L6 recorded in CDCI; (S stands for solvent peak).
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Figure 4.5 The 'H NMR spectrum of L7 recorded in CDCl;.
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Figure 4.6 The >C NMR spectrum of L7 recorded in CDCI; (S stands for solvent peak).
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Figure 4.7 The DEPT spectrum of L7 recorded in CDCl3.
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4.3.2 Synthesis and characterization of 8 and 9

The reaction of LS and L7 with equimolar concentration of iron(Il)-perchlorate (1.96
mmol) in acetonitrile solution at room temperature afforded [Fe(L5)(H20)](ClO4)2 8 and
[Fe(L7)(H20)](Cl04)2 9 respectively in high yields by following the protocol as illustrated
in section 4.2.2 (Scheme 4.4). The reactions were carried out in a Schlenk flask that had
been dried and connected to a Schlenk line, and a nitrogen atmosphere was maintained.
The compounds have been characterized by CHNS analyzer, Infrared and UV-Vis
spectroscopy, ESI-MS and Single crystal X-ray diffraction analysis.

Hs \ OH, —
\ /—/ H / N/ |<I y
FeCO) [ “rpee™ (CIOy)
CHCN,N, RT | oy = e
\
N
\
CH,
R =N-CH; (LS) R =N-CH; (8)
R=S (L7) R=S 9)

Scheme 4.4 Synthesis of [Fe(L5)(H>0)](ClOy4)28 and [Fe(L7)(H20)](ClO4)2 9.
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Figure 4.8 IR spectra of the compounds 8 and 9.
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The infrared spectra of 8 and 9 is illustrated in Figure 4.8. IR spectra, indicates the
presence of water in compounds 8 and 9 which can be inferred from the broad O-H
stretching vibration peaks centred at 3480 cm’'. Further, presence of uncoordinated

1

perchlorate ions was revealed from well pronounced absorption peaks at 1092 cm™ and

622 cm'[49].
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Figure 4.9 UV/Vis spectra of 8 (red line) and 9 (blue line)(0.5mM each) in acetonitrile;
inset shows the expanded region of 8 and 9.
The compounds 8 and 9, which contain Fe(II), show two MLCT bands in their absorption
spectra as seen in Figure 4.9, with epsilon values that differ distinctly and are comparable
to those found for similar compounds in the literature[50,51]. Compound 8 has absorption
peaks at 352 nm with € = 1016 M! cm™ and at 555 nm with £ = 167 M™! cm™!, whereas
compound 9 exhibits peaks at 341 nm with € = 1146 M™' cm™ and at 551 nm with € = 73

M'em,

The compounds [Fe(L5)(H20)](ClO4)2 8 and [Fe(L7)(H20)](Cl04)2 9 were investigated by
Electrospray ionization mass spectrometry in acetonitrile (Figure 4.10). Initial evidence
for the formulation of compounds 8 and 9 as iron(Il) compounds came from ESI-MS
analysis. The ESI-MS spectrum of [Fe(L5)(H20)](ClO4)2 8, showed significant mass peaks
at m/z values of 191.6 (calc. m/z 191.6) and 482.1 (calc. m/z 482.1), which are attributed
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to [Fe(L5)]*" and [Fe(L5)(ClO4)]" respectively. On other hand, ESI-MS spectrum of
[Fe(L7)(H20)](ClO4)2 9 reveals three notable mass peaks at at m/z values of 193.1 (calc.
m/z 193.1), 213.1 (calc. m/z 213.4) and 485.0(calc. m/z 485.0) which denotes the presence
of [Fe(L7)]**, [Fe(L7)(CH3CN)]*" and [Fe(L7)(ClO4)]* species respectively.

The ESI-MS peak at m/z value of 482.1 for compound 8 and m/z value of 485.0 for
compound 9, which correspond to the theoretically expected isotope distribution pattern, is

shown in the inset of Figure 4.10.
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Figure 4.10 ESI-MS spectrum of 8 (a) and 9 (b) recorded in acetonitrile solvent. The
inset shows the isotope distribution patterns for the prominent peaks in black with
stimulated pattern in blue colour.
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4.3.3 Structural analysis of 8 and 9

Single crystals apt for X-ray diffraction of compounds 8 and 9 could be grown, and their
crystal structures were then determined. The molecular structures of compounds 8 and 9
are depicted in Figure 4.11 and Figure 4.13, and chosen bond distances and bond angles
are collated in Table 4.2 and Table 4.4. Compounds 8 and 9 crystallize in the
centrosymmetric monoclinic space group P2i/c with all the atoms located at general
positions. The crystal structure of compound 8 features an octahedral arrangement around
Fe(II) cation, with L5 acting as a pentadentate ligand, accompanied by a water molecule
coordinated to the Fe(II) ion (Figure 4.11). Perchlorate ions function as balancing counter
anions without coordination. The distances between Fe and the amine nitrogen’s N2, N3
and N4 are 2.264(4), 2.210(4), and 2.271(4) A respectively, whereas the pyridyl nitrogen
atoms N1 and N5 are 2.169(4) and 2.2104(4)A away from Fe(II) ion. The Fe(I) ion is
2.154(4) A distant to the oxygen of water Ol, as documented in Table 4.2. The ligand
scaffold contains different types of nitrogen-donor atoms, including pyridyl and tertiary
amines, as well as oxygen-donor atoms from the water molecule, resulting in a slight
distortion of the octahedral unit. The Fe-N and Fe-O bond lengths and N-Fe-N and N-Fe-
O bond angles in the compound 8 are all within normal parameters (Table 4.2) and match
literature standards[52,53]. In this case, the cis angles range from 75.08(14) to 109.48(14)
A, whereas the trans angles span between 152.22(16) and 174.81(14) A. This deviation of
the cis and trans angles from 90° and 180°, respectively, indicates distortion of the
octahedral geometry.

The crystal structure of 9 resembles that of compound 8, and demonstrates that the
pentadentate ligand coordinate as envisaged, with a water molecule occupying the sixth
coordination site on the iron ion. In the octahedral (oh) geometry, the N3 and O1 of the L7
ligand and the water molecule occupy the axial positions, whereas the N1, N2, N4, and S1
of the L7 ligand hold the equatorial positions. The octahedral [MN4SO]** unit shows
slight distortion. The Fe—N bond lengths found in the compound range from 2.159(3) and
2.282(3) A, corresponding to the values observed for 8 and certain previously reported
Fe(Il) compounds. The replacement of one N-methyl moiety with Sulphur of thioether
results in a lengthening of the Fe—S bond distance as compared to Fe—Namine bond distance
in 8. The Fe—S bond distance is 2.5147(11) A which is in good agreement with the
previously reported literature[54—56]. The distortion in the octahedral structure is visibly

apparent from the cis angles, which span a range of 81.81(9)- 107.11(11)° in sample 9, and
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similarly, the trans angles vary between 157.44(9) to 175.32(11)° in 9 (Table 4.4).
Compound 9 has a tilt angle of 158.09(12)°, specifically for O1-Fe-N3, while compound 8
has a tilt angle of 158.41(17)°, for O1-Fe-N3. The perchlorates in compounds 9 function
solely as counter anions for the cations [Fe(L7)]*" and do not engage in bonding with

iron(Il) ion.

Table 4.1 Technical details and structure refinement parameters of 8 and 9.

Compound 8 9
Empirical formula Ci9 H31 Cl2 Fe N5 O9 Cig Has Cl2 Fe N4 O9 S
Formula weight 600.24 603.25
Temperature 296(2) K 296(2) K
Wavelength 0.71073 A 0.71073 A
Crystal system Monoclinic Monoclinic
Space group P2i/c P2i/c
Unit cell dimensions a=9.0553(5) A a=9.2165(4) A
b=33.2840(18) A b=33.9838(16) A
c=8.8729(4) A c=8.4299(4)A
a=90° a=90°
B =104.994(2)° B=107.792(2)°
vy =90° v =90°
Volume 2583.2(2) A3 2514.1(2) A3
Z 4 4
Density (calculated) 1.543 mg/m’ 1.594 mg/m?
Absorption coefficient 0.848 mm! 0.950 mm’!
F(000) 1248 1248
Theta range for data collection 2.328 to 28.334° 2.397 to 28.400°
Completeness to theta 100.0% 99.9%
Index ranges -12<h <12 -12<=h<=12
-44< k<44 45<=k<=45
-11< 111 -l1<=1<=11
Reflections collected 75770 74030
Independent reflections 6426(Rin= 0.0793) 6284 [R(int) = 0.0570]
Refinement method Full-matrix least-squares on Full-matrix least-squares on
F? F?
Absorption correction Semi- empirical Semi- empirical
from equivalents from equivalents
Data/restraints/parameters 6426 /0/335 6284/0/319
Goodness-of-fit on F2 1.048 1.049
Final Rindices[I>2sigma(I)] R1=0.0775, wR2=0.2069 R1=0.0625, wR2=0.1676
R indices (all data) R1=0.1077, wR2=0.2262 R1=0.0825, wR2=0.1798
CCDC No. 2386745 2386752
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Figure 4.11 Crystal structure of 8 showing atom labelling scheme. The thermal ellipsoids
are drawn at a 30 % probability level for all the atoms except for the H atoms, which are
shown as spheres of arbitrary radii.

Table 4.2 Selected bond lengths (A) and angles (°) for 8.

Bond lengths (A)

Fe(1)-O(9) 2.154(4) Fe(1)-N(5) 2.210(4)
Fe(1)-N(1) 2.169(4) Fe(1)-N(2) 2.264(4)
Fe(1)-N(3) 2.2104) Fe(1)-N(4) 2.271(4)
Bond angles (°)

0(9)-Fe(1)-N(1)  96.53(18) N(1)-Fe(1)-NQ2) 75.77(14)
0(9)-Fe(1)-N(3)  97.22(19) N(3)-Fe(1)-N(2) 79.95(15)
N(1)-Fe(1)-N(3)  152.22(16)  N(5)-Fe(1)-N(2) 174.81(14)
0(9)-Fe(1)-N(5)  84.77(15) 0(9)-Fe(1)-N(4) 158.41(17)
N(1)-Fe(1)-N(5)  101.63(14)  N(1)-Fe(1)-N(4) 95.07(15)
N(3)-Fe(1)-N(5)  103.57(15)  N(3)-Fe(1)-N(4) 80.40(16)
0(9)-Fe(1)-N(2)  91.03(15) N(5)-Fe(1)-N(4) 75.08(14)
N(2)-Fe(1)-N(4)  109.48(14)
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Figure 4.12 (a) The cyclic structure formed due to hydrogen bonding interactions in 8
with atom labelling scheme of atoms involved in hydrogen bonding. Hydrogen atoms
attached to carbon are omitted for clarity (b) The enlarged view of a network of hydrogen
bonding in 8 showing the symmetric organisation of [Fe(L5)(H:0)]*" cations and
perchlorate anions

In compound 8, perchlorate counter ions are pivotal in constructing the supramolecular
framework. Their oxygen atoms O1, O2 and O4 form weak O---H hydrogen bonds with a
lattice water molecule (Table 4.3). The ensuing three-dimensional architecture, built from
Cl-O---H contacts, cationic [MNsOJ*" units and perchlorate anions, is shown in

Figure 4.12.

Table 4.3 Hydrogen bonding parameters (4, °) for 8.

D-H---A D-H/ A H---A/A D---A/A D-H:--A/° Symmetry code
09-H9A--O1  0.844(1) 2.784(1) 3.526(1) 147.60(0) -x+1,-y+1, -z+1
09-H9B--- O1  0.668(1) 2.329(0) 2.845(1) 135.57(0) x,y,z
09-H9B---04 0.668(1) 2.760(1) 3.146(0) 119.96(0) x,y,z
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Figure 4.13 Crystal structure of 9 showing atom labelling scheme. The thermal ellipsoids
are drawn at a 30 % probability level for all the atoms except for the H atoms, which are
shown as spheres of arbitrary radii.

Table 4.4 Selected bond lengths (A) and angles (°) for 9.

Bond lengths (A)

S(1)-Fe(1) 2.5147(11) Fe(1)-N(2) 2.265(3)
Fe(1)-O(1) 2.130(3) Fe(1)-N(3) 2.282(3)
Fe(1)-N(1) 2.159(3) Fe(1)-N(4) 2.200(3)
Bond angles (°)

O(1)-Fe(1)-N(1) ~ 95.12(12) N(3)-Fe(1)-S(1)  82.97(9)
O(1)-Fe(1)-N(4)  85.07(11) N(2)-Fe(1)-S(1)  81.81(9)
N(1)-Fe(1)-N(4)  99.14(11) N(4)-Fe(1)-S(1)  102.64(9)
O(1)-Fe(1)-N(2)  93.36(11) N(1)-Fe(1)-S(1)  157.44(9)
N(1)-Fe(1)-N(2)  76.59(11) O(1)-Fe(1)-S(1)  92.56(10)
N(4)-Fe(1)-N(2)  175.32(11)  N(2)-Fe(1)-N(3)  107.11(11)
O(1)-Fe(1)-N(3)  158.09(12)  N(4)-Fe(1)-N(3)  75.11(11)
N(1)-Fe(1)-N(3)  97.12(12)
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Figure 4.14 (a) The cyclic structure formed due to hydrogen bonding interactions in 9
with atom labelling scheme of atoms involved in hydrogen bonding. Hydrogen atoms
attached to carbon are omitted for clarity (b) The enlarged view of a network of hydrogen
bonding in 9 showing the symmetric organisation of [Fe(L7)(H:0)]*" cations and
perchlorate anions.

Table 4.5 Hydrogen bonding parameters (4, °) for 9.

D-H---A D-H/ A H---A/A D---A/A D-H--*A/° Symmetry code

Ol1-HIA--06  0.854(1) 1.9932) 2.799(3) 157.03(0) x,y,z
O1-HIB-- 07  0.854(1) 2.037(1) 2.855(1)  160.32(0) -x+1, -y+1, -z+1
O1-HIB--09  0.854(1) 2.668(1) 3.136(0)  115.91(0) -x+1,-y+1, -z+1

The perchlorate anions contribute significantly to the formation of the extended network
via their oxygen atoms, which include O6, O7, and O9 in compound 9; these oxygen
atoms participate in weak hydrogen bonding with a water molecule, as shown in Table
4.5. The three-dimensional network structures, which are composed of CI-O---H contacts,

[MN4SOJ*" motifs, and perchlorate anions, is illustrated in Figure 4.14.
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4.3.4 Generation, characterization and the reactivity of iron(IV)-oxo
intermediates 8a and 9a

Compounds 8a and 9a (Scheme 4.5) were generated in situ by oxidizing their iron(II)
precursors with PhIO in acetonitrile at —10 °C. The resulting iron-oxo species were
confirmed by UV-Vis spectroscopy and ESI-MS. Immediately after the oxidant was
introduced, Fe(IV)=0O chromophores appeared for both 8a and 9a, as evidenced by their
UV-Vis profiles, by analogy with earlier reported iron(IV)-oxo intermediate[52,57,58].
Although the spectra for the two iron(IV)-oxo compounds are broadly similar, they exhibit
subtle differences in their absorption features (Figure 4.15).

The formation of iron(IV)-oxo intermediates 8a and 9a was monitored through changes in
UV-Vis spectra. Upon adding 1.1 equivalents of iodosylbenzene (PhlO) to a 1 mM
solution of compound 8 in acetonitrile at -10 °C, the formation of the new intermediate,
[Fe!Y(O)(L5)]*", 8a, is observed, with an absorption band at Amaxsa = 780 nm (g 8a = 294
M ! ecm™) (Figure 4.16(a)). Compound 9a was synthesized using the same method as 8a,
and its characterization via UV-Vis absorption spectroscopy is illustrated in Figure
4.16(b). The UV—Vis absorption spectrum of [Fe'V(O)(L7)]**, 9a, gives an absorption
band at Amaxoa = 776 nm (g 9a = 420 M! cm™!). These compounds, 8a and 9a exhibit
absorption values comparable to those found in similar Fe'V-oxo compounds. Replacing
one of the the N-methyl group in L5 with a sulfur atom to form L7 produced an iron(IV)-
oxo species that showed a 4 nm hypsochromic shift of its absorption band, suggesting a

change in the metal's first-coordination sphere and indicating sulfur binding to the metal.

9a: 776 nm

8a: 780 nm

Absorbance

600 | 800 | 1000
Wavelength (nm)
Figure 4.15 UV-Vis spectra of 8a (red) and 9a (blue) indicating hypsochromic shift.
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Figure 4.16(a) UV-Visible spectral changes after the reaction of 8 (ImM) and PhIO
(1.1equiv.) in CH3CN at -10°C. Inset: time course monitored at 780 nm for the formation
of 8a. (b) UV-Visible spectral changes after the reaction of 9 (ImM) and PhIO (1.1equiv.)
in CH3CN at -10°C. Inset: time course monitored at 776 nm for the formation of 9a.
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Initial evidence for the formulation of compounds 8a and 9a as Fe(IV)-oxo compounds
came from Electrospray ionization mass spectrometry investigation. The ESI-MS
spectrum of 8a, showed significant mass peaks at m/z values of 199.6 (calc. m/z 199.6) and
498.1 (calc. m/z 498.1), which are attributed to [Fe'V(O)(L5)]*"and [Fe'V(O)(L5) (ClO4)]*
respectively (Figure 4.17). On other hand, ESI-MS spectrum of 9a reveals two notable
mass peaks at m/z values of 201.0 (calc. m/z 201.0) and 501.0 (calc. m/z 501.0) which
denotes the presence of [Fe!V(O)(L7)]*'and [Fe!V(O)(L7)(ClO4)]" species respectively
(Figure 4.17).
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Figure 4.17 ESI-MS spectrum of 8a (a) and 9a (b) recorded in acetonitrile solvent.
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Scheme 4.5 Schematic drawings of [Fe"(O)(L5)]*" 8a and [Fe'V(O)(L7)]*" 9a.

4.3.5 Reactivity of iron(IV)-oxo intermediates 8a and 9a

The C-H activation potential of the compounds 8a and 9a was probed kinetically. Adding
substrates to an acetonitrile solution of 8a or 9a induced a first order diminution of the
characteristic d—d absorption band in their UV-Vis spectra. Pseudo-first-order rate
constants (ko»s) extracted from these decay traces were plotted against substrate
concentration, and the slope of this plot furnished the corresponding second-order rate

constant (k>).

The addition of ethylbenzene to a pre-cooled (-10 °C) acetonitrile solution of compound
8a produced an immediate and progressive attenuation of its diagnostic UV-Vis band at
780 nm. Because ethylbenzene was employed in large excess, the decay of this absorption
followed pseudo first order kinetics, enabling the use of a single exponential fit to extract
the observed rate constants (koss) (Figure 4.18). Successive kinetic traces were collected at
four substrate concentrations, and the resulting k.»s values obtained exhibited proportional
increase with increase in concentration. Plotting k. against substrate concentration
afforded a straight line whose slope corresponds to second-order rate constant, k2 = 1.76 x
102 M s, at -10 °C (Figure 4.20). This linear relationship verifies that the
disappearance of the 780 nm occurs through a single, second order step involving one
molecule each of 8a and ethylbenzene. Final product analysis by gas chromatography
revealed that 1-phenylethanol is formed as the major product. Under identical conditions,
compound 9a exhibited second-order rate constant, k> = 3.11 x 102 M s at -10 °C

(Figure 4.19 and Figure 4.21).
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Under identical conditions (263 K), compound 9a activates C—H bonds substantially faster
than 8a. This rate enhancement trend was again verified using cumene as the H-donor.
Plots of k,»s versus substrate concentration are linear for both compounds. The resulting
Second order rate constant k> = 4.78 x 102 M S™! show that 9a is intrinsically far more
competent at C—H activation than 8a (k2 = 2.16 x 10> M s!) at 263 K. Practically, this
means that at matched substrate loadings, the diagnostic absorption associated with the
reactive intermediate of 9a decays more rapidly than for 8a. While a detailed mechanistic
analysis lies beyond the present section, the superior kinetics of 9a are consistent with the
changes in electronic environment at the reaction which would lower the barrier for
hydrogen atom transfer. The concordant behavior across ethylbenzene and cumene
reinforces that the reactivity difference is inherent to the iron(IV)-oxo intermediate rather

than a peculiarity of a single substrate.

0.6

0.4 4

Ahsorbance change at 780 nm
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Wavelength (nm)

Figure 4.18 UV-Vis spectral changes occurring at 780 nm on addition of ethylbenzene
(200 equivalent) to 8a. Inset shows the pseudo first order time trace for the decay of peak
780 nm on addition of ethylbenzene.
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Figure 4.19 UV-Vis spectral changes occurring at 776 nm on addition of ethylbenzene
(200 equivqlent) to 9a. Inset shows the pseudo first order time trace for the decay of peak
776 nm on addition of ethylbenzene.
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Figure 4.20 Plot of kops vs concentration of ethylbenzene to determine second-order rate
constant (k) for 8a.
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Figure 4.21 Plot of kops vs concentration of ethylbenzene to determine second-order rate
constant (k) for 9a.
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Figure 4.22 Plot of kops vs concentration of cumene to determine second-order rate
constant (k) for 9a.
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4.3.6 Synthesis and characterization of 10 and 11

The complete synthetic protocols for compound 10 and 11 are presented in Section 4.2.2.
Slow evaporation of an acetonitrile solution of precursor 9 promoted replacement of its
weakly bound aqua ligand by an acetonitrile molecule, giving rise to compound 10. To
assess how the presence of methyl substituents influences the geometric parameters
around the iron center in 9 and 10, we also prepared the unmethylated analogue,
compound 11.

The absorption spectra (Figure 4.23) reveals that both Fe(Il) compounds 10 and 11
display two metal to ligand charge transfer (MLCT) bands, yet their molar-absorptivity (g)
values differ markedly. Compound 10 exhibits much weaker € values, a diagnostic feature
often associated with a high spin electronic configuration[52,53,59]. The reduced intensity
can be rationalized by the steric bulk of the N-methyl substituents: crowding around the
iron center lengthens Fe-N and Fe-S bonds, diminishes ligand field strength, and
consequently attenuates the MLCT transitions. In contrast, compound 11 which lack these
sterically demanding N-methyl groups shows significantly higher € values, consistent with
a stronger ligand field and a low spin Fe(Il) state, in line with literature reports for

analogous systems.
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Figure 4.23 UV-Vis spectra of 10 (red line) and 11 (blue line) (0.5mM each) in

acetonitrile.
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Electrospray-ionization mass spectrometry (ESI-MS) measurements carried out in
acetonitrile ~ provide clear support for the assignment of compounds
[Fe(L7)(CH3CN)](ClO4)> 10 and [Fe(L6)(CH3CN)](ClO4)2 11, as Fe** species (Figure
4.24). For compound 10, the spectrum displays two dominant signals: an intense peak at
m/z 213.5 (calc 213.4) attributable to the fragment [Fe(L7)(CH3CN)]**, and a second peak
at m/z 485.0 (calc 485.0) corresponding to [Fe(L7)(ClO4)]". A closely analogous pattern is
observed for compound 11, whose ESI-MS spectrum exhibits peaks at m/z 199.5 (calc
199.5) and m/z 457.0 (calc 457.0), assigned [Fe(L6)(CH3;CN)J** and [Fe(L6)(ClO4)]"

species respectively.
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Figure 4.24 ESI-MS spectrum of 10 (a) and 11 (b) recorded in acetonitrile solvent.
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4.3.7 Structural analysis of 10 and 11

Suitable single crystals of compounds 10 and 11 were obtained for X-ray diffraction,
enabling full structural elucidation. Figure 4.25 and Figure 4.26  illustrates their
molecular geometries, while key bond lengths and angles are compiled in Table 4.6 and
Table 4.7. Both compounds adopt the centrosymmetric monoclinic space group P2i/c,
with every atom occupying a general position. The X-ray data of 10 reveal that the Fe(Il),
is hexacoordinate in a highly distorted NsS octahedral environment defined by four
nitrogen atoms (N1-N4) and one thioether sulfur atom (S1) from the macrocyclic
pentadentate ligand L6 and a monodentate acetonitrile nitrogen (N5). Fe-N distances range
from 2.120(3) to 2.290(3) A, whereas Fe-S is significantly longer at 2.5321(11) A,
reflecting the larger covalent radius and weaker ¢ donation of sulphur. The three pseudo
trans axes N4-Fe-N2 (175.8°), N5-Fe-N3 (159.5°) and NI1-Fe-S1 (155.6°) deviate
appreciably from 180°, and the cis angles span 76.2-104.4°, yielding octahedral angular
distortion ~102°, a clear gauge of chelate induced strain. Fe-N distances lie between
2.120(3) and 2.290(3) A, whereas the Fe—S bond distance is slightly elongated to
2.5321(11) A.

The crystal structure of 11 bears a resemblance to that of compound 10, and it also shows
that the pentadentate ligand L6 coordinates in the way it was envisioned, with an
acetonitrile molecule bound at the sixth coordination site. The distorted octahedral NsS
environment is seen to exhibit two nearly linear trans axes, N4-Fe-N2 (175.94°) and N5-
Fe-N3 (175.69°), whereas the other nominally frans pair, N1-Fe-S1 (168.71°) is
appreciably bent. The cis angles range from 82.19 to 97.07°. The octahedral angular
distortion parameter is approximately 40°. The decreased octahedral angular distortion
(~40° in 11; ~102° in 10) and smaller cis angle span (82.19 to 97.07° in 11; 76.2 to 104.4°
in 10) in compound 11 indicate moderate octahedral distortion compared with higher
distortion in 10. Fe-N distances range from 1.1952(3) to 2.038(3) A, whereas Fe-S is at
2.2736(12) A which is significantly shorter than those in compound 10.

In compound 11, perchlorate counter ions are pivotal in constructing the supramolecular
framework. Their oxygen atoms Ol and O3 form weak O---H hydrogen bonds with a
hydrogen atom bonded to the secondary amine nitrogen donor of the ligand backbone

(Figure 4.27 and Table 4.8).
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Figure 4.25 Crystal structure of 10 showing atom labelling scheme. The thermal
ellipsoids are drawn at a 30 % probability level for all the atoms except for the H atoms,
which are shown as spheres of arbitrary radii.

Table 4.6 Selected bond lengths (A) and angles (°) for 10.

Bond lengths (A)

N(1)-Fe(1) 2.120(3) N(4)-Fe(1) 2.190(3)
N(2)-Fe(1) 2.278(3) N(5)-Fe(1) 2.163(3)
N(3)-Fe(1) 2.290(3) Fe(1)-S(1) 2.5321(11)
Bond angles (°)

N(1)-Fe(1)-N(5)  100.23(14)  N(3)-Fe(1)-S(1)  81.51(8)
N(1)-Fe(1)-N(4)  99.59(13) N(2)-Fe(1)-S(1)  81.32(9)
N(5)-Fe(1)-N(4)  87.49(13) N(4)-Fe(1)-S(1)  102.89(8)
N(1)-Fe(1)-N(©2)  76.23(13) N(5)-Fe(1)-S(1)  90.25(11)
N(5)-Fe(1)-N(2)  92.68(12) N(1)-Fe(1)-S(1)  155.56(11)
N@4)-Fe(1)-N(2)  175.79(12)  N(2)-Fe(1)-N(3) 104.45(12)
N(1)-Fe(1)-N(3)  94.75(12) N(4)-Fe(1)-N(3)  76.25(12)
N(5)-Fe(1)-N(3)  159.53(13)
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Figure 4.26 Crystal structure of 11 showing atom labelling scheme. The thermal
ellipsoids are drawn at a 30 % probability level for all the atoms except for the H atoms,
which are shown as spheres of arbitrary radii.

Table 4.7 Selected bond lengths (A) and angles (°) for 11.

Bond lengths (A)

N(1)-Fe(1) 1.985(3) N(4)-Fe(1) 1.982(3)
N(2)-Fe(1) 1.990(3) N(5)-Fe(1) 1.952(3)
N(3)-Fe(1) 2.038(3) Fe(1)-S(1) 2.2736(12)
Bond angles (°)

N(5)-Fe(1)-N(4) 92.41(13) N(@3)-Fe(1)-S(1)  87.71(10)
N(5)-Fe(1)-N(1)  90.43(12) N(2)-Fe(1)-S(1)  86.80(10)
N(4)-Fe(1)-N(1)  97.07(12) N(1)-Fe(1)-S(1)  168.71(9)
N(5)-Fe(1)-N(2)  91.59(15) N(4)-Fe(1)-S(1)  93.74(9)
N(4)-Fe(1)-N(2)  175.94(15) N(5)-Fe(1)-S(1)  92.37(10)
N(1)-Fe(1)-N(2)  82.19(13) N(2)-Fe(1)-N(3) 92.72(15)

N(5)-Fe(1)-N(3)  175.69(13) N(1)-Fe(1)-N(3)  90.32(13)
N(4)-Fe(1)-N(3)  83.28(13)
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Figure 4.27 The hydrogen bonding interactions in 11 with atom labelling scheme of
atoms involved in hydrogen bonding.

Table 4.8 Hydrogen bonding parameters (4, °) for 11.

D-H---A D-H/ A H-A/A D---A/A  D-H:--A/° Symmetry code
N2-H2---03 1.064(0)  2.210(3)  3.168(2) 148.71(2) x,y,z
N3-H3---01 0.903(1)  2.312(9) 3.164(9) 157.343) x,y,z
N3-H3---03 0.903(1)  2.379(6)  3.167(7)  145.84(2) X.,y,z

*%f*%‘*%; K
3% S
SAEAEY

Figure 4.28 Packing in 11 view along crystallographic a axis. Colour code: C, black, H,

medium grey; N, blue; O, red; Cl, green and Fe, magenta.
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Table 4.9 Technical details and structure refinement parameters of 10 and 11.

Compound

10

11

Empirical formula

Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
VA

Density (calculated)
Absorption coefficient

F(000)

Theta range for data collection
Completeness to theta

Index ranges

Reflections collected

C0 Hz9 Cl; Fe N5 Og S

626.29

296(2) K
0.71073 A
Monoclinic
P2i/c
a=14.1880(10) A
b=18.4567(12) A
c=11.1480(8) A
o=90°
B=112.934(2)°
vy =90°
2688.5(3) A3

4

1.547 mg/m’
0.890 mm™'

1296

2.270 to 28.420°
99.9%
-18<=h<=18
-24<=k<=24
-14<=I<=14
67841

Cis Hys5 Clp Fe N5 Og S

598.24

296(2) K
0.71073 A
Monoclinic
P2i/c
a=13.492(5 A
b=16.756(6) A
c=11.254(4) A
o=90°

B =109.648(10)°
vy =90°
2396.2(15) A3
4

1.658 mg/m’
0.995 mm!
1232

2.381 to 28.377°
99.9%
-18<=h<=17
-22<=k<=22
-15<=I<=15

54482

Independent reflections 6713 [R(int) = 0.0549] 5964 [R(int) = 0.0699]

Full-matrix least-squares on Full-matrix least-squares on
F? F?

Semi- empirical Semi- empirical

from equivalents from equivalents
Data/restraints/parameters 6713/0/337 5964/0/323
Goodness-of-fit on F 1.039 1.084

Final Rindices[[>2sigma(])] R1=0.0639, wR2=0.1793 R1=0.0592, wR2=0.1299
R indices (all data) R1=0.0886, wR2=10.1962 R1=0.0932, wR2=0.1433

CCDC No. 2386746 2386739

Refinement method

Absorption correction

A detailed comparative geometrical analysis of the synthesized Fe(Il) compounds was
conducted (Table 4.10). Strategic replacement of one amine nitrogen donor in the ligand
backbone with a softer thioether sulfur donor, while retaining the overall pentadentate
structure, resulted in a notable elongation of the metal-donor bond lengths. Longer Fe—
donor bonds in iron(IV)-oxo species are generally associated with enhanced reactivity.
Additionally, introducing methyl substituents at the secondary amine sites induced steric

hindrance, significantly altering the N—Fe—solvent tilt angles. Furthermore, the presence of

Jeffrey L. Viegas (Ph. D Thesis), School of Chemical Sciences 116



Chapter 4

methyl groups creates sterically induced, flagpole-like interactions with the solvent

molecules (oxygen or nitrogen), potentially indicating the stabilization of the iron(IV)-oxo

intermediates through favorable secondary coordination sphere interactions. Such

stabilizing interactions are notably absent in analogues lacking methyl substituents.

Figure 4.29 Mercury plots of the molecular structures of the cations of 8-11.

Table 4.10 Comparative study of selected bond lengths (4) and angles (°) for 8-11.

8 9 10 11
Fe-Owhent | 2.154(4) | Fe-O/Ngowen, | 2.1303) | 2.163(3) | 1.952(3)
Fe-N()a | 2.271(4) | Fe-Na 2.282(3) | 2.2903) | 2.038(3)
Fe-N()py | 2.169(4) | Fe-N(1)py 2.1593) | 2.1203) | 1.985(3)
Fe-N(2) 2.264(4) | Fe-N(2) 2.2653) | 2.2783) | 1.990(3)
Fe-N(3) 22104) | Fe-S 2.5147(11) | 2.5321(11) | 2.2736(12)
Fe-NGS)py | 2.210(4) | Fe-N(4)py 2.2003) | 2.1903) | 1.982(3)
£Nu-Fe-Ogo | 158.41(17) | Nax-Fe-Solvent | 158.09(12) | 159.53(13) | 175.69(13)
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4.4 Conclusion

This study has demonstrated that finely tuned electronic and steric effects imparted by
ligand substituents are critical levers for directing the reactivity of non-heme iron(IV)-oxo
catalysts. Systematic alterations in both the primary and secondary coordination spheres of
mononuclear, octahedral iron(IV)-oxo compound reveal a delicate balance between
electronic donation and steric shielding that governs hydrogen atom abstraction (HAA)
activity. By designing and characterizing two novel pentadentate ligands (L6 and L7) and
four corresponding Fe(II) compounds (8-11), we have directly compared the behavior of
an equatorial sulfur coordinated compound 9 with its nitrogen analogue 8. Substituting a
sulfur donor for an N—CH3 site dramatically accelerates C—H activation by iron(IV)-oxo
compound 9a, exhibiting the powerful influence of sulfur ligation on the iron-oxo core.
Beyond primary sphere modifications, strategic methylation within the ligand periphery
further modulates reactivity by introducing steric hindrance and by engaging in secondary

sphere interactions as seen in compounds 8-10 as compared to 11.

Collectively, these results illuminate how equatorial sulfur coordination and peripheral
methylation cooperate to fine tune iron-oxo reactivity. They provide a set of design
principles that can be applied to the development of next generation oxidation catalysts
with precisely tailored activity and selectivity. Moreover, the parallels drawn between our
synthetic systems and nature’s use of cis sulfur ligated iron(IV)-oxo intermediates suggest

promising avenues for biomimetic catalyst design.
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Section 11

Synthesis and spectroscopic study of 3d metal compounds bearing N/S-

donor ligands

4.5 Introduction

In Section I, we reported the synthesis, characterization, and reactivity of Fe(Il)
compounds supported by the pentadentate ligands L5-L7. In this section, we extend the
study to additional 3d metals, Mn(II), Co(II), Ni(II) and Zn(II), and describe the synthesis
and comprehensive characterization of their compounds derived from the same

pentadentate ligands introduced in Sections 3.1 and 4.1.

Interest in catalysts based on earth abundant 3d metals has spurred the development of
greener approaches to C—H bond functionalization. Nevertheless, this area remains
mechanistically intricate, because 3d metals often operate through pathways that diverge
from the well established paradigms of precious metal catalysis. Crucially, transition metal
mediated C—H transformations have overturned the long held view of C—H bonds as
inherently “inert,” enabling retrosynthetic plans that avoid prefunctionalized substrates
and thereby streamlining synthetic routes[60—62]. These advances typically reduce step
counts and curb the formation of unwanted by-products in total synthesis[63-67]. A
persistent challenge, however, is achieving high site selectivity for a chosen C—H bond
amid many similar sites within a molecule[68—75]. A common solution is deliberate ligand
design: tuning the electronic and steric features of the coordination environment to control
catalyst geometry and substrate orientation. In practice, appropriately engineered ligand
architectures promote substrate binding at the metal centre and preorganized the assembly
so that the targeted C—H bond is proximal to the reactive site, enabling regioselective

activation followed by efficient functionalization.

For many years, noble metal compounds, especially palladium, have set the standard in
this field, owing to their favourable redox cycling (low barriers for interconversion of
oxidation states) and broad compatibility with diverse ligands and oxidants[76—78]. Over
roughly the past decade, however, increasing emphasis on sustainability has driven the
adoption of abundant, cost-effective first row (3d) transition metals for C(sp*)-H bond

functionalization[79-84]. This shift introduces substantial mechanistic nuance, since 3d
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metals can operate through pathways that diverge from those established for precious
metals. Consequently, meaningful advances depend critically on parallel progress in the
design of new ligand architecture and topology of the reactivity 3d metal catalysts. Hence,
in this study we report the synthesis and characterization of seven novel 3d metal

compounds which can potentially be used as catalyst.

4.6 Experimental details

The procedures used to synthesise 3d metal compounds, [Ni(L6)(CH3CN)](ClO4), 12,
[Ni(L7)(CH3CN)](ClO4)2 13, [Mn(L6)(ClO4)](C104) 14, [Mn(L7)(H20)](ClOs), 15,
[Co(L7)(H20)](ClO4)2 16, [Zn(L7)(H20)](Cl04)2 17 and [Zn(L3)](ClO4)2 18 are detailed
in this section along with their characterization. The structures of the 3d compounds

synthesised in this study are depicted in Scheme 4.6.
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Scheme 4.6 Structure of compounds 12-18 under investigation.

4.6.1 Synthesis of compounds 12-18
[Ni(L6)(CH3CN)](C104)2 12

In a nitrogen purged flask connected to a Schlenk line at room temperature, a solution of
L6 in acetonitrile (0.41 g, 1.36 mmol) was introduced gradually into a vigorously stirred
acetonitrile solution (2 mL) of Ni(ClO4);-6H>O (0.50 g, 1.36 mmol). Stirring was
continued for roughly 5 h, during which the mixture developed an intense pink coloration.
Diethyl ether (10 mL) was then added, and the beaker was left undisturbed to allow slow

crystallization. After about one day, pink crystals had formed; these were collected by
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filtration and air-dried to afford compound 12 in 0.71 g (1.18 mmol) yield, corresponding
to 87%. Anal. Calc. for 12 Cig Has Cla Ni N5 Og S(%): C, 35.97; H, 4.19; N, 11.65; S, 5.33.
Found: C,35.12; H, 3.58; N, 11.89; S, 5.04. IR (KBr, cm): 3420-3508 v(NH); 1093, 621
v(Cl0O.); UV-Vis data, Aw., CH.CN/nm (¢/dm: mol' cm+): 260 (1835), 510 (48) and 835
(59). ESI-MS: m/z = 180.0 (calc. m/z 180.0) for [Ni(L6)]*", m/z = 200.5 (calc. m/z 200.5)
for [Ni(L6)(CH3CN)]*" and m/z = 459.0 (calc. m/z 459.0) for [Ni(L6)(ClO4)]".

[Ni(L7)(CH3CN)](ClOs); 13

Compound 13 was synthesized via a similar protocol as described in 12; L7 (0.45 g, 1.36
mmol) was reacted with Ni(ClO4)-6H>O (0.5 g, 1.36 mmol) in acetonitrile under a N>
atmosphere. The blue crystalline compound 13 was obtained. Blue single crystals formed
when diethyl ether was allowed to slowly diffuse into an acetonitrile solution of compound
13. The yield of 13 was 0.67 g (1.06 mmol), 77.9 %. Anal. Calc. tor 13 Cyo Hz9 Cl> Ni N5
05 S(%): C, 38.18; H, 4.65; N, 11.13; S, 5.10. Found: C, 39.09; H, 5.09; N, 11.6; S, 5.36.
IR (KBr, cm™): 3007-2895 v(CH); 1093, 621 v(ClO4); UV-Vis data, Amax, CHsCN/nm
(e/dm*® mol! em™): 260 (2794), 570 (40) and 929 (71). ESI-MS: m/z = 194.0 (calc. m/z
194.0) for [Ni(L7)]*, m/z = 214.5 (calc. m/z 214.5) for [Ni(L7)(CH;CN)]*" and m/z =

487.7 (calc. m/z 487.7) for [Ni(L7)(Cl04)]".

[Mn(L6)(C104)](C104) 14

A N> purged, dried Schlenk flask was charged with Mn(Il) perchlorate (0.50 g, 1.38
mmol). Acetonitrile was added under a gentle positive N2 flow, and the mixture was
stirred at room temperature for 15 min. A separate MeCN solution of L6 (0.42 g, 1.38
mmol) was then introduced slowly without breaking the inert atmosphere. After a further 5
h of stirring at ambient temperature, the flask was placed in a diethyl-ether bath and left
overnight. Slow ether diffusion produced colourless crystals of compound 14, which were
collected by filtration and air-dried. The yield of 14 was 0.59 g (1.06 mmol), 76.6 %. Anal.
Calc. for 14 Cis H2 Clo Mn N4 Og S(%): C, 34.55; H, 3.99; N, 10.07; S, 5.76. Found: C,
34.82; H, 4.21; N, 10.61; S, 4.83. IR (KBr, cm™): 3420-3508 v(NH); 1093, 621 v(ClOs);
UV-Vis data, Amax, CH;CN/nm (e/dm*® mol! cm™): 262 (1926). ESI-MS: m/z = 178.5
(calc. m/z 178.5) for [Mn(L6)]*"and m/z = 456.3 (calc. m/z 456.0) for [Mn(L6)(C1O4)]".
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[Mn(L7)(H20)](C104): 15

Compound 15 was prepared using the same approach as compound 14. A 2 mL
acetonitrile solution of L7 (0.46 g, 1.38 mmol) was slowly combined with an equimolar
solution of Mn(II) perchlorate (0.50 g, 1.38 mmol) in 2 mL CHsCN. The sealed mixture
was then exposed to diethyl ether vapour; over roughly 48 hours, slow solvent diffusion
produced colourless crystals, which were collected and dried. The yield of 15 was 0.72 g
(1.20 mmol), 86.7 %. Anal. Calc. for 15 Ci3 Hag Clo Mn N4 O9 S(%): C, 35.89; H, 4.69; N,
9.30; S, 5.32. Found: C, 35.31; H, 5.09; N, 9.63; S, 4.81. IR (KBr, cm™): 3007-2895
v(CH); 1093, 621 v(ClO4); UV-Vis data, Amax, CH3;CN/nm (g/dm® mol?! cm™): 279
(2853). ESI-MS: m/z = 192.5 (calc. m/z 192.5) for [Mn(L7)]*, 213.0 (calc. m/z 213.0) for
[Mn(L7)(CH3CN)]** and m/z = 484.0 (calc. m/z 484.0) for [Mn(L7)(ClO4)]".

[Co(L7)(H20)](Cl04): 16

A 50 mL dried Schlenk flask was purged with dry nitrogen, charged with Co(ClO4),-6H>O
(0.50 g, 1.37 mmol) and treated with 2 mL of anhydrous acetonitrile to give a pale pink
solution that was stirred for 10 min at room temperature. While the inert atmosphere was
maintained, a separate 2 mL MeCN solution of ligand L7 (0.45 g, 1.37 mmol) was
introduced dropwise; the colour immediately deepened to magenta, and the mixture was
allowed to stir for a further 5 h. The resulting solution was transferred to a small vial,
loosely sealed with pin-holed Parafilm, and set inside a tightly capped beaker containing
10 mL diethyl ether. Slow ether vapour diffusion over 48 h produced needle shaped pink
single crystals, which were collected, washed quickly with cold ether, and vacuum-dried
to yield compound 16 as pink microcrystals (0.70 g, 1.15 mmol, 84.3 %). Anal. Calc. for
16 Cig Has Clo Co N4 O9 S(%): C, 35.66; H, 4.65; N, 9.24; S, 5.29. Found: C, 35.02; H,
5.09; N, 10.11; S, 5.96. IR (KBr, cm™): 3007-2895 v(CH); 1093, 621 v(ClO4); UV-Vis
data, Amax, CH3CN/nm (&/dm® mol™! cm™): 320 (2461), 500 (36). ESI-MS: 194.5 (calc. m/z
194.5) for [Co(L7)]*" and m/z 488.0(calc. m/z 488.0) for [Co(L7)(ClO4)]".

[Zn(L7)(H20)](C104)2 17

Compound 17 was synthesised by gradually adding 0.44 g (1.34 mmol) of L7 to a 5 mL
solution of acetonitrile, which was then stirred with 0.5g (1.34 mmol) of Zn(Cl04)2.6H>O

(2 mL) at room temperature. The mixture was stirred for approximately 5h. Addition of
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diethyl ether to the solution precipitated a white solid, which was collected by filtration,
rinsed with fresh ether, and dried under vacuum. Single crystals of 17 suitable for X-ray
analysis were subsequently grown by slow evaporation of its acetonitrile solution. The
yield of 17 was 0.72 g (1.17 mmol), 87.8 %. Anal. Calc. for 17 Cig Hag Clo Zn N4 O9 S(%):
C, 35.28; H, 4.61; N, 9.14; S, 5.23. Found: C, 34.85; H, 5.09; N, 9.63; S, 4.76. IR (KBr,
cm™): 3007-2895 v(CH); 1093, 621 v(ClO4); ESI-MS: m/z = m/z values of 197.0 (calc.
m/z 197.0) for [Zn(L7)]*", 217.5 (calc. m/z 217.5) for [Zn(L7)(CH3CN)J*" and 493.0 (calc.
m/z 493.0) for [Zn(L7)(Cl04)]"

[Zn(L3)](Cl104): 18

Ligand L3 (0.44 g, 1.34 mmol) was dissolved in anhydrous acetonitrile (5 mL) under
ambient conditions and the solution was added in one portion to a separately prepared
solution of Zn(ClO4)2.6H20 (0.50 g, 1.34 mmol) in acetonitrile (2 mL). The homogeneous
mixture was stirred at room temperature for 5 h, after which diethyl ether was added
slowly with stirring until precipitation was complete. The resulting white solid was
collected by vacuum filtration, washed with cold diethyl ether (2 x 5mL), and dried in
vacuo to afford compound 18 as a white powder. Single crystals suitable for X-ray
diffraction were obtained by slow evaporation of an acetonitrile solution of the purified
product. The yield of 18 was 0.62 g (1.05 mmol), 78.5 %. Anal. Calc. for 18 Ci9 Hyo Cl>
Zn Ns Og (%): C, 38.56; H, 4.94; N, 11.84. Found: C, 39.01; H, 4.19; N, 11.63. IR (KBr,
cm™): 3420-3508 v(NH); 3007-2895 v(CH); 1093, 621 v(ClO4); ESI-MS: m/z = 216.1
(calc. m/z 216.1) for [Zn(L3)(CH3CN)]**, 236.6 (calc. m/z 236.6) for [Zn(L3)(CH3CN)]*
and 490.1 (calc. m/z 490.1) for [Zn(L3)(ClO4)]".

4.7 Results and discussions

4.7.1 Infrared spectra of compounds 12-18

The IR spectra of compounds 15, 16, and 17 displayed broad bands at 3420-3508 cm’!,
which correspond to the O-H vibrations of water. Additionally, the IR spectrum of
compounds 12, 14, and 18 exhibited N-H stretching vibrations in the region 3350-3430
cm’!, characteristic of compounds with tertiary amine nitrogen. The bands due to O-H

vibrations are missing from the IR spectra of compounds 12-14 and 18, which suggests the

absence of a water molecule. The perchlorate anions have been incorporated into all
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compounds, as indicated by well-resolved absorption bands at 1093 (s) 621 (m) cm’
(Figure 4.30 and Figure 4.31)[49].

15
e Sy et bt N“’—-\/,mr—\vw
14
13
- W

% Transmittance (a.u.)

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

Figure 4.30 The overlaid infrared spectra of compounds 12-15.
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Figure 4.31 The overlaid infrared spectra of compounds 16-18.
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4.7.2 UV-Vis spectroscopy

Electronic absorption spectra for the compounds were measured in acetonitrile to probe
ligand- and Ni** centered transitions (Figure 4.32). Each spectrum displays the
characteristically weak, spin-allowed d—d features of an octahedral high-spin Ni(Il) center in
the visible to NIR region. Although three spin-allowed transitions are formally expected from
the 3Axg(F) ground state namely 3Asxg — 3Tog(F), 2Asg — 3Ti1g(F), and 3Asg — 3T1g(P), only
two are experimentally resolved. For compound 12, bands appear at ~510 nm and within the
830-840 nm window; in compound 13 these shift bathochromically to ~570 nm and 929 nm,
respectively. The lower-energy (longer-wavelength) feature (~820-930 nm) is assigned to the
3Axg — 3Tog(F) transition, while the higher energy visible band (~450-570 nm) corresponds
to *Axg — 3Tig(F). The third, higher energy 3A,g — 3Tig(P) transition is not distinctly
observed because it merges with the more intense charge-transfer absorption toward the
ultraviolet. The intense absorption at 260 nm, in the spectra of the Ni(Il) compounds is
assigned to a ligand centered m—n* transition of the coordinated aminopyridine ring; its
position and high intensity distinguish it from the much weaker, lower energy spin

allowed d—d transitions[85,86].
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Figure 4.32 Overlaid UV-Vis spectra of 12 (red) and 13 (black) in CH3CN. The inset
shows an expanded view of the region 400 to 1100 nm for d-d bands of 12 and 13 (5 mM).
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The high-spin, octahedral Mn(II) compounds 14 and 15 exhibits an electronic absorption
profile in which strong ligand based m—n* absorptions are exhibited at 200-310 nm
region, whereas the spectra from about 350 up to 1100 nm shows no appreciable features
(Figure 4.33). This lack of bands in the visible to NIR is in line with the very low
intensity (or practical absence) of the spin-forbidden d—d excitations characteristic of an

octahedral d° (high-spin) manganese(II) center[87,88].
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Figure 4.33 Overlaid UV-Vis spectra of 14 (black) and 15 (red) in CH3CN.

The electronic absorption spectrum (200-1100 nm) of the Co(II) aminopyridine
compound 16 displays a single broad visible band centered near ~500 nm with a shoulder
toward ~545 nm and a very weak near-IR tail, characteristic of a high-spin octahedral
Co(II) center (Figure 4.34). These features are assigned to the overlapping spin allowed
quartet transitions *Tig(F)—*A2(F) and *Tio(F)— “Tig(P), while the lowest *T;4(F)—
4T24(F) transition lies as a weak band in the near-IR (only partially captured within the
recorded range). Intense ligand centered m—n* absorptions was seen below ~320 nm due

to the aminopyridine rings[89-91].
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The UV-visible profile of the aminopyridine zinc(Il) compounds 17 and 18, is
characterized almost exclusively by strong ligand-based m—mn* absorptions, consistent
with a d'°, diamagnetic Zn** centre lacking any spin or Laporte allowed d-d transitions.
Within the 200-310 nm region, two dominant 7—n* bands appear at A1 =210 nm and A, =

300 nm, attributable to excitations within the conjugated pyridyl framework[92].
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Figure 4.34 UV-Vis spectra of 16 in CH3CN. The inset shows an expanded view of the
region 400 to 1100 nm for d-d bands of 16 (5 mM).

4.7.3 ESI-Mass spectrometry

Electrospray mass spectra (ESI-MS) of compounds 12-18 were studied in acetonitrile.
ESI-MS spectrum of 12 exhibits mass peaks at m/z = 180.0 (calc. m/z 180.0) for
[Ni(L6)]*", m/z = 200.5 (calc. m/z 200.5) for [Ni(L6)(CH3CN)]** and m/z = 459.0 (calc.
m/z 459.0) for [Ni(L6)(ClO4)]" fragments. On the other hand, the ESI-MS spectrum of 13
exhibits three mass peaks at m/z = 194.0 (calc. m/z 194.0), m/z = 214.5 (calc. m/z 214.5)
and m/z = 487.7 (calc. m/z 487.7) which can be assigned to [Ni(L7)]*", [Ni(L7)(CHsCN)J*
and [Ni(L7)(Cl04)]" species, respectively (Figure 4.35). Similarly, the ESI-MS spectrum
of 14 shows fragmentation peaks at m/z = 178.5 (calc. m/z 178.5) for [Mn(L6)]*"and m/z =
456.3 (calc. m/z 456.0) for [Mn(L6)(C104)]". The peaks observed at m/z = 192.5 (calc. m/z
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192.5), 213.0 (calc. m/z 213.0) and m/z = 484.0 (calc. m/z 484.0) in ESI-MS spectrum of
15 can be attributed to [Mn(L7)]**, [Mn(L7)(CH3CN)]*" and [Mn(L7)(ClO4)]" species
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Figure 4.35 ESI-MS spectrum of 12 (a) and 13 (b) recorded in acetonitrile solvent.
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Figure 4.36 ESI-MS spectrum of 14 (a) and 15 (b) recorded in acetonitrile.

The mass spectrum obtained by electrospray ionization mass spectrometry (ESI-MS) of
compound 16 dissolved in acetonitrile exhibited two distinct mass peaks at m/z values of
194.5 (calc. m/z 194.5) and 488.0(calc. m/z 488.0) (Figure 4.37). These peaks were
attributed to the [Co(L7)]*" and [Co(L7)(ClO4)]* species respectively. Whereas the peaks
observed at m/z values of 197.0 (calc. m/z 197.0), 217.5 (calc. m/z 217.5) and 493.0 (calc.
m/z 493.0) can be assigned to [Zn(L7)]**, [Zn(L7)(CHsCN)]*" and [Zn(L7)(ClO)]*
species respectively (Figure 4.37).
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Figure 4.37 ESI-MS spectrum of 16 (a) and 17 (b) recorded in acetonitrile.

The mass spectrum obtained by electrospray ionization mass spectrometry (ESI-MS) of

compound 18 dissolved in acetonitrile exhibited three distinct mass peaks at m/z values of
216.1 (calc. m/z 216.1), 236.6 (calc. m/z 236.6) and 490.1 (calc. m/z 490.1) (Figure 4.38).
These peaks were attributed to the [Zn(L3)(CH3CN)]*", [Zn(L3)(CH3;CN)J*" and
[Zn(L3)(ClO4)]" species respectively.
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Figure 4.38 ESI-MS spectrum of 18 recorded in acetonitrile.

4.7.4 X-ray powder diffraction

Powder X-ray diffraction (PXRD) patterns were collected for compounds 12—-18 to verify
that the crystalline samples were phase-pure and representative of the bulk material. The
experimental diffractograms were compared with patterns simulated from the single
crystal structures using Mercury 4.0[93]. The excellent overlap between measured and
calculated traces confirms that the bulk and single-crystal phases are the same (Figure

4.39-4.41).
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Figure 4.39 The experimental and calculated PXRD patterns of 12.
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Figure 4.40 The experimental and calculated PXRD patterns of 13 (a), 14(b) and 15(c).
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4.7.5 Crystal structures and geometrical analysis

Single crystals of compounds 12 and 13, suitable for X-ray crystallography, were grown
by diffusion of diethyl ether into their solutions of acetonitrile. The technical details of
data acquisition and selected refinement results for 12 and 13 are listed in Table 4.11. The
chosen bond lengths and bond angles for 12 and 13 are collated in Table 4.12 and Table
4.14. In our X-ray structural analysis, both the compounds 12 and 13 are seen to
crystallize in monoclinic crystal system with space group P21/c.

In compound 12, the asymmetric unit features an octahedral arrangement around Ni(II)
cation with, L6 acting as pentadentate ligand, accompanied by an acetonitrile molecule
coordinated to the nickel ion (Figure 4.42). Ni(Il) is hexacoordinate in a moderately
distorted octahedral NsS environment with two nearly linear trans N—Ni—N pairs (N4-Ni—
N2 176.24°, N5-Ni—N3 174.01°) and a bent, elongated axis N(1)-Ni—S(1) pair (165.09°,
Ni-S 2.439 A). Average deviation of the three trans angles from 180° is (3.76 + 5.99 +
14.91)/3 ~ 8.2°, with the N(1)-S(1) pair dominating. All 12 cis angles span from 80.43—
99.47°. The octahedral angular distortion parameter £ (sum of |90 — 6| over the 12 cis
angles) ~ 54.9° [94,95]. This reflects a moderate angular distortion, driven mainly by
compressed angles, opposite expanded angles imposed by ligand chelation and by the
longer Ni—S axis. Ni-N distances vary from 2.063-2.118 A. Ni-S bond is distinctly longer
at 2.439 A, which is in consistent with the larger covalent radius of sulfur and a softer,
more weakly donating thioether donor relative to the amine/pyridyl nitrogens.

The crystal structure of 13 bears a resemblance to that of compound 12, and it also shows
that the pentadentate ligand L7 coordinates in the way it was envisioned, with an
acetonitrile molecule occupying the sixth coordination site on the nickel ion (Figure 4.44).
The distorted octahedral NsS environment is seen to exhibit one nearly linear trans axis,
NI1-Ni—N3 (175.13°), whereas the other two nominally trans pairs (N5---N2 at 163.22°,
N4---S1 at 162.32°) are both appreciably bent. The cis angles range from 77.91-104.24°.
The octahedral angular distortion parameter is approximately 79°. The increased
octahedral angular distortion (~79° in 13; ~55° in 12) and larger cis angle span (77.9—
104.2° in 13; 80.4-99.5° in 12) in compound 13 indicate higher octahedral distortion
compared with moderate distortion in 12. Compressed bite angles (~78—79°) in 13 are
more acute than any in 12 (~80.4° minimum), implying tighter chelate rings or stronger
geometric constraints; this follows opposing cis expansions to >100° due to geometric

compensation. The simultaneous bending of two frans axes in 13 suggests a redistribution
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of strain across the coordination sphere rather than localization at a single soft donor axis.
Ni—N distances range from 2.052-2.227 A which indicate a broader range compare to 12.
Ni-S distances are essentially identical (2.439 A in 12; 2.441 A in 13), so the soft donor
itself is not appreciably weakened or strengthened between the structures. The nearly
linear trans N3—Ni—NSsolvent pair in compound 12 (174.01(14)°) is more strongly bent in
13 than the trans N2—Ni—NS5golvent pair (163.22(11)°). Methylation of the two secondary

amine donors to tertiary amines induces pronounced steric and conformational strain

elevating the overall octahedral distortion.

Table 4.11 Details of crystal data and structure refinement parameters of 12 and 13.

Compound 12 13

Empirical formula Cis Has Cla Ns N1 Og S C20 H29 Cl2 N5 Ni Og S
Formula weight 601.08 629.13

Temperature 296(2) K 296(2) K

Wavelength 0.71073 A 0.71073 A

Crystal system Monoclinic Monoclinic

Space group P2i/c P2i/c

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Theta range for data collection

Completeness to theta
Index ranges

Reflections collected
Independent reflections

Refinement method
Absorption correction

Data/restraints/parameters
Goodness-of-fit on F>

Final Rindices[I>2sigma(])]
R indices (all data)

CCDC No.

a =13.7042(10) A
b=16.8231(11) A
c=11.2853(7) A
o =90°

B =110.023(2)°

¥ =90°

2444.5(3) A3

4

1.633 mg/m’
1.152 mm™!

1240

2.361 to 28.399°
99.9%
-18<=h<=18
22<=k<=22
15<=1<=14
70401

6106 [R(int) = 0.0672]
Full-matrix least-squares on
F2

Semi- empirical

from equivalents
6106/0/320

1.034

R1=0.0587, wR2=0.1473
R1=0.0930, wR2=0.1652

2386750

a=14.0791(6) A
b=183717(8) A
¢ =11.0549(4)A
a=90°
B=112.3820(10)°
¥ =90°
2644.01(19) A®

4

1.581 mg/m?
1.069 mm™!

1304
2.280 to 28.418°
99.9%
-18<=h<=18
-24<=k<=24
-l4<=I<=14
63322

6612 [R(int) = 0.0443]
Full-matrix least-squares on
FZ

Semi- empirical

from equivalents

6612 /0/337

1.044
R1=0.0548, wR2=0.1587
R1=0.0694, wR2= 0.1694

2386749

Jeffrey L. Viegas (Ph. D Thesis), School of Chemical Sciences

135



Chapter 4

Figure 4.42 Crystal structure of 12 showing atom labelling scheme. The thermal
ellipsoids are drawn at a 30 % probability level for all the atoms except for the H atoms,
which are shown as spheres of arbitrary radii.

Table 4.12 Selected bond lengths (A) and angles (°) for 12.

Bond lengths (A)

N(1)-Ni(1) 2.069(3) N(4)-Ni(1) 2.063(3)
N(2)-Ni(1) 2.083(3) N(5)-Ni(1) 2.107(3)
N(3)-Ni(1) 2.118(3) Ni(1)-S(1) 2.4394(11)

Bond angles (°)

N(4)-Ni(1)-N(1)  99.47(12) N(3)-Ni(1)-S(1)  86.33(9)
N(4)-Ni(1)-N(2) 176.24(14) N(5)-Ni(1)-S(1)  92.67(10)
N(1)-Ni(1)-N(2)  80.43(13) N(2)-Ni(1)-S(1)  84.85(9)
N(4)-Ni(1)-N(5)  92.60(13) N(1)-Ni(1)-S(1)  165.09(9)
N(1)-Ni(1)-N(5) 89.97(13) N(4)-Ni(1)-S(1)  95.07(9)
N(2)-Ni(1)-N(5) 91.16(15) N(5)-Ni(1)-N(3) 174.01(14)
N(4)-Ni(1)-N(3)  81.62(13) N(2)-Ni(1)-N(3)  94.63(15)
N(1)-Ni(1)-N(3)  92.50(13)
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A2y A m

Figure 4.43 The hydrogen bonding interactions in 12 with atom labelling scheme of atoms
involved in hydrogen bonding, along with the enlarged view of a network of hydrogen
bonding in 12 showing the symmetric organisation of [Ni(L6)(CH3;CN)]** cations and
perchlorate anions. Hydrogen atoms attached to carbon are omitted for clarity.

Table 4.13 Hydrogen bonding parameters (4, °) for 12.

D-H:--A D-H/ A H--A/A D---A/A  D-H--*A/° Symmetry code
N2-H2---01 0.980(0)  2.184(1)  3.096(0)  154.15(0) x,y,z
N3-H3---01 0.874(0)  2.521(1)  3.271(1)  14439(1) x,y,z
N3-H3---03 0.874(0)  2.353(2)  3.191(2)  160.75(1) X.,y,z
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Figure 4.44 Crystal structure of 13 showing atom labelling scheme. The thermal
ellipsoids are drawn at a 30 % probability level for all the atoms except for the H atoms,
which are shown as spheres of arbitrary radii.

Table 4.14 Selected bond lengths (A) and angles (°) for 13.

Bond lengths (A)

N(1)-Ni(1) 2.118(3) Ni(1)-S(1) 2.4413(9)
N(2)-Ni(1) 2.227(3) N(5)-Ni(1) 2.105(3)
N(3)-Ni(1) 2.182(3) N(4)-Ni(1) 2.052(3)
Bond angles (°)

N@)-Ni(1)-N(5)  96.41(12)  N(2)-Ni(1)-S(1)  84.00(7)
N@)-Ni(1)-N(1)  96.29(11)  N(3)-Ni(1)-S(1)  84.16(9)
NG)-Ni(1)-N(1) ~ 87.96(11)  N(1)-Ni(1)-S(1)  100.47(7)
N@)-Ni(1)-N(3)  79.27(12)  N(5)-Ni(1)-S(1)  89.80(9)
NG)-Ni(1)-N(3)  90.56(11)  N(4)-Ni(1)-S(1)  162.32(9)
N(D-Ni(1)-N(3)  175.13(11)  N(3)-Ni(1)-N(2) 104.24(11)
N@)-Ni(1)-N(2) ~ 94.12(11)  N(1)-Ni(1)-N(2) 77.91(11)
N(G)-Ni(1)-N(2)  163.22(11)
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Figure 4.45 Packing in 12 view along crystallographic ¢ axis. Colour code: C, black; H,
medium grey,; N, blue; O, red; CI, green and Ni, purple.
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Figure 4.46 Packing in 13 view along crystallographic a axis. Colour code: C, black; N,
blue; O, red; CI, green and Ni, purple.
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Single crystals suitable for X-ray analysis were grown for compounds 14 and 15 by the
classic vapor diffusion method: an acetonitrile solution of each compound was left
undisturbed at 298 K yielding colorless block shaped crystals. A comprehensive summary
of the crystallographic experiment is provided in Table 4.15. For structural comparison,
Table 4.16 and Table 4.18 compiles the most pertinent bond lengths and angles that
diagnose the coordination geometry in each compound. Single crystal X-ray diffraction of
compound 14 revealed that the compound crystallizes in the monoclinic space group
P2i/n. The asymmetric unit contains one cation, [Mn(L6)(ClO4)]" and one outer sphere
perchlorate anion. The X-ray data reveal that the manganese(Il) ion, is hexacoordinate in a
highly distorted N4SO octahedral environment defined by four nitrogen atoms (N1-N4)
and one thioether sulfur atom (S1) from the macrocyclic pentadentate ligand L6 and a
monodentate perchlorate oxygen (O5) (Figure 4.47). Mn—N distances range from 2.194(2)
to 2.283(3) A and Mn-05 (2.236(2) A) are typical for Mn?>" bound to neutral donors,
whereas Mn-S1 is significantly longer at 2.6307(10) A, reflecting the larger covalent
radius and weaker ¢ donation of sulphur[96-100]. The three pseudo trans axes N4---N2
(170.9°), O5---N3 (156.0°) and S1---N1 (154.0°) deviate appreciably from 180°, and the
cis angles span 75.4-109.8°, yielding octahedral angular distortion ~119°, a clear gauge of
chelate induced strain. The outer-sphere perchlorate participates in weak N-H:--O
interactions with the cation unit.

Single crystal of compound 15 also adopts the monoclinic space group P2i/n under
identical data collection conditions. The Mn(II) ion retains a distorted N4SO octahedral
environment in compound 15, where the donor set comprises four nitrogen atoms (N1—
N4), one thioether Sulphur (S1) from the ligand L7, and one aqua oxygen (O1) instead of
coordinated perchlorate ion in 14 (Figure 4.49). The asymmetric unit contains one cation,
[Mn(L7)(H20)]*" and two outer sphere perchlorate anions. The stronger ¢ donor character
of H,O contracts Mn—O1 to 2.158(3) A (~ 0.08 A shorter than Mn—O(CIO4) in 14 and
lengthens its trans partner Mn—N3 to 2.324(3) A. The average Mn—N distance increases
slightly, while Mn-S1 elongates to 2.6460(11) A, consistent with an enhanced trans
influence from the opposite nitrogen. Three pseudo trans pairs organize the octahedron:
N4-Mn—-N2 = 174.53(12)°, O1-Mn-N3 = 156.64(14)° and NI-Mn-S1 = 152.93(9)°.
None approaches the ideal 180°, signifying notable axial strain. The 12 cis angles span
74.85(11)-107.05(9)°. The angular distortion parameter 121.2° demonstrates slightly

greater angular distortion than in the perchlorate bound analogue (£ ~119.2°).
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Table 4.15 Technical details of crystal data and structure refinement parameters of 14

and 15.

Compound 14 15

Empirical formula Cis H22 Clo Mn N4 Og S Cig H2s Cl2 Mn N4 O9 S
Formula weight 556.28 602.34

Temperature 296(2) K 296(2) K

Wavelength 0.71073 A 0.71073 A

Crystal system Monoclinic Monoclinic

Space group P2i/n P2i/n

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Theta range for data collection
Completeness to theta
Index ranges

Reflections collected
Independent reflections

Refinement method
Absorption correction

Data/restraints/parameters
Goodness-of-fit on F

Final Rindices[I>2sigma(])]
R indices (all data)

CCDC No.

a=15.7989(6) A
b=8.3617(3) A
c=18.5820(6) A
a=90°
B=113.2530(10)°
vy =90°
2255.39(14) A3
4

1.638 mg/m’
0.966 mm’!

1140

2.712 to 28.468°
99.9%
-21<=h<=19
-11<=k<=11
-24<=1<=24
53919

5653 [R(int) = 0.0464]
Full-matrix least-squares on
F2

Semi- empirical

from equivalents
5653/0/292

1.054
R1=0.0512, wR2=0.1350
R1=10.0723, wR2=0.1463

2386740

a=83617(3) A
b=17.1671(6) A
c=17.9947(7) A
a=90°
B=101.3170(10)°
vy =90°
2532.85(16) A3

4

1.580 mg/m?
0.869 mm!

1244

2.373 to 28.381°
99.9%
-11<=h<=11
-22<=k<=22
-24<=1<=24
62030

6322 [R(int) = 0.0466]
Full-matrix least-squares on
FZ

Semi- empirical

from equivalents

6322 /3 /331

1.065
R1=10.0690, wR2=0.1976
R1=0.0837, wR2= 0.2098

2386744
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Figure 4.47 Crystal structure of 14 showing atom labelling scheme. The thermal
ellipsoids are drawn at a 30 % probability level for all the atoms except for the H atoms,

which are shown as spheres of arbitrary radii.

Table 4.16 Selected bond lengths (A) and angles (°) for 14.

Bond lengths (A)

N(1)-Mn(1) 2.194(2) Mn(1)-N(3) 2.267(3)
Mn(1)-N(4) 2.220(2) Mn(1)-N(2) 2.283(3)
Mn(1)-O(5) 2.236(2) Mn(1)-S(1) 2.6307(10)
Bond angles (°)

N(1)-Mn(1)-N(4) 95.53(9) N(2)-Mn(1)-S(1)  79.18(8)
N(1)-Mn(1)-O(5) 95.05(11) N(@3)-Mn(1)-S(1)  79.54(8)
N(4)-Mn(1)-O(5) 86.50(9) O(5)-Mn(1)-S(1)  92.20(8)
N(1)-Mn(1)-N(3) 102.22(10) N(4)-Mn(1)-S(1) 109.82(7)
N#4)-Mn(1)-N(3) 75.43(10) N(1)-Mn(1)-S(1) 154.01(7)
O(5)-Mn(1)-N(3)  155.98(10) N(3)-Mn(1)-N(2) 105.58(11)
N(1)-Mn(1)-N(2)  75.36(10) O(5)-Mn(1)-N(2) 94.78(10)
N(4)-Mn(1)-N(2) 170.88(10)
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Figure 4.48 The hydrogen bonding interactions in 14 with atom labelling scheme of atoms
involved in hydrogen bonding; along with the enlarged view of a network of hydrogen
bonding in 14 showing the symmetric organisation of [Mn(L6)(ClO4)] * cations and
perchlorate anions. Hydrogen atoms attached to carbon are omitted for clarity.

Table 4.17 Hydrogen bonding parameters (4, °) for 14.

D-H:--A D-H/ A H--A/A D---A/A D-H:--A/° Symmetry code
N2-H2---08 0.874(0) 2.509(0) 3.239(0) 1415100 x,y,z
N3-H3---03 0.980(0) 2.090(0) 3.014(1)  156.39(0)  X,y,z
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09

Figure 4.49 Crystal structure of 15 showing atom labelling scheme. The thermal
ellipsoids are drawn at a 30 % probability level for all the atoms except for the H atoms,
which are shown as spheres of arbitrary radii.

Table 4.18 Selected bond lengths (A) and angles (°) for 15.

Bond lengths (A)

N(1)-Mn(1) 2217(3) N(4)-Mn(1) 2.254(3)
N(2)-Mn(1) 2.346(3) O(1)-Mn(1) 2.158(3)
N(3)-Mn(1) 2.324(3) Mn(1)-S(1) 2.6460(11)
Bond angles (°)

O()-Mn(1)-N(1) 9436(13)  N(Q2)-Mn(1)-S(1) 78.41(8)
O(1)-Mn(1)-N(4) 86.64(13)  N(3)-Mn(1)-S(1)  79.66(8)
N(D)-Mn(1)-N@4) 99.45(12)  N(@#)-Mn(1)-S(1)  107.05(9)
O(1)-Mn(1)-NG3) 156.64(14)  N(1)-Mn(1)-S(1)  152.93(9)
N()-Mn(1)-NG3)  102.51(12)  O(1)-Mn(1)-S(1)  92.64(9)
N@4)-Mn(1)-N3) 7485(11)  NG3)-Mn(1)}-N(2) 106.30(12)
O(1)-Mn(1)-N(2) 93.49(13)  N(4)-Mn(1)-N(2) 174.53(12)
N(1)-Mn(1)-N2)  75.09(11)
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Figure 4.50 Packing in 14 view along crystallographic c axis. Colour code: C, black, H,
medium grey; N, blue; O, red; Cl, green and Mn, cyan.
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Figure 4.51 Packing in 15 view along crystallographic c axis. Colour code: C, black; H,
medium grey,; N, blue; O, red; CI, green and Mn, cyan.
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Crystals suitable for X-ray analysis of compounds 16 and 17 were prepared using the
traditional vapor diffusion method, where an acetonitrile solution of each compound was
left undisturbed at 298 K. The crystallographic experiment results are summarized
comprehensively in Table 4.19. The data in Table 4.20 and Table 4.22 illustrates the key
bond lengths and angles necessary for the structural comparison of the coordination
geometry in each compound.

Single crystal X-ray diffraction confirms that the aqua ligated cobalt(Il) compound 16
crystallizes as pink needles in the monoclinic space group P2i/c with one
crystallographically unique cation and two perchlorate anions per asymmetric unit. In the
asymmetric unit the unique mononuclear cation [Co(L7)(H20)]*" consist of a pentadentate
N4S chelate wrapped around a Co?* center along with a coordinated water molecule, while
two outer sphere perchlorate anions balance the charge (Figure 4.52). The metal is
hexacoordinate and adopts a markedly distorted octahedral geometry. The distances
between Co and the tertiary amine nitrogen’s N2 and N3 are 2.225(3) and 2.241(3) A
respectively, whereas the pyridyl nitrogen atoms N1 and N4 are 2.125(3) and 2.164(3)A
away from Co(II) ion. Co-S1 is significantly longer at 2.4675(12) A, reflecting the larger
covalent radius and weaker ¢ donation of Sulphur. The Co(Il) ion is 2.111(3) A distant to
the oxygen of water O1, as documented in Table 4.20. Three nearly linear trans sets O(1)
—Co(1)-N(3) 159.0°, N(4)—Co(1)-N(2) 174.0° and N(1)-Co(1)-S(1) 160.3° define the
pseudo-octahedron, while the 12 cis angles span from 75.9 to 108.0°. Summing the
deviations |90 — 0| for those cis angles gives £ ~ 95°, signaling a moderately large
distortion that originates from the differing bite angles of five and six membered chelate
rings plus the longer Co—S bond.

The inner sphere water ligand is positioned to form hydrogen bonding with neighboring
perchlorate oxygens, a motif that usually stabilizes the lattice and can facilitate ligand
exchange in solution. The two unique perchlorate ions in compound 16 display an
extensive network of hydrogen bonding. The predominant intermolecular H-bonding
interactions arising from OIl1-HIA---O4, OI-H1B---O2 and OI-HI1B---O3 renders
additional stability to compound 16 (Figure 4.53 and Table 4.21). The oxygen atoms: O1,
02, O3 and 04, of the (ClO4) units are engaged in O-H---O interactions resulting in an
extended network in compound 16 (Figure 4.53). Two O-Cl-O and two H-O-H
molecules are connected to create a 12-membered ring structure through hydrogen bonds

within compounds 16. Structural data clearly indicates that the primary source of hydrogen
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bonding is the coexistence of a water molecule and perchlorate counter ions in compounds
16. The coordinated water in compound 16 can be accounted for despite the use of
acetonitrile as the solvent, due to the use of metal perchlorate hexahydrates in the
synthesis process. The crystal packing is dominated by an extensive hydrogen bonding
ribbon: each coordinated water molecule forms O—H---O interactions to two perchlorate
oxygen atoms, while the perchlorate anions participate in supplementary C—H:--O contacts

that assemble the cationic units into corrugated layers.

X-ray diffraction reveals that compounds 16 and 17 are isostructural, both adopting a
P21/c monoclinic lattice. The crystal structures of both compounds feature a centrally
positioned metal(Il) ion, specifically Zinc(II) in compound 17 and cobalt(Il) in compound
16, along with a pentadentate L7 ligand and a water molecule, as well as two
crystallographically independent perchlorate ions, as depicted in Figure 4.52 and Figure
4.54. Zn-N distances range from 2.124(3) to 2.260(3) A and Zn—O is 2.156(4) A, whereas
Zn-S is significantly longer at 2.5139(13) A, reflecting the soft donor nature of sulfur
atom. The three pseudo trans axes N4—Zn—-N2 (174.1°), 09—Zn—N3 (158.4°) and S1-Zn—
N1 (159.5°) deviate appreciably from 180°, and the cis angles span from 76.0-107.8°,
yielding octahedral angular distortion ~97°, a clear gauge of chelate induced strain[101].
Comparable metrics in the cobalt analogue confirm that the two compounds are
structurally congruent, differing chiefly in the metal donor bond lengths while preserving
the same pattern of geometric distortion.

Figure 4.55 reveals that compound 17 assembles into an extended, three-dimensional
lattice in which the cationic coordination units, [ZnN4SO]**, are tethered to their
perchlorate counter ions through a network of Cl-O---H hydrogen bonds. A notable
feature of this architecture is a cyclic aggregate in which two perchlorate anions and two
water molecules engage in reciprocal O—-H:--O interactions to generate a twelve
membered ring. Examination of the crystallographic parameters shows that these water
and perchlorate contacts dominate the hydrogen bonding landscape, acting as the principal
supramolecular glue that stitches neighboring cations and anions into a robust three-

dimensional framework.
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Table 4.19 Technical details of crystal data and structure refinement parameters of 16

and 17.

Compound 16 17

Empirical formula Cigs Hos Clb Co N4 O9 S Cyz Hog ClyNs Oo S Zn
Formula weight 606.33 612.79

Temperature 296(2) K 296(2) K

Wavelength 0.71073 A 0.71073 A

Crystal system Monoclinic Monoclinic

Space group P2i/c P2i/c

Unit cell dimensions

Volume

7z

Density (calculated)
Absorption coefficient
F(000)

Theta range for data collection
Completeness to theta
Index ranges

Reflections collected
Independent reflections

Refinement method
Absorption correction

Data/restraints/parameters
Goodness-of-fit on F?

Final Rindices[I>2sigma(])]
R indices (all data)

CCDC No.

a=9.2320(4) A
b=33.8371(14) A
c=28.3750(3) A
a=90°
B=107.7810(10)°
vy =90°
2491.24(17) A3

4

1.617 mg/m’
1.043 mm!

1252

2.611 to 28.342°
99.9%
_12<=h<=12
_45<=k<=45
11<=l<=11
71799

6203 [R(int) = 0.0604]
Full-matrix least-squares on
F2

Semi- empirical

from equivalents

6203 /0/ 324

1.105
R1=0.0658, wR2=0.1682
R1=0.0832, wR2=0.1777

2386743

a=9.2425(5) A
b=33.9977(18) A
c=28.3584(4) A
a=90°
B=107.297(2)°

vy =90°

2507.6(2) A3

4

1.623 mg/m’
1.331 mm’!

1264
2.308 to 28.399°
100.0%
_12<=h<=12
_45<=k<=45
1<=l<=11
63548

6265 [R(int) = 0.0604]
Full-matrix least-squares on
FZ

Semi- empirical

from equivalents
6265/0/324

1.085
R1=0.0664, wR2=0.1672
R1=0.0870, wR2=0.1789

2386742
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Figure 4.52 Crystal structure of 16 showing atom labelling scheme. The thermal
ellipsoids are drawn at a 30 % probability level for all the atoms except for the H atoms,
which are shown as spheres of arbitrary radii.

Table 4.20 Selected bond lengths (A) and angles (°) for 16.

Bond lengths (A)

N(1)-Co(1) 2.125(3) N(4)-Co(1) 2.164(3)
N(2)-Co(1) 2.225(3) S(1)-Co(1) 2.4675(12)
N(3)-Co(1) 2.241(3) 0(1)-Co(1) 2.111(3)
Bond angles (°)

O(1)-Co(1)-N(1)  94.71(14)  N(3)-Co(1)-S(1) 83.91(9)
O(1)-Co(1)-N(4)  85.41(13)  N(2)-Co(1)-S(1) 82.88(9)
N(1)-Co(1)-N(4)  96.92(13)  N(4)-Co(1)-S(1)  102.32(9)
O(1)-Co(1)-N(2)  91.47(13)  N(1)-Co(1)-S(1)  160.31(9)
N(1)-Co(1)-N(2)  78.16(12) O(1)-Co(1)-S(1)  90.99(11)
N@4)-Co(1)-N(2)  173.95(12)  N(2)-Co(1)-N(3) 108.00(12)
O(1)-Co(1)-N(3)  159.00(13)  N(4)-Co(1)-N(3) 75.88(11)
N(1)-Co(1)-N(3)  96.90(13)
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Figure 4.53 The hydrogen bonding interactions in 16 with atom labelling scheme of atoms
involved in hydrogen bonding; along with the enlarged view of a network of hydrogen
bonding in 16 showing the symmetric organisation of [Co(L7)(H-0)]’* cations and
perchlorate anions. Hydrogen atoms attached to carbon are omitted for clarity.

Table 4.21 Hydrogen bonding parameters (4, °) for 16.

D-H---A D-H/ A H---A/A D--‘A/A  D-H:--A/°  Symmetry code

OI-HIA--04 0.788(0)  2.067(1)  2.818(2) 159.53(0) x.,y,z
O1-HIB-+02 0.784(0)  2.653(0)  3.193(0)  127.65(0)  -x+1,-y+1, -z+1
O1-HIB--03 0.784(0)  2.077(0)  2.846(1)  166.71(0)  -x+1, -y+1, -z+1
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Figure 4.54 Crystal structure of 17 showing atom labelling scheme. The thermal
ellipsoids are drawn at a 30 % probability level for all the atoms except for the H atoms,
which are shown as spheres of arbitrary radii.

Table 4.22 Selected bond lengths (A) and angles (°) for 17.

Bond lengths (A)

N(1)-Zn(1) 2.124(3) N(4)-Zn(1) 2.172(3)
N(2)-Zn(1) 2.260(3) Zn(1)-0(9) 2.156(4)
N(3)-Zn(1) 2.258(4) Zn(1)-S(1) 2.5139(13)
Bond angles (°)

N(1)-Zn(1)-0(9)  94.54(15)  N(2)-Zn(1)-S(1)  82.32(10)
N()-Zn(1)-N@)  97.57(13)  N@3)-Zn(1)-S(1)  83.83(11)
0(9)-Zn(1)-N(4)  85.36(14)  N(4)-Zn(1)-S(1)  102.75(10)
N(1)-Zn(1)-N@3)  98.56(14)  O(9)-Zn(1)-S(1)  89.87(12)
0(9)-Zn(1)-N(3)  158.44(15)  N(1)-Zn(1)-S(1)  159.49(10)
N@4)-Zn(1)-N@3)  76.03(13)  N(@3)-Zn(1)-N(2) 107.83(14)
N()-Zn(1)-N@2)  77.55(13)  N(@4)-Zn(1)-N(2) 174.08(13)
0(9)-Zn(1)-N(2)  91.64(14)
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Figure 4.55 The hydrogen bonding interactions in 17 with atom labelling scheme of atoms
involved in hydrogen bonding, along with the enlarged view of a network of hydrogen
bonding in 16 showing the symmetric organisation of [Zn(L7)(H:0)]*" cations and
perchlorate anions. Hydrogen atoms attached to carbon are omitted for clarity.

Table 4.23 Hydrogen bonding parameters (4, °) for 17.

D-H---A D-H/ A H---A/A D---A/A  D-H---A/*  Symmetry code

09-H9A--02  0.873(0) 1.976(1) 2.844(1)  173.0900)  x,y,z
09-HY9A---04  0.873(0) 2.581(1) 3.234(0)  132.32(0)  x,v,z
09-H9B---O1 0.659(1) 2.180(3) 2.824(3)  166.36(0)  -x+1, -y+1, -z+1
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Figure 4.56 Packing in 16 view along crystallographic a axis. Colour code: C, black; H,
medium grey,; N, blue; O, red; Cl, green and Co, magenta.
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Figure 4.57 Packing in 17 view along crystallographic c axis. Colour code: C, black; H,
medium grey,; N, blue; O, red; CI, green and Zn, orange.
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Crystals of compound 18 suitable for X-ray diffraction were obtained by allowing a
concentrated acetonitrile solution to undergo slow evaporation at 298 K. The full
crystallographic parameters are detailed in Table 4.24, while the principal bond distances
and angles used for evaluating coordination geometries are presented in Tables 4.25.
Single-crystal X-ray analysis reveals that the Zn(Il) compound crystallizes as colorless
needle shaped crystals in the monoclinic space group P2i/c, with one unique cation and
two perchlorate anions in the asymmetric unit.

Single crystal X-ray diffraction of compound 18 establishes that the Zn*" centre is ligated
solely by the five nitrogen atoms of ligand L3, while the two perchlorate ions remain
outside the coordination sphere (Figure4.58). The metal ion therefore exhibits a
five-coordinate [ZnNs] environment that most closely resembles a distorted trigonal
bipyramid. Using the Addison ts5 descriptor, where 15=(B—a)/60, the largest and
second-largest N—Zn—N angles (B =170.06°; a=127.90°) give 15~ 0.70; this value places
the structure nearer the trigonal bipyramidal limit (ts=1) than the square pyramidal one
(15=0)[102—-105].The nearly linear N2-Zn—N4 angle of 170.06(12)° defines the axial
positions, whereas N1, N3, and N5 occupy the equatorial plane with inter-ligand angles of
127.90(11)°, 119.57(11)° and 112.53(11)°, respectively. Deviation from the ideal 120°
arises from the chelate bite constraints of the ligand backbone; the tightest cis angle, N4—
Zn—N5=78.05(11)°, reflects strain within a five-membered chelate ring.

In compound 18, both crystallographically distinct perchlorate anions are integrated into
an extensive hydrogen-bonding framework. Key N-H---O interactions, specifically N2—
HIB:--O6 and N4-H4---O3, contribute significantly to the stabilization of the structure
(Figure 4.59; Table 4.26). The O3 and O6 atoms of the perchlorate groups further engage
in N-H---O contacts, propagating a continuous hydrogen bonded network throughout the

crystal lattice (Figure 4.60).
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Compound 18

Empirical formula Ci9 Ha9 Cl> Zn N5 Og
Formula weight 591.76

Temperature 296(2) K
Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2i/c

Unit cell dimensions

Volume

VA

Density (calculated)
Absorption coefficient
F(000)

Theta range for data collection

Completeness to theta
Index ranges

Reflections collected
Independent reflections

Refinement method
Absorption correction

Data/restraints/parameters
Goodness-of-fit on >

Final Rindices[I>2sigma(])]
R indices (all data)

CCDC No.

a=14.1849(14) A
b=10.6449(11) A
c=18.0664(18) A
a=90°
B=111.903(3)°

vy =90°

2531.1(4) A®

4

1.553 mg/m?
1.234 mm’!

1224

2.266 to 28.418°
100.0 %

-18<h <18
-14<k<14
-24<1<24

67145

6328 (Rin= 0.0459)
Full-matrix least-squares on
B2

Semi- empirical
from equivalents
6328 /0/320

1.069
R1=0.0545, wR2= 0.1487
R1=0.0741, wR2=0.1607

2386741
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Table 4.24 Technical details of crystal data and structure refinement parameters of 18.
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Co6

Figure 4.58 Crystal structure of 18 showing atom labelling scheme. The thermal
ellipsoids are drawn at a 30 % probability level for all the atoms except for the H atoms,
which are shown as spheres of arbitrary radii.

Table 4.25 Selected bond lengths (A) and angles (°) for 18.

Bond lengths (A)

Zn(1)-N(1) 2.106(3) Zn(1)-N(4) 2.145(3)
Zn(1)-N(3) 2.117(3) Zn(1)-N(5) 2.150(3)
Zn(1)-NQ) 2.142(3)

Bond angles (°)

N()-Zn(1)-N@3)  127.90(11)  N(2)-Zn(1)-N(4)  170.06(12)
N(1)-Zn(1)-N(2) ~ 79.30(11) N(1)-Zn(1)-N(5)  112.53(11)
NG)-Zn(1)-N(2)  96.04(12) N@3)-Zn(1)-N(5)  119.57(11)

N(1)-Zn(1)-N4)  96.52(11) N(Q2)-Zn(1)-N(5) ~ 95.11(12)
N(3)-Zn(1)-N(4)  93.64(12) N(4)-Zn(1)-N(5)  78.05(11)
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Figure 4.59 The hydrogen bonding interactions in 18 with atom labelling scheme of atoms
involved in hydrogen bonding. Hydrogen atoms attached to carbon are omitted for clarity.

Table 4.26 Hydrogen bonding parameters (4, °) for 18.

D-H---A D-H/ A H-A/A D--‘A/A D-H:--A/° Symmetry code
N2-H1B---06 0.944(0) 2.349(0) 3.247(0)  158.74(0)  x,3/2-y, 1/2+z
N4-H4---03 0.980(0) 2.055(0) 3.013(1)  16537(0)  -x, l-y, 1-z

Figure 4.60 The enlarged view of a network of hydrogen bonding in 18 showing the
symmetric organisation of [Zn(L3)]?* cations and perchlorate anions. Hydrogen atoms
attached to carbon are omitted for clarity.
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Figure 4.61 Packing in 17 view along crystallographic c axis. Colour code: C, black; N,
blue; O, red; Cl, green and Zn, orange.

4.8 Conclusion

In this study, we successfully synthesized a series of novel 3d metal compounds,
specifically [Ni(L6)(CH3CN)](ClO4)2 12, [Ni(L7)(CH3CN)](ClO4)2 13,
[Mn(L6)(C104)](CIO4) 14, [Mn(L7)(H20)](ClOs)> 15, [Co(L7)(H20)](ClO4)2 16,
[Zn(L7)(H20)](ClO4)2 17 and [Zn(L3)](ClO4), 18. The ligands utilized include L6, a
nonmethylated N4S aminopyridyl pentadentate ligand containing a thioether donor site, its
methylated analogue L7, and the aminopyridine based ligand L3. These ligands were
thoughtfully designed to modulate the electronic and steric environments around the metal
centres, aiming to enhance their potential catalytic performance in biomimetic

applications.
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Comprehensive characterization of these compounds was accomplished using elemental
analysis (CHNS), infrared (IR) spectroscopy, ultraviolet-visible (UV-vis) spectroscopy,
single crystal X-ray diffraction (SCXRD), powder X-ray diffraction (PXRD), and
electrospray ionization mass spectrometry (ESI-MS). The structural analyses confirmed
the intended coordination geometries and ligand frameworks, revealing subtle yet

meaningful differences arising from methylation and ligand backbone modifications.

Although their catalytic applications have not yet been explored experimentally within this
work, the rationale behind their synthesis was supported by literature precedence, which
indicates structurally similar compounds as effective biomimetic catalysts. The structural
diversity and tunability exhibited by these compounds lay a robust foundation for future
investigations into their catalytic behaviours. Thus, this work provides a significant step
towards understanding how precise ligand design influences the physicochemical

properties and catalytic potentials of 3d metal compounds in biomimetic chemistry.
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Section 111

Ligand backbone influenced luminescent properties of Zn(II)
compounds for detection of nitroaromatic compounds

4.9 Introduction

Chemists are being significantly motivated by sustainable development to design new
tools for the selective detection of hazardous substances. Concerns about human health,
national security, and the environment have been growing due to the increasing use of
nitroaromatic compounds (NACs) in explosive substances[106—108]. Various NACs
including nitrobenzene (NB), p-nitrotoluene (p-NT), o-nitrotoluene (0-NT), p-nitrophenol
(p-NP), o-nitrophenol (0-NP), 2,4-dinitrophenol (DNP) and 2,4,6-trinitrophenol (TNP) are
commonly utilised in industrial applications. TNP is recognized for its extremely high
explosive capabilities, rendering it an ideal option for use in destruction[109,110]. The
higher solubility and greater use of TNP have resulted in severe, catastrophic water
contamination. Consequently, the prompt identification of NACs in wastewater has
emerged as a significant area of research in recent times[111-113]. Optical methods
employing fluorescent probes have generated considerable attention due to their
portability and sensitivity, although other established techniques are widely documented in
the literature[114—118]. The luminescent characteristics of these probes primarily depend
on the structure, the electron-rich nature of the aromatic ligand, and the metal
centre[119,120]. This sensing ability is typically achieved by transferring photoexcited
electrons from an electron-rich probe to electron-deficient analytes through quenching of

the fluorescence[121].

The compounds of non-transition metals, such as Zn* and Cd*', exhibit prominent
luminescence over other transition metals, thus making them useful in OLED devices and
various emitting appliances. Armaroli et al. have accounted for the luminescent properties
of zinc, cadmium, and other metal compounds in their recent review|[122]. A slight
modification to ligand topology in Zn(II) compounds has led to improved stability,
enhancement in emission intensity, and changes in emission energies. The mononuclear
Zn(I) compounds of varying denticity N-donor ligands have been discovered to exhibit
photoluminescent properties[123,124]. Several Zn(II) compounds with varying ligands

have been reported as sensors in detecting hazardous NACs[125-127].
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Aliphatic coordination polymers of zinc and cadmium, which are diversified topologically
and encapsulated with dipyridylamine ligand, have demonstrated the capacity to exhibit a
"turn-off" luminescence when sensing NACs[128]. The cadmium ladder-type coordination
polymer displayed luminescent properties that were effectively utilised at very low
concentrations for the sensing of nitroaromatic compounds[129]. A cadmium-based 3D
metal-organic framework has been documented in the detection of possible NAC
pollutants[ 130]. Salen-type ligands' zinc and cadmium compounds have been extensively
studied for their capacity to detect nitroaromatics through a turn-off fluorescence
response[131]. A 2D and 3D topological cadmium cyclohexyldicarboxylate synthesized
through hydrothermal processes with a co-ligand of bis(4-pyridylmethyl)piperazine has
been sensibly employed in the quenching of nitroaromatic compounds[132]. Changes in
the topological structure of coordinating ligands resulted in altered properties for zinc and
cadmium compounds. The versatility of multidentate ligands in cadmium carboxylate
coordination polymers has affected their overall structure-function properties, leading to

the quenching of nitroaromatics[133].

Multidentate ligands based on aminopyridine have gained acceptance in contemporary
coordination chemistry due to their reactivity and stability being regulated by a delicate
balance of electronic and structural characteristics| 134,135]. Over the past period, we have
been consistently making attempts to tune the topology of multidentate N-donor ligands.
This has led to a range of compounds of first-row transition metals with amino pyridyl-
based ligands, which have been found to have diverse applications, including catalysis and

enzyme mimicry[45,136,137].

Recent research has shown a substantial quenching of NACs via the use of quinoline-
based ligands and cobalt(Il) succinate compounds linked to N-donor ligands[138,139].
Building on our previous work demonstrating the impact of ligand topological effects in
metal compounds on their various applications, we have synthesized two Zn(II)
compounds, [Zn(L1)](C1O04)2 (1) and [Zn(L2)](C104)2 (2), incorporating N1-(pyridin-2-
ylmethyl)-N2-(2-((pyridin-2-ylmethyl)amino)ethyl)-ethane-1,2-diamine (L4) and NI-
(pyridin-2-ylmethyl)-N3-(3-((pyridin-2-ylmethyl)amino)propyl)propane-1,3-diamine

(L1). The photoluminescent properties of Zn(Il) compounds have been described in

relation to the effect of extending the carbon chain of ligand L1 as compared to L4.
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4.10 Experimental details

4.10.1 Synthesis of [Zn(L4)](Cl104): 19 and [Zn(L1)](ClO4): 20

Compound 19 was synthesised by gradually adding 0.38 g (1.34 mmol) of L4 to a 5 mL
solution of acetonitrile, which was then stirred with 0.5g (1.34 mmol) of Zn(Cl04)2.6H>O
(2 mL) at room temperature. The mixture was stirred for approximately five hours. Upon
the addition of diethyl ether (10 mL), the reaction mixture yielded a colourless crystalline
solid. The slow diffusion of diethyl ether into the CH3CN solution of compound 19
resulted in white, transparent crystals suitable for single crystal X-ray diffraction analysis.
The yield of compound 19 was 0.60 g (1.09 mmol), 82 %. Anal. Calc. for 19
Ci16H23C12ZnNsOs (%): C, 34.96; H, 4.22; N, 12.74. Found: C, 34.35; H, 4.10; N, 12.43.
IR (KBr, cm™): 3296 v(NH); 2980-2883 v(CH); 1078, 619 v(ClO4). ESI-MS: m/z =
448.15 (Calc. 488.07) for [Zn(L4)(ClO4)]".

A similar methodology was employed; in this instance, 0.42 g of L1 (1.34 mmol) was
reacted instead of L4 to yield colorless crystals of compound 20. The yield of 2 was 0.69 g
(1.19 mmol), 89 %. Anal. Calc. for (1) Ci1sH27C12ZnNsOs (%): C, 37.42; H, 4.71; N, 12.12.
Found: C, 37.54; H, 4.37; N, 12.25. IR (KBr, cm™): 3298 v(NH); 2950-2872 v(CH);
1064, 619 v(ClO4). 'H NMR (D-0, ppm): & 8.47 (d, 2H), & 7.95 (t, 2H), § 7.44 (m, 4H), &
4.27-3.84 (m, 4H), 6 3.19-2.42 (m, 8H), & 1.81-1.71 (m, 4H). ESI-MS: m/z =476.15 (Calc.
476.15) for [Zn(L1)(Cl04)]".

4.10.2 Photophysical Studies

The photoluminescence properties of compounds 19 and 20 were investigated in an
aqueous solution at room temperature. The excitation wavelength was set at 370 nm, with
slit widths of 10 nm for both excitation and emission. The experiments were recorded on a
Xe flash lamp technology-based Cary Eclipse Fluorescence Spectrophotometer (G9800A),
which is manufactured by Agilent Technologies. In a standard experiment, an aqueous
solution of 2 mM / 2 mL was placed in a 1 cm quartz cuvette, and spectra were recorded.
The fluorescence sensing titrations of compounds 19 and 20 with nitro-aromatic
compounds recorded emission intensities following the incremental addition of 1 mM

NAC solution.
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4.11 Results and discussions

4.11.1 Synthesis of ligands and compounds 19 and 20

Ligands L4 and L1 were synthesised from their diamine precursors, then subjected to the
standard NaBH4 reduction as previously documented[45,136]. The Zn(Il) compounds
[Zn(L4)](ClO4)2 19 and [Zn(L1)](ClO4)2 20 were synthesised by reacting Zn(Cl04).6H,0
with solutions of the corresponding pentadentate ligands L4 and L1 in CH3CN at a 1:1
mole ratio (Scheme 4.7). Single crystals of compounds 19 and 20, suitable for single
crystal X-ray diffraction analysis, were produced through the slow diffusion of diethyl
ether into an acetonitrile solution within five hours. In contrast, the reported method
involved slow evaporation of an aqueous solution for several days, yielding 19[140]. Re-
examination of 19 was undertaken to compare the effects of an elongated ligand backbone
on structural properties with 20 and evaluate its fluorescence characteristics. Single crystal
X-ray diffraction examined the spatial arrangement of compounds 19 and 20. The
crystallographic data and results of structural refinement for compounds 19 and 20 are
presented in Table 4.31, and the chosen bond lengths and angles are listed in Table 4.27
and Table 4.29. The results of elemental analysis for compounds 19 and 20 matched the

structural composition determined through single-crystal X-ray diffraction studies.

H,
N—(CHz),-N—(CH3), n({\ /N =

- CH,CN + CIO
4 — 5h, RT (i / NZ
L': n=2 W |
L?:n=3 i =
1:n=2
2:n=3

Scheme 4.7 Synthetic route for preparation of 19 and 20.

The Infrared spectra of compounds 19 and 20 (Figure 4.62) display moderately strong
peaks within the 3290-3298 cm™ range, attributed to the N-H stretching vibrations
originating from L4 and L1, respectively. A sharp peak due to pyridyl C=N stretching is
observed between 1605-1608 cm™!, in addition. A strong, intense absorption band within
the 1063-1079 cm™! range is attributed to the stretching frequencies of [ClO4] ions. The

presence of perchlorate ions in crystal lattices causing hydrogen bonding results in the
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splitting or broadening of the band. The observed band at approximately 619 cm™ is

attributed to the bending mode of vibrational motion for perchlorate ions[141,142].

20

% Transmittance (a.u.)

19 v

1 | I 1 1 1 |
4000 3500 3000 2500 2000 1500 1000 500
-1
Wavenumber (cm )
Figure 4.62 IR spectra of compounds 19 and 20.

Powder X-ray diffraction analysis confirmed the overall purity of the synthesized
compounds 19 and 20. The PXRD patterns of compounds 19 and 20 correlate with the
results from single crystal X-ray diffraction data obtained using Mercury 4.0 software[93]

as shown in Figure 4.63.

The stability of compounds 19 and 20 in solution was verified by ESI-MS, which showed
that these compounds had mass peaks at m/z = 448.1 (calculated m/z 448.0) and m/z =
195.0 (calculated m/z 195.0)for the [Zn(L4)(ClO4)]" and [Zn(L4)(CH3CN)J*" fragments
and at m/z = 476.1 (calculated m/z 476.1) and m/z = 209.0 (calculated m/z 209.1) for the
[Zn(L1)(Cl04)]" and [Zn(L1)(CH3CN)]** fragment as displayed in Figure 4.64.
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Figure 4.63 Powder X-ray diffraction patterns for compounds 19 (a) and 20 (b).
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Figure 4.64 ESI-MS spectrum of 19 (a) and 20 (b) recorded in acetonitrile.
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4.11.2 Crystal structures of 19 and 20

Single-crystal X-ray diffraction analysis revealed that compound 19 crystallizes in the
tetragonal non-centrosymmetric P41 space group. The asymmetric unit is built from one
crystallographically independent [Zn(L4)]*" cation and two perchlorate anions (Figure
4.65 and Figure 4.67). A unique Zn(II) cation is coordinated by the two N atoms of the
flexible pyridyl moiety and three N atoms of the symmetric secondary amine backbone,
leading to a five-coordinated square pyramidal geometry. The atoms N1, N2, N3, and N5
formed the base of the square pyramid, while N4 occupies the apical position. The pyridyl
nitrogen atoms are disposed syn to one another. A careful inspection of bond lengths
reveals that Zn—N,y bond lengths lie in the range 2.125(3)-2.135(3) A, which are slightly
shorter than Zn—Namine bond distances (2.146-2.148(3) A) due to the hybridization of sp?
pyridine and sp® amine nitrogen’s[143]. The distortion in coordination geometry around
the Zn(Il) centre can be determined by calculating Addison parameter (ts) using the
equation =(B-a)/60, where B alpha are the two most prominent coordinate angles|144—
147] The calculated Addison parameter, 15 = 0.07, suggested a slight distortion in the
square pyramidal geometry of 19. It is observed that the bond angles of N(1)-Zn(1)-N(3)
(157.69°) and N(5)-Zn(1)-N(2) (162.09°) are less than expected 180° in square pyramidal
geometry. The perchlorate anions play a significant role in building the supramolecular
architecture through its oxygen atoms (02, O3, O4 and O7), which are involved in non-
covalent H-bond interactions (Figure 4.66). The predominant intermolecular hydrogen
bonds between N—-H:---O and C-H:--O renders additional stability to the crystal structure
of 19. Selected non-covalent H-bonds are summarized in Table 4.28. The crystal packing
of 19 viewed along the ‘ab’ plane (Figure 4.66) illustrates the intercalation of perchlorate

counterions with the cation species [Zn(L4)]*".
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Figure 4.65 Crystal structure of 19 showing atom labeling scheme. The thermal ellipsoids
are drawn at a 30 % probability level for all the atoms except for the H atoms, which are
shown as spheres of arbitrary radii.

Table 4.27 Selected bond lengths (A) and angles (°) for 19.

Bond lengths (A)

Zn(1)-N(5) 2.125(3) Zn(1)-N(1) 2.135(3)

Zn(1)-N(4) 2.147(3) Zn(1)-N(3) 2.148(3)

Zn(1)-N(2) 2.146(3)

Bond angles (°)

N(5)-Zn(1)-N(1)  94.94(12) N(5)-Zn(1)-N(2)  162.09(11)

N(1)-Zn(1)-N(2)  78.13(11) N(5)-Zn(1)-N(4)  78.49(11)

N(2)-Zn(1)-N(4) 118.76(12) N(5)-Zn(1)-N(3)  107.24(12)

N(1)-Zn(1)-N(3)  157.69(11) N(2)-Zn(1)-N(3)  81.27(11)

N(4)-Zn(1)-N(3)  82.63(11) N(1)-Zn(1)-N(4)  99.85(11)
Table 4.28 Hydrogen bonding parameters for 19.
D-H---A D-H/A H-A/A  D--A/A  D-H---A/° Symmetry code
N2-H2---O7 0.980 2.115 3.055 160.11 X, Y, Z
N3-H3---0O4 0.980 2.019 2.978 165.45 X, Y, Z
N4-H4---02 0.980 2.428 3.233 139.15 X, yt1, z
N4-H4---03 0.980 2.197 3.101 152.87 X, y+1,z
Cl6-H16---05 0.930 2432 3.088 127.54 X, Y, 2
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Figure 4.66 Hydrogen bonding interactions in 19 with atom labelling scheme of atoms
involved in hydrogen bonding and a view of the packing diagram of 19 along the ab plane.
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Figure 4.67 Crystal structure of [Zn(L4)]** showing atom labelling scheme. The thermal
ellipsoids are drawn at 30 % probability level for all the atoms except for the H atoms,
which are shown as spheres of arbitrary radii. The perchlorate anions have been omitted

for the clarity.
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The geometrically related ligand L1 with a six-carbon secondary amine backbone rather
than a four-carbon secondary backbone amine containing L4 was synthesized and
metalated with zinc perchlorate to afford compound 20. The topology of the ligands L4
and L1 has led to interesting structural changes in [Zn(L4)](Cl04)2 19 and [Zn(L1)](C10O4)2
20. The single crystal X-ray diffraction study of 20 reveals that it crystallizes in a
centrosymmetric monoclinic space group P2i/c. The asymmetric unit consists of a
centrally located Zn(II) cation, a pentadentate L1 ligand, and two crystallographically
independent perchlorate anions (Figure 4.68 and Figure 4.69). The carbon atoms C7-C12
and N3 are disordered over two positions, which are modelled with occupancies of 0.64
and 0.36 (Figure 4.70). The Zn-N bond lengths are similar in both positions, which lie in
the range 2.043(3)-2.174(5). The pyridine rings are frans to one another. It displayed a
distorted trigonal bipyramidal arrangement compared to 19, which is confirmed by
Addison parameter 15 = 0.53 based on two relevant angles N(5)-Zn(1)-N(2) (166.1°) and
N(1)-Zn(1)-N(4) (134.0°), a and B respectively. Thus, a more significant distortion was
observed from square pyramidal to trigonal bipyramidal in compound 20. The non-
coordinated perchlorate ions form weak non-covalent N-H:---O interactions (Table 4.30,
Figure 4.71). The crystal packing of compound 20 depicts the arrangement of the cations

and anions into alternating layers along the a-axis (Figure 4.72).

Figure 4.68 Crystal structure of [Zn(L1)]?* showing atom labelling scheme. The thermal
ellipsoids are drawn at 30 % probability level for all the atoms except for the H atoms,
which are shown as spheres of arbitrary radii. The perchlorate anions have been omitted
for the clarity.
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Figure 4.69 Crystal structure of 20 showing atom labeling scheme. The thermal ellipsoids
are drawn at a 30 % probability level for all the atoms except for the H atoms, which are
shown as spheres of arbitrary radii.

Table 4.29 Selected bond lengths (A) and angles (°) for 20.

Bond lengths (A)

Zn(1)-NQ3) 2.0433)  Zn(1)-N(1) 2.090(5)
Zn(1)-N(4) 2.118(5)  Zn(1)-N(5) 2.165(5)
Zn(1)-N(2) 2.174(5)

Bond angles (°)

NQ@B)-Zn(1)-N(1)  123.8(3) N(3)-Zn(1)-N(4) 102.0(3)
N(1)-Zn(1)-N(4)  134.0(18) N(3)-Zn(1)-N(5) 100.2(3)
N(1)-Zn(1)-N(5) 95.3(2) N#4)-Zn(1)-N(5) 79.1(2)
N@B3)-Zn(1)-N(2) 93.6(3) N(1)-Zn(1)-N(2) 77.8(19)
N(4)-Zn(1)-N(2)  96.8(2) N(5)-Zn(1)-N(2) 166.1(2)

Table 4.30 Hydrogen bonding parameters for 20.

D-H:--A D-H/A H-A/A D--A/A  D-H--A/ Symmetry code

N3-H3A --05  0.980(0) 2.087(0)  3.059(00)  171.04(0) x.,y,z
N5-H5B 04 0.980(0) 2.228(1)  3.179(2)  163.25(0) x,y,z
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Figure 4.70 The crystal structure of 20 showing the modeled disorder. The thermal
ellipsoids are drawn at a 30 % probability level for all the atoms. The hydrogen atoms and
perchlorate anions have been omitted for clarity.

Figure 4.71 Hydrogen bonding interactions in 20 with atom labelling scheme of atoms
involved in hydrogen bonding

. : P -
R R K ok k
2 . vt w fyﬁ
\f“‘?%z‘f” by \?* - %}4

Figure 4.72 A view of the packing diagram of 20.
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Table 4.31 Technical details of crystal data and structure refinement parameters of 19

and 20.

Compound 19 20

Empirical formula Ci6 H23 Cl2 Zn N5 Og Cis Hyy Cla Zn Ns Og
Formula weight 549.68 57774

Temperature 150 K 150 K

Wavelength 0.71073 A 0.71073 A

Crystal system Tetragonal Monoclinic

Space group P4, P2i/c

Unit cell dimensions

Volume

7z

Density (calculated)
Absorption coefficient
F(000)

Theta range for data collection
Completeness to theta
Index ranges

Reflections collected
Independent reflections

Refinement method
Absorption correction

Data/restraints/parameters
Goodness-of-fit on F?

Final Rindices[I>2sigma(])]
R indices (all data)
CCDC No.

a=8.8375(5) A
b=18.8375(5) A
¢ =28.0342) A
a=90°

B=90°

vy =90°
2189.5(3) A

4

1.668 mg/m?
1.420 mm™!
1128

2.305 to 28.277°
100.0%

-11<h <11
-11<k<11
-37<1<37
43081

5439 [R(int) = 0.0432]
Full-matrix least-squares on
F2

Semi- empirical

from equivalents
5439/1/289

1.052

R1=0.0289, wR2=0.0665
R1=0.0367, wR2= 0.0690
2309423

a=13.6348(7) A
b = 8.4280(4) A

¢ =20.3603(10) A
o=90°

B =97.136(2)°

v =90°

2321.6(2) A3

4

1.653 mg/m?
1.344 mm’!

1192

2.619 to 28.322°
99.8%

-18<h <18
-11<k<11
-27<1<26
168996

5767 [R(int) = 0.0302]
Full-matrix least-squares on
FZ

Semi- empirical

from equivalents

5767/0/ 288

1.066

R1=0.0913, wR2=0.2346
R1=0.0949, wR2= 0.2380
2309424
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4.11.3 Photophysical properties of 19 and 20

Compound 19 exhibited a notable peak at 470 nm, whereas compound 20 showed a
pronounced peak at 460 nm under excitation with a 370 nm wavelength. Emissions are
caused by intra-ligand transitions of ©*—n and n—n* within the ligands L4 and L1[148].
After identifying the unique emission bands, we chose to examine the sensing properties
of compounds 19 and 20 with nitroaromatic compounds (NACs). In this study, the
electron-deficient NACs used were nitrobenzene (NB), o-nitrotoluene (o-NT), p-
nitrotoluene (p-NT), o-nitrophenol (0-NP), p-nitrophenol (p-NP), 2,4-dinitrophenol (DNP)
and 2,4,6-trinitrophenol (TNP).The addition of aqueous solutions of NACs to the aqueous
solution of 19 led to the observation of quenching at a wavelength of 470 nm. The
emission titration of 19 with TNP is displayed in Figure 4.73, and the titration spectra of
19 with remaining NACs are presented in Figures 4.74- 4.76. Repeated measurements, at
least three times, were conducted to guarantee reliable results, with each instance showing

a notable decrease in the initial fluorescence intensity of 19 as NACs were added

gradually.
Aem. =470 nm 0
45 -
200 uL TNP

£ 30-
wn
o
3
=

T T | T 1
400 450 500 550 600 650

Wavelength (nm)

Figure 4.73 The decay of fluorescence emission peak of 19 (Aex. = 370 nm) upon gradual
addition of 1 mM of trinitrophenol (TNP).
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The quenching efficiency () was calculated using the equation given below.;
[(L-D)/1]x 100 % ....... (1)

where I and I are the fluorescence intensities before and after adding the respective NACs.
Upon testing all the NACs, we found that with TNP, the initial emission intensity was
reduced by almost 98% (1) when 200 pL of TNP was added to a solution of 19. Upon
adding DNP (200 pL), 19 exhibited approximately 96 % quenching of the emission band
at 470 nm..The emission intensity fell to 46% for o-NP and 42% for p-NP for other NACs.
A sluggish decay of the emission band of 19 was observed with NB, o-NT, and p-NT,

resulting in approximately 31- 36 % quenching.

The quenching efficiency was conformed to the sequence: NB < o-NT < p-NT < p-NP <
o-NP < DNP < TNP for all examined NACs. The sensitivity of compound 19 towards
various NACs is illustrated by their respective quenching efficiencies (%), as shown in
Figure 4.77. Compound 19 demonstrated significantly greater quenching efficacy towards
dinitro and tri-nitrophenols relative to other NAC compounds. The outcomes clearly
showed that 19 can be selectively employed as a chemical sensing reagent in identifying

TNP and DNP from an aqueous mixture of other NACs.

Jem =470 nm 0 Aem =470 nm 0

200 uL DNP 200 uL o-NP

45

304

Intensity
Intensity

= T T T T T T T T 1
400 450 500 350 600 650 400 450 500 350 600 650

Wavelength (nm) Wavclength (nm)

Figure 4.74 The reduction of fluorescence emission of 19 (lex. = 370 nm) upon gradual
addition of ImM of dinitrophenol (DNP)(left) and o-nitrophenol (o-NP) (right).
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hem. 470 nm

0 Jem — 470 nm 0

L l

200 pL p-NP 36 1 200 pL p-NT

45 4

304

Lntensity
Intensity

244

T T T T =
400 480 560 640 420 490 560 630

Wavelength (nm) Wavelength (nm)

Figure 4.75 The reduction of fluorescence emission of 19 (lex. = 370 nm) upon gradual
addition of ImM of p-nitrophenol (p-NP) (left) and p-nitrotoluene (p-NT)(right).

Lkl 0 hem = 470 nm 0
454 l 45 J'
200 pL o-NT 200 uT. NB

30

Intensity
w
(=2
1
Intensity

o T T T T T
420 490 560 630 400 450 500 550 600 650

‘Wavelength (nm) Wavelength (nm)

Figure 4.76 The reduction of fluorescence emission of 19 (fex. = 370 nm) upon gradual
addition of ImM of o-nitrotoluene (o-NT) (left) and nitrobenzene (NB)(right).

100 1

80 1

60 -

40

Quenching efficiency (%)

20 4

Figure 4.77 Representation of the quenching efficiency of 19 towards different NACs.
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The Stern-Volmer quenching constant (Ksv) was calculated by examining the normalised
fluorescence emission intensity (Io/I) at various concentrations of the quencher [Q] using
the formula Io/I = 1 + Ky [Q], with Iy and I representing the emission intensities before and
after the addition of NACs respectively, Ky signifying the quenching constant (M) and
[Q] denoting the molar concentration of NACs. The S-V plots of 19 with the NACs are
shown in Figure 4.78. The plots demonstrate that the S-V curves for TNP and DNP
maintained a straight line at low concentrations but diverged into a curved shape at higher
concentrations, and a quenching constant of 19 was obtained from the slope of the
equation line, Io/I = 1 + Ksv [Q]. The quenching constants for TNP and DNP are greater
than those of the other NACs utilised in this study (Table 4.32).This highlighted the
selective quenching capacity of TNP and DNP towards luminescent 19 in water, amongst

other NACs[111,118].

Table 4.32 The quenching efficiencies upon addition of different NACs to 19.

Sr.No. NAC Quenching efficiency S-V constant

n (%) K (M)
1 NB 31.74 5.023 x 10°
2 o-NT 32.10 6.950 x 10°
3 p-NT 36.45 4.652x10°
4 o-NP 46.43 6.541 x 103
5 p-NP 42.12 5321 x 103
6 DNP 96.28 5.547 x 10*
7 TNP 98.25 6.443 x 10*
o
THP »
o-MP
20 | & .
PE
15 |
= -
10 | . *
5t * : * *
. 8 « 5 0F *
L 8 B ¥ . e e s s W % oW & B B » % & & % 1
0

0 2x10°

Figure 4.78 Stern-Volmer plots for NACs added to 19 in water.

4x10°
[Qm

6x10°°

8x10°
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Fluorescent titrations were also carried out using compound 20 in water. Compound 20
showed emission at 460 nm upon excitation at 370 nm. The best quenching results in
screening 20 were achieved for DNP and TNP. The titration of 20 with TNP and DNP is
shown in Figure 4.79. Calculating the quenching efficiencies (% 1), the initial emission
intensity of compound 20 was reduced by 87% with 200 uL of DNP and by 92% with 200
uL of TNP. Compound 19 displays Ksv values that are nearly double those of compound
20 for both TNP and DNP.

a) 404 Aem =460 nm 0
200 uL TNP

Intensity
J
<
1

T T
440 495 550 605

Wavelength (nm)
40
b) Jem. = 460 nm B
30 e, J'
/ 200 uL DNP

20 +

Intensity (a.u.)

10

T T T T
400 450 500 550 600 650
Wavelength (nm)

Figure 4.79 The reduction of fluorescence emission of 20 (Lex. = 370 nm) upon gradual
addition of ImM of trinitrophenol (TNP (a) and dinitrophenol (DNP) (b).
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The Stern-Volmer plots were examined to gain a better understanding of the quenching

mechanism displayed by compounds 19 and 20. Observations revealed a second-order

polynomial fit for the S-V plot in the case of TNP and DNP, whereas other NACs

displayed a linear response. A non-linear response to the addition of TNP and DNP is

observed in compounds 19 and 20, but a linear relationship is seen in the S-V plot at lower

concentrations of the NACs (Figure 4.80 and Figure 4.81). Second-order polynomial

fitting for an NAC suggests the presence of both static and dynamic quenching

mechanisms within the system|[149].

25

f(x) = 2131380192 48x2 + 24818 87x + 1

2=099

Wl

[TNP] M

f(X) = 703711732.42x% + 26328 37x + 1
2=099

I/l

0 2x10 4x10° 6x10° 8x105 0.0001
[DNP] M

0 2x10° 4x10° 6x10° 8x10° 0.0001

o/l

f(x) = 64432 86x + 1
2 =099

-

0

0
0

5x10% 1%10° 1 5x10° 2x10° 2 5x10°° 3x10° 3 5x10°° 4x10® 4 5x10"

[TNP] M

f(x) = 55468 25x + 1 -
=099

5x10% 1x10° 1.5x10° 2x10° 25x10° 3x10°° 35x10° 4x10° 4 5x10°
[DNP] M

Figure 4.80 Stern-Volmer plots of 19 exhibiting a non-linear response to addition of TNP

and DNP along with a linear relationship at lower concentration.
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f(x) = 250005008'03x7 + 14509.45x + 1 fix) = 25081B4x + 1

?=099 2 =099

o/l

0 2%10°° 4x10° x10° 8x10® 0.0001 0 5x10% 1x10° 15x10° 2x10° 25x10°° 3x10° 35x10° 4x10° 4 5x10°
[TNPTM [TNP] M

45 . , 3
f(x)'= 160961313.68x% + 14342 57x + 1

fix) = 2095360x + 1

4l =099 2 =099
251

Il

05 -

L L L L 0 L 1 L 1 . L L L
0 2x10°° 4x10° 6x10 8x10 00001 0 5x10% 1x10®° 15x10° 2x10° 2.5x10°° 3x10™° 3.5x10° 4x10"® 4.5x10"
[DNP] M [DNP] M

Figure 4.81 Stern-Volmer plots of 20 exhibiting a non-linear response to addition of TNP
and DNP along with a linear relationship at lower concentration.

The extent of spectral overlap between the absorption band of the NACs and the emission
band of the compounds is the determining factor for the likelihood of the resonance energy
transfer (RET) mechanism occurring, which leads to increased quenching. The overlap
between the absorption spectra of TNP and DNP with the emission spectra of the
compound signifies the RET mechanism responsible for enhanced quenching. In contrast,
the remaining NACs do not show such overlap as illustrated in the Figure 4.82(a). In
contrast to the other NACs, which show minimal spectral overlap, TNP and DNP exhibit
significant overlap with the 470 nm emission band, as observed in Figure 4.82(b). As a
result, TNP and DNP display stronger quenching reactions than the other NACs. Upon
verifying the spectral overlap in relation to compound 20, specifically in Figure 4.82(a),

there was significant overlap between the emission band of 20 and the bands of TNP and
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DNP, indicating its potential for effectively quenching TNP and DNP. It was noted that
there was a greater overlap in the case of 19 than in the case of 20. Observations indicate
that compound 19 exhibits greater selectivity in detecting TNP and DNP compared to
compound 20, which possesses a longer carbon chain backbone. The topology of ligand
L4 and the structure of compound 19 are the primary factors influencing reactivity with

nitroaromatic compounds.

a) NB
—— o-NT

— p-NT
o-NP
____ p-NP
DNP
— TNP
— Em.ol19

Intensity (a.u.)

\
&_&
Fd

T T T
300 400 500 600

Wavelength (nm)
b) S p—NI’
-~ DNP
— INP
— Em.of20

Intensity (a.u.)

500 600

Wavelength (nm)

Figure 4.82 Spectral overlap between the absorption spectra of NACs and the emission
spectrum of 19 (a) in water and 20 (b) in water.
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4.12 Conclusion

This study examined the structural, spectroscopic, and photophysical characteristics of two
Zn(II) compounds, [Zn(L4)](ClO4)2 19 and [Zn(L1)](ClO4)2 20. Compound 19 was
reevaluated to determine the effect of ligand structure on its electronic property and to
compare it with the new compound 20 stabilised by L1. The distinct and noticeable
influence of the difference in ligand topology was apparent in the reactivity patterns of
compounds 19 and 20 with NAC substrates. Compound 19 exhibits superior selectivity for
detecting TNP and DNP compared to compound 20, which possesses a longer carbon
chain backbone. The overlap of the absorption band with the emission band is shown, and

this overlap is more pronounced in compound 19.
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CHAPTER §

Section I: Synthesis and characterization of novel tetradentate Cu(Il)
compounds and its reactivity

5.1 Introduction and literature

Copper(Il) compounds have long attracted attention in bioinorganic chemistry due to their
pivotal roles in mimicking metalloenzyme functions and mediating small-molecule
transformations relevant to biological processes. In nature, copper centres are integral to
enzymes such as nitrite reductases (CuNiRs), laccases, and cytochrome ¢ oxidase, where
they participate in electron transfer, substrate activation, and redox catalysis under mild
conditions. Nitric oxide (NO) is a gaseous secondary messenger with diverse biological
functions, including neurotransmission, vascular regulation, platelet disaggregation, and
immune responses in mammals[1-4] as well as plant growth and stress regulation[5].
Inadequate NO production has been linked to conditions such as atherosclerosis, diabetic
hypertension, and other pathologies|6], while excessive NO or its oxidized derivatives,
peroxynitrite (ONOO™)[7,8] and nitrogen dioxide (*°NO>)[9], can lead to cytotoxic effects

and oxidative damage[10,11].

In living systems, NO is produced primarily by nitric oxide synthases (NOSs) and nitrite
reductases (NiRs)[12,13]. NOSs, which are heme-containing enzymes, catalyse the
oxidation of L-arginine to L-citrulline with NO release[14]. Under hypoxic conditions,
NOS activity can be suppressed, and nitrite (NO2 ) becomes an alternative NO source via
NiR-mediated reduction[15]. In bio-physiological processes, copper containing NiRs
(CuNiRs) catalyse the electron, H" reduction of nitrite to NO, while in mammals,

hemoglobins and other metalloproteins exhibit NiR-like activity[4,16,17].

CuNiRs contain two mononuclear Cu sites: a type 1 (T1) electron transfer centre with a
(His)2(Met)Cu(Cys) motif and a type 2 (T2) catalytic site with a (His);Cu—OH»
coordination environment. Proton responsive residues such as Asp98 and His255,
positioned near the T2 site, facilitate proton transfer and promote N-O bond cleavage in

the bound nitrite[18,19].

The fleeting nature of Cu—HONO intermediates and the complexity of the protein matrix
hinder direct mechanistic elucidation. Consequently, numerous synthetic models have

been developed to replicate aspects of CuNiR chemistry, capturing key nitrite binding
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modes (k>-0,0’ vs k!-N)[20-27] and enabling studies on proton coupled electron transfer

(PCET) and metal nitrosyl formation.

Acid induced reduction of Cu(II)—nitrite compounds has been shown to produce NO along
with either HoO or H20O2, depending on the amount of proton source used. Mechanistic
proposals frequently involve the formation of a Cu—HONO intermediate, followed by N—
O bond homolysis. Secondary sphere proton donors or hydrogen bonding functionalities
have been demonstrated to enhance nitrite activation, accelerate reaction kinetics, and

stabilise reactive intermediates[28-30].

Despite significant progress, catalytic H® driven NO generation from Cu(II)-nitrite
compounds remain relatively unexplored, and the mechanistic basis for divergent product
formation is still unclear. Furthermore, the bidirectional interconversion between NO» and
NO mimicking the dual NiR and nitric oxide oxidase (NOO) activities found in biology
has only recently been demonstrated in mononuclear Cu(Il) systems[31,32]. This
reactivity is influenced not only by the Cu(II)/Cu(I) redox potential but also by ligand
induced geometric preferences that dictate substrate binding and electron transfer

pathways|[33].

In this chapter, we present the design, synthesis, and characterization of novel tetradentate
ligand  architecture,  N’,N°,2,2-tetramethyl-N',N>-bis(pyridin-2-ylmethyl)propane-1, 3-
diamine (L8), along with reactivity of new biomimetic Cu(Il) compounds [Cu(L8)](Cl04)2
21 and [Cu(L8)(NO2)](ClOs) 22, that emulate the active site chemistry of CuNiR
enzymes. This compounds incorporate ligand architectures that combine robust primary
coordination with strategically placed secondary sphere H-bonding sites to facilitate
controlled proton delivery to bound nitrite. Through systematic variation of ligand
structure and reaction conditions, we investigate acid induced nitrite reduction, thereby

contributing to a potential mimic of Cu-mediated NO> /NO interconversion.

Jeffrey L. Viegas (Ph. D Thesis), School of Chemical Sciences 191



Chapter 5

5.2 Experimental details

5.2.1 Synthesis of ligand L8

A solution of 2,2-dimethyl-1,3-propanediamine (1.4 g, 14.0 mmol) in 5 mL ethanol was
added dropwise to a stirred solution of pyridine-2-carboxaldehyde (3.0 g, 28.0 mmol) in
15 mL ethanol. The reaction mixture was heated under reflux with stirring for 5 h. After
cooling to ambient temperature, the solvent was removed under reduced pressure to afford
a semisolid imine, which was redissolved in 20 mL methanol. Sodium borohydride (0.48
g, 12.8 mmol) was then introduced portionwise, and the mixture was stirred overnight.
Removal of the methanol yielded a crude residue that was suspended in 20 mL water and
extracted three times with 30 mL portions of ethyl acetate, providing an orange viscous oil
(2.6 g, 8.6 mmol). This oil was dissolved in 3 mL water and cooled in an ice bath, after
which 22 mL of 37 % formaldehyde solution and 15 mL of 85 % formic acid were added.
The resulting mixture was refluxed for 24 h, then cooled and adjusted to pH 12 with 2 M
NaOH. The brown oil obtained by extracting with chloroform (4 x 20 mL) was
subsequently dissolved in aqueous HCI (pH 1) and then basified again to pH 12 using
NaOH. A final extraction with diethyl ether afforded L8 as a yellow oil. The yield of L8
was 3.8g (12.30 mmol), 88%. Anal. Calc. for L8 Ci9H2sNs (%): C, 73.04; H, 9.03; N,
17.93; Found: C, 73.59; H, 9.48; N, 17.98; IR (KBr, cm™): 2863-3060 v(CH); 1590
v(C=C); 1570 v(C=N); 'H NMR (CDCl3, ppm): & 8.50 (d, 2H, J = 4.4 Hz), § 7.65 (t, 2H,
J=17.6 Hz), 6 7.56 (d, 2H, J= 8.0 Hz), & 7.15 (t, 2H, J = 5.6 Hz), 6 3.74 (s, 4H), 6 2.40 (s,
4H), § 2.27 (s, 6H), § 0.92 (s, 6H)."*C NMR (CDCl3, ppm): & 160.74, § 148.73, § 136.44,
0 122.55,8 121.75, 6 67.50, 6 66.61, & 45.67, & 38.88, 5 24.57.

5.2.2 Synthesis of Cu(II) compound [Cu(L8)](Cl04): 21

L8 (0.42 g, 1.35 mmol) was dissolved in 5 mL of acetonitrile and added dropwise to a
stirred solution of Cu(ClO4)>-6H>0 (0.50 g, 1.35 mmol) in 2 mL of acetonitrile at ambient
temperature. After stirring for approximately 5 h, 10 mL of diethyl ether was carefully
introduced to the deep blue reaction mixture, which was then left stationary to allow
crystallization. Over the course of 24 h, blue crystals formed, were collected by filtration,
and air dried to give compound 21 in 80 % yield (0.62 g, 1.07 mmol). Anal. Calc. for 21
C19 Ha2g Clo Cu N4 Os (%): C, 39.69; H, 4.91; N, 9.75. Found: C, 38.78; H, 5.23; N, 8.98.
IR (KBr, cm™): 2898-2996 v(CH);1096, 621 v(ClO4); UV-Vis data, Amax, CH;CN/nm
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(e/dm> mol™! cm™): 570 (136). ESI-MS: m/z = 188.0 (calc. 188.0) for [Cu(L8)]*" and m/z
=476.2 (calc. 476.2) for [Cu(L8)(Cl04)]".

5.2.3 Synthesis of Cu(Il) compound [Cu(L8)(NO2)](Cl104) 22

To a 20 ml CH3CN solution of [Cu(L8)](ClO4)2 (574.9 mg, 1.0 mmol), 1.0 mL aqueous
solution of NaNO> (69 mg, 1.0 mmol) was added slowly with constant stirring and the
colour of the reaction mixture changes from blue to cyan-green. The mixture was stirred
for 1 hour at 298 K. The volume of the reaction mixture was decreased to 10 mL under
reduced pressure and then layered with diethyl ether and kept for crystallization at 298 K.
Compound 22 gave 92 % yield (479.7 mg, 0.91 mmol). Anal. Calc. for 22 Ci9 Hag CI Cu
N5 O¢ (%): C, 43.76; H, 5.41; N, 13.43. Found: C, 43.97; H, 5.64; N, 13.71. UV-Vis data,
Amax, CH3CN/nm (e/dm> mol™ ecm™): 365 (797) and 683 (172). ESI-MS: m/z = m/z = 422.0
(calc. 422.0) for [Cu(L8)(NO2)]".

5.3 Results and discussions

5.3.1 Synthesis and characterization of L8

The tetradentate N-methylated pyridylamine ligand (L.8) was prepared in two steps from
its non-methylated precursor (Scheme 5.1). First, 2,2-dimethyl-1,3-propanediamine was
condensed with pyridine-2-carboxaldehyde, and the resulting imine intermediate was
reduced with NaBHg4 to furnish the secondary amine ligand (reductive amination). In the
second step, exhaustive N-methylation was achieved using the Eschweiler-Clarke protocol
(formaldehyde/formic acid)[34], converting the secondary amines to their N-methyl
derivatives and affording L8 in good yield.

% @,CHO i) Methanol, reflux CHZO HCOOH >N NT
+ 2
NH, NH, N ii) NaBH, ,0°C " Reflx NN
S~ =

Scheme 5.1 Synthesis route to ligand LS.

IR spectrum of ligand L8 was recorded in the region 4000 — 400 cm™'. The IR spectrum
(Figure 5.1) show features attributed to the ligand formation. The IR spectrum of L8
exhibits the expected features for a pyridyl appended, tertiary amine macrocycle. A weak

aromatic v(C—H) bands at 3060—-3000 cm™! and aliphatic v(C—H) absorptions at ~2945 and
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2863 cm!. The ring stretching region is dominated by strong pyridyl v(C=C/C=N) bands
at ~1590 and ~1570 cm™'[35].

% Transmittance

I L] L) ! | | !
3500 3000 2500 2000 1500 1000 500
Wavenumber (c.m'])

Figure 5.1 IR spectrum of the ligand L8.

The structure of the ligands was confirmed by 'H and *C NMR spectroscopy and the

corresponding peaks were assigned in the corresponding NMR spectra as depicted in

Figure 5.2.
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Figure 5.2 The 'H NMR spectrum of L8 recorded in CDCI;s (S stands for solvent peak).
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5.3.2 Synthesis and characterization of 21

An equimolar reaction of L8 with copper(Il) perchlorate (1.96 mmol) in acetonitrile at
room temperature furnished the compound [Cu(L8)](ClO4)2 21 in high yield, following the
procedure described in Section 5.2.2 (Scheme 5.2). The compound was characterized by
elemental (C, H, N, S) analysis, IR and UV—Vis spectroscopy, ESI-MS, VSM, PXRD and

single crystal X-ray diffraction.
0CIO,
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Cu(ClO,),.6H,0 >< cu
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Scheme 5.2 Synthesis route to Cu(1l) compound 21.

The infrared spectrum of compound 21 (Figure 5.3) shows weak aliphatic C—H stretching
features at 2898-2996 cm™!'. The aromatic region is dominated by intense pyridyl ring
bands assigned to v(C=C)V(C=N) at ~1612 and ~1471 cm. Further, presence of
perchlorate ions was revealed from well pronounced absorption peaks at 1096 cm™ and

621 cm'[36,37].
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Figure 5.3 IR spectrum of the compound 21.
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Electrospray ionization mass spectrometry (ESI-MS) of 21 in acetonitrile revealed two
dominant ions at m/z 188.0 (calc. m/z 188.0) and 476.2 (calc. m/z 476.2), assignable to the
cation [Cu(L8)]*" and the perchlorate adduct [Cu(L8)(ClO4)]", respectively (Figure 5.4),

consistent with the proposed formulation.

Temperature dependent magnetic susceptibility was measured on finely ground sample of
compound 21 under a field of 100 Oe over 60-350 K. Zero-field-cooled/field-cooled
(ZFC/FC) protocols were employed: for ZFC, the sample was cooled to 60 K in zero field,
after which the field was applied and data were collected on warming; for FC, cooling and
warming were performed under the applied field. The magnetization (emu g™') is higher at
60 K and decreases progressively toward room temperature, and the FC curve lies above
the ZFC trace across the measured range (Figure 5.5). The enhanced FC signal is
consistent with field induced alignment of unpaired spins, whereas the reduced ZFC
response reflects spin randomization in the absence of field during cooling. Overall, the
M-T behavior indicates simple paramagnetism with no evidence of long-range ordering in

this temperature window|[38].
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Figure 5.4 ESI-MS spectrum of 21 recorded in acetonitrile solvent.
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Figure 5.5 Plot of Magnetic moment vs. Temperature for 21 under an applied field of 100
Oe between 60 to 300 K.

Powder X-ray diffraction (PXRD) was used to verify that the bulk sample of 21
corresponds to the single-crystal phase. The experimental PXRD pattern was compared
with a simulated pattern generated from the single crystal structure of 21 (Mercury
4.0)[39]. The close correspondence of peak positions confirms phase purity and

equivalence of the bulk and single crystal material (Figure 5.6).

The UV-Vis spectrum of compound 21 was recorded in CH3CN. The intense band
observed in the high energy region are assigned to the Cu(II)-pyridine charge transfer band
(276 nm). The weaker d-d band is observed as a broad band centered at 570 nm (Figure
5.7).
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Figure 5.6 The experimental and calculated PXRD pattern of 21.
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Figure 5.7 UV-Vis spectrum of 21 in acetonitrile solvent.
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5.3.3 Structural analysis of 21

Data collection and refinement parameters of compound 21 are summarized in Table 5.2,
and selected bond lengths and angles are provided in Table 5.1. Compound 21 crystallizes
in the monoclinic space group P2i/n. The Cu(Il) center is hexacoordinate, with four
nitrogen donors from ligand L8 forming the equatorial plane and two perchlorate oxygen
atoms occupying mutually trans axial positions (Figure 5.8). The coordination
environment is octahedral but exhibits a pronounced tetragonal elongation arising from the
Jahn-Teller effect. Consistent with weak axial coordination, the apical Cu—O separations
are long (Cul-O1 = 2.510 A; Cul-O7 = 2.463 A). A survey of the Cambridge Structural
Database (CSD) indicates an average Cu?’’—O separation of ~2.40 A, supporting the
conclusion that the perchlorate bind only weakly in 21 [40]. The Cu—N bond lengths fall in
the range 2.025-2.049 A. Notably, the Cu—N(pyridyl) contacts are shorter (2.025-2.035
A) than the Cu—N(amine) contacts (2.046-2.049 A), indicating stronger coordination by
the sp? hybridized pyridyl donor. This likely reflects its enhanced backbonding relative to
the sp? aliphatic amine. The N-methyl substituents on the amine donors are arranged trans

across the N4 equatorial plane.

Within the N4 equatorial set, the two chelate bite angles are tight: N(4)—Cu(1)-N(3) =
81.45(15)° and N(1)-Cu(1)-N(2) = 81.68(14)°, as expected for five-membered chelate
rings. The nitrogens of the ligand are arranged approximately trans to one another, with
N(1) and N(3) nearly colinear [N(1)—Cu(1)-N(3) = 175.02(15)°] and N(4) opposite N(2)
[175.32(15)°]. The remaining N—Cu-N cis angles deviate moderately from 90° [N(3)—
Cu(1)-N(2) = 93.90(14)°, N(1)-Cu(1)-N(4) = 102.94(15)°], reflecting the chelate

constraints.

The two axial perchlorate donors are close to trans [O(1)-Cu(1)-O(7) = 165.83°], and
their interactions with the equatorial nitrogens show typical octahedral distortions (e.g.,
O(1)—Cu(1)-N(1) = 81.71°, O(1)-Cu(1)-N(3) = 96.67°, O(7)—Cu(1)-N(1) = 85.69°, O(7)—
Cu(1)-NQ@3) = 96.41°, O(7)—Cu(1)-N(2) = 86.89°, O(7)—Cu(1)-N(4) = 94.17°). The

octahedral angular distortion parameter is approximately 81°.

The molecular packing of compound 21 along crystallographic axes a and c illustrates the
alternate arrangement of Cu(Il) cationic unit and the weakly bound perchlorate anions

(Figure 5.9).
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09

Figure 5.8 Crystal structure of 21 showing atom labelling scheme. The thermal ellipsoids
are drawn at a 30 % probability level for all the atoms except for the H atoms, which are
shown as spheres of arbitrary radii.

Table 5.1 Selected bond lengths (A) and angles (°) for 21.

Bond lengths (A)

Cu(1)-N(1) 2.025(3) Cu(1)-N(4) 2.035(4)
Cu(1)-N(3) 2.046(4) Cu(1)-N(2) 2.049(4)
Cu(1)-0(1) 2.510(0) Cu(1)-0(7) 2.463(0)
Bond angles (°)

N(1)-Cu(1)-N(4)  102.94(15)  N(1)-Cu(1)-N(3)  175.02(15)
N@)-Cu(1)-N(3)  81.45(15)  N(1)-Cu(1)-N(2) 81.68(14)
N@)-Cu(1)-N@2) 175.32(15)  N(3)-Cu(1)-N(2)  93.90(14)
O(1)-Cu(1)-O(7)  165.83(0)  O(2)-Cu(1)-N(4)  82.43(0)
O(1)-Cu(1)-N(3)  96.67(0) O(1)-Cu(1)-N(1)  81.71(0)
O(1)-Cu(1)-N(2)  97.62(0) O(7)-Cu(1)-N(1)  85.69(0)
0(7)-Cu(1)-N(4)  94.17(0) 0(7)-Cu(1)-N(3)  96.41(0)
0(7)-Cu(1)-N(2)  86.89(0)
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» b

Figure 5.9 Packing in 21 view along crystallographic a and c axis. Colour code: C, black;
N, blue; O, red; CI, green and Cu, cyan.
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Table 5.2 Technical details of crystal data and structure refinement parameters of 21.

Compound 21

Empirical formula Ci9 Hag Cl; Cu N4 Og
Formula weight 574.90

Temperature 296(2) K
Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2i/n

Unit cell dimensions a=28.4809(8) A

b=126.264(2) A
¢ =10.7320(10) A

a=90°
B=101.007(2)°
vy =90°
Volume 2346.5(4) A3
Z 4
Density (calculated) 1.627 mg/m’
Absorption coefficient 1.212 mm’!
F(000) 1188
Theta range for data collection 2.479 to 28.361°
Completeness to theta 99.2%
Index ranges -11<h<11
-35<k<26
O<I<14
Reflections collected 9714
Independent reflections 5806 (Rint: 00329)
Refinement method Full-matrix least-squares on
B2
Absorption correction Semi- empirical
from equivalents
Data/restraints/parameters 5806/0/318
Goodness-of-fit on F2 1182
Final Rindices[I>2sigma(])] R1=0.0694, wR2=0.1293
R indices (all data) R1=0.0889, wR2=10.1351
CCDC No. 2375642

5.3.4 Optimized geometrical features of 21

Geometry optimization of the Cu(Il) complex with ligand L8 was performed using the
TPSSH functional with the def2-TZVP basis set[41,42]. Subsequent frequency
calculations confirmed that the optimized geometry corresponded to a true local minimum
on the potential energy surface (Figure 5.10). All theoretical calculations were carried out
with the Gaussian 16 software package[43]. The optimized structure indicated that the
Cu(Il) center is coordinated by two amine and two pyridyl nitrogen donors, with the

pyridyl nitrogens forming slightly shorter bonds [2.00-2.02 A] than the amine nitrogens
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[2.05-2.06 A]. This difference arises from the sp? hybridization of the pyridyl nitrogens,
which allows additional back-donation to the metal center. The Cu(Il) atom lies in an
essentially planar environment imposed by the fused 5—6-5 chelate ring system, with the
central six-membered ring adopting a chair conformation, contributing to the shorter Cu—
N(pyridyl) distances (~2.00 A). Two geometric isomers, cis and trans, were theoretically
possible: in the cis isomer, both NCH3 substituents lie on the same side of the plane,
whereas in the trans isomer, the substituents are positioned opposite each other (Figure
5.10). The calculated energy difference (AE = 2 kcal mol™) indicated that the trans isomer
is significantly more stable than the cis form, such that no cis—trans equilibrium is
expected. Furthermore, the frans isomer maintains a chair conformation for the central
ring, whereas the cis isomer adopts a boat conformation, consistent with the larger chelate

cavity of the 5—6-5 ring system favoring the trans geometry.

NN
~a)
N N

cis-[CuL8]**

‘ AE = 2 kcal mol!

trans-[CuL8]*

Figure 5.10 Optimized geometry of Cu'l with L8 and its presence in the cis and trans
isomers.
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5.4 Modelling of the NOx reactivity at the mononuclear Cu(Il) site

Copper nitrite reductases demonstrate that a single Cu center, embedded in an N-donor
field, can bind and transform NOx species with high chemoselectivity. To emulate this in a
controllable, spectroscopically tractable way, we employed the tetradentate aminopyridine
ligand L8, which furnished a N4 square planar platform around Cu(Il) while leaving axial

sites available for exogenous donors.

The precursor salt, [Cu(L8)](ClO4),, was intentionally formulated so that both perchlorate
anions are only weakly associated with the cationic core. In practice, ClO4  serves as a
labile, weakly coordinating placeholder at the axial sites, ensuring that the Cu center
remains geometrically pre-organized yet substitution ready. This lability is a feature, not a
bug: it enables direct displacement by incoming NOy ligands without perturbing the N4
scaffold.

Introducing nitrite under mild conditions furnished the targeted model compound,
[Cu(L8)(NO2)](ClO4) 22, by substituting the weakly bound perchlorate donors at the open
coordination site (Scheme 5.3). In the isolated nitrito adduct, C104~ now primarily plays
its conventional role as non-coordinating counter ion that balance charge, while NO>~
occupied the Cu coordination sphere (x>-0,0), completing a weakly hexacoordinate
environment. This conversion transformed a “latent” Cu(Il) compound into a purpose-built
probe for NOyx chemistry; one that allows us to define nitrite binding mode and map

proton-dependent product formation.

OCIO, B B
O"N‘
A o
N-J = NaNO, =\ /o
u -
—~Cu— ClO
>CN/ N CH;CN 7\ 4
/ 7 N\ /u
OCIO,
Scheme 5.3 Synthesis route to compound 22.
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5.4.1 Structural analysis and characterization of 22

Structurally characterized copper(Il)-nitrite compounds most often display nitrite
coordination through x?-0,0’ or x’-O, binding modes whereas copper(I)-nitrite species
preferentially bind nitrite via a x/-N linkage[21-24]. Data collection and refinement
parameters of compound 22 are summarized in Table 5.4, and selected bond lengths and
angles are provided in Table 5.3. Compound 22 crystallizes in the monoclinic space group
Pn. The molecular structure of compound 22 obtained from X-ray diffraction analysis
discloses a copper(ll) site featuring nitrite bound in an unsymmetrical x>-O,0’ fashion
(Cul-01 2.057(6) A, Cul---O2 2.587 A). The crystal structure of 22 shows a hexa-
coordinated Cu(Il) center in a distorted octahedral geometry defined by two pyridyl
nitrogen donors [Cu-N(4) = 2.027(6) A, Cu-N(1) = 2.179(6) A], two amine nitrogen
donors [Cu-N(2) = 2.050(6) A, Cu-N(3) = 2.082(5) A], and two oxygen atoms from a
chelating 12-(0,0")-nitrito ligand [Cu-O(1) = 2.057(6) A, Cu-O(2) = 2.587(1) A] (Figure
5.11). The longer Cu—N(1) bond is consistent with its position trans to the strongly bound
nitrito oxygen O(1), reflecting a pronounced trans influence. The nitrite group binds
asymmetrically, with the coordinated N-O bond [N(5)-O(1) = 1.262(1) A] elongated
relative to the non-coordinated N=0 bond [N(5)-O(2) = 1.229(1) A]; the O-N-O angle is
113.13(1)°, typical of O,0'-chelating nitrite. The tetradentate chelate bite angles remain
tight [N(4)-Cu—N(3) = 81.9(2)°, N(2)-Cu-N(1) = 81.1(2)°], while non-bite cis angles
show greater deviations, such as N(3)—Cu-N(1) = 113.5(2)°. The N(4)-Cu—N(2) trans
angle remains nearly linear [175.1(2)°], whereas O(1)-Cu—N(3) is significantly bent at
154.1(2)°, indicating distortion from the ideal octahedral arrangement. Overall, the
coordination sphere differs markedly from the symmetric Jahn-Teller elongated
octahedron observed in the perchlorate analogue, instead showing a highly asymmetric

axial environment imposed by k>-nitrite coordination.

The ESI-MS spectrum of compound 22 depicts a m/z peak at 422.0 (calc. m/z for
[Cu(L8)(NO2)]" = 422.0) (Figure 5.12). The UV-vis spectrum of 22 in acetonitrile
exhibits a new band at 365 nm and shifting of d-d transition feature at 683 nm, which is
similar to the previously reported square-planar copper(Il)-nitrite compounds (Figure

5.13).
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Figure 5.11 Crystal structure of 22 showing atom labelling scheme. The thermal
ellipsoids are drawn at a 30 % probability level for all the atoms except for the H atoms,
which are shown as spheres of arbitrary radii.

Table 5.3 Selected bond lengths (A) and angles (°) for 22.

Bond lengths (A)

Cu(1)-N(4) 2.027(6) Cu(1)-N(3) 2.082(5)
Cu(1)-N(2) 2.050(6) Cu(1)-N(1) 2.179(6)
Cu(1)-0(1) 2.057(6) Cu(1)-0(2) 2.587(1)
N(5)-0O(1) 1.262(1) N(5)-0(2) 1229(1)
Bond angles (°)

N(4)-Cu(1)-N(2) 175.1(2) O(1)-Cu(1)-N(3) 154.1(2)
N(4)-Cu(1)-O(1)  91.7(2) N(4)-Cu(1)-N(1)  100.1(2)
N(2)-Cu(1)-O(1)  93.0(2) N(2)-Cu(1)-N(1)  81.1(2)
N(4)-Cu(1)-N(3)  81.9(2) O(1)-Cu(1)-N(1)  92.3(3)
N(2)-Cu(1)-N(3)  93.2(2) N@3)-Cu(1)-N(1)  113.5(2)

O(1)-N(5)-0(2)  113.13(1)
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Table 5.4 Technical details of crystal data and structure refinement parameters of 22.

Compound 22

Empirical formula Ci9 H2g Cl Cu Ns Og
Formula weight 521.46

Temperature 296(2) K
Wavelength 0.71073 A

Crystal system Monoclinic

Space group Pn

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Theta range for data collection
Completeness to theta

Index ranges

Reflections collected
Independent reflections
Refinement method

Absorption correction

Data/restraints/parameters
Goodness-of-fit on F?

Final Rindices[[>2sigma(])]
R indices (all data)

CCDC No.

a=11.7230(10) A
b=18.1416(7) A
c=12.0118(10) A
a=90°

B=94.181(2)°

vy =90°

1143.40(17) A3

2

1.515 mg/m’

1.117 mm’!

542

2.344 to 28.340°

100.0 %

-15<h <15

-10<k<10

-16<1<16

25463

5676 (Rin= 0.0660)
Full-matrix least-squares on
B2

Semi- empirical

from equivalents
5676/2/293

1.023

R1=0.0528, wR2=0.1103
R1=0.0948, wR2=0.1527

2375643
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Figure 5.12 The ESI-MS spectrum of 22 in acetonitrile solution.

Absorbance

0.0

4(')0 660 800
Wavelength (nm)

Figure 5.13 The UV-vis spectra of 21 (1.0 mM, blue line) and 22(1.0 mM, green line).
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To gain further insight into the H" catalyzed conversion of coordinated nitrite (NO2) to
nitric oxide (NO) at the Cu(II) center in compound 22, its reactivity toward perchloric acid
(HC104) was examined, using the latter as a proton source. Upon addition of H', the
solution color changed from cyan green to deep blue, and UV—Vis spectroscopy revealed
the appearance of a new absorption band at 570 nm, matching that of the parent Cu(II)
compound 21. This observation is consistent with a rapid acid promoted transformation of
coordinated NO: into NO(g), in agreement with literature reports[28,29] (Figure 5.14).
The identity of the product as 21 was confirmed by spectroscopic analysis and single
crystal X-ray diffraction. In the absence of H', 22 remained stable in CH3CN at 298 K,

showing no spectral changes over time.

The catalytic nature of NO generation was established by cycling between compounds 21
and 22 in the presence of H'. First, compound 21, obtained after the initial acid reaction,
was treated with one equivalent of NaNO; to regenerate 22; the yield, determined from the
absorption at 365 nm relative to an authentic sample, was 96%. Subsequent treatment of
22 with acid regenerated 21 and released NO(g). After purging with N», re-addition of
NaNO: restored 22, with each cycle monitored by the absorbance at 365 nm. This process
was repeated for five consecutive cycles, with regeneration yields of ~94% even after the
fifth run, demonstrating that the Cu(Il) centre in 22 can repeatedly catalyze the proton-

mediated conversion of NO, to NO(g) with high efficiency.
1.2

0.8 4

------------------

Absorbance change at 365 nm

=

20 40
Time (s)

Absorbance

0.0 4

4(I)0 6(I)O 800
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Figure 5.14 The UV-Vis spectral changes of 22 (1.0 mM, green line) upon the addition of
one equivalent of H" in CH3;CN at 298K. Inset: the time course of the reaction of 22
monitored at 365 nm upon the addition of one equivalent of H.
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Figure 5.15 The colour change observed during the catalytic cycle of 21 (blue) to 22
(cvan green) in CH3CN at 298K.

5.5 Conclusion

This chapter established a biomimetic Cu(Il)-aminopyridyl systems designed to model
nitrite reductase chemistry, as framed in the introduction. Single crystal data showed that
the tetradentate N4 donor set (two pyridyl, two amine) enforces a distorted octahedral
Cu(Il) environment. The perchlorate adduct displays a typical Jahn—Teller elongated N4O-
octahedron with two weak axial Cu—O contacts, whereas substitution by a k?-(0,0’)-nitrito
ligand produces a more asymmetric octahedron with pronounced axial inequivalence and
larger angular deviations. Complementary spectroscopic data supported these
observations, and in the case of nitrite-bound species, indicated the potential for small

molecule reactivity at the Cu(Il) site.

Crucially, the same coordination features that tune geometry also enable function of the
compound. In the presence of acid, the nitrite compound 22 catalyzes NO(g) formation
and cleanly converts to the parent species 21, evidenced by the diagnostic color change
and growth of the 365 nm band. Cycling between 22 and 21 with NaNO2/H* demonstrates
robust regenerability and stability of 22 in the absence of H, establishing an efficient H*
mediated nitrite to NO transformation at Cu(Il) centre. Together, these results fulfill the
objective of synthesizing new model to study NO(g) releasing reactivity in a biomimetic
platform, and they provide a firm basis for subsequent kinetic, spectroscopic, and

mechanistic studies.
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Section II: Synthesis and spectroscopic study of tetradentate quinoline

based Zn(II) compounds

5.6 Introduction and literature

Zinc(II) compounds have long attracted attention in coordination chemistry because of
their rich structural diversity, functional versatility, and broad relevance in catalysis,
sensing, and bioinorganic modelling[44-49]. As a d'° ion, Zn(II) is redox-inert under most
conditions[50] but exhibits high Lewis acidity, enabling it to adopt a variety of
coordination geometries depending on ligand set, denticity, and steric/electronic
environment. This geometric adaptability is a key factor in its roles within
metalloenzymes, supramolecular assemblies, and functional materials[51-53].

Ligand backbone architecture is central to this adaptability. Diamine containing
multidentate ligands offer strong nitrogen donors while simultaneously enforcing defined
bite angles and conformations, which influence metal-ligand bond distances, cis/trans
relationships, and overall octahedral distortion[54,55]. Varying the length and rigidity of
the diamine backbone, from rigid cyclohexane scaffolds to flexible polymethylene chains,
provides a systematic means to modulate the chelate geometry and thus fine-tune stability,
reactivity, and ligand exchange kinetics[56,57].

Backbone modification is not purely structural; it also affects functional behavior. As
demonstrated in related Zn(II)-tetradentate ligand systems, shorter and more rigid
backbones tend to yield compounds with more constrained coordination spheres, favoring
selectivity and stability in catalysis and sensing applications[58,59]. In contrast, longer,
more flexible backbones permit increased geometric adaptability, which can enhance
dynamic binding and stimuli-responsive properties, but may reduce overall structural
rigidity[60]. Minor adjustments to ligand topology in Zn(II) compounds can enhance
stability, boost photoluminescence intensity, and shift emission energies. Mononuclear
Zn(Il) systems bearing N-donor ligands of differing denticity are well documented to
display photoluminescent behavior[61-69].

Aminoquinoline-based multidentate ligands are especially attractive in contemporary
coordination chemistry, as their reactivity and stability arise from a delicate balance of
electronic and structural factors. Building on this premise, we have systematically tuned
the topology of multidentate N-donor frameworks, generating a broad family of first-row

transition metal compounds of quinoline-derived ligands with functions spanning catalysis
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and enzyme mimetic chemistry[70—72]. We have also shown pronounced quenching of
nitroaromatic compounds (NACs) using quinoline-based ligands[73].

In this chapter, we present a series of Zn(Il) compounds containing an aminoquinoline-
based tetradentate ligand framework, with systematic variation of the diamine backbone:
cyclohexane-1,2-diamine, ethane-1,2-diamine, propane-1,3-diamine and butane-1,4-
diamine. By integrating these experimental results with prior literature on Zn(II) diamine
systems, this study develops a structure function framework that links backbone flexibility
and auxiliary ligand type to potential applications across catalysis, sensing, biomimetic
chemistry, and materials science. Such understanding supports rational ligand design
strategies for tailoring Zn(II) compounds toward targeted scientific and technological

roles.

5.7 Experimental details

The synthesis of ligands L9-L.12 are detailed in this section along with their Zn(II)
compounds [Zn(L9)(H2O)(CH3CN)](ClO4)> 23, [Zn(L10)(H20)(CH3CN)](ClO4), 24,
[Zn(L9)(CH3CN)(CI04)](Cl04) 25, [Zn(L9)(H20)(Cl04)](ClO4) 26 synthesised in this

study are depicted in Scheme 5.4.
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Scheme 5.4 Structure of ligands L9-L12 and Zn(1l) compounds 23-26 under investigation.
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5.7.1 Synthesis of ligand L9-L.12
Ligands L9, L10, and L11 were synthesized following the procedure previously reported

by Britovsek, whereas LL12 was prepared for the first time by our group using a similar
synthetic strategy. A mixture of 8-hydroxyquinoline (25.0 g, 172.0 mmol), the appropriate
diamine (86.0 mmol), and sodium metabisulphite (32.8 g, 172.0 mmol) was suspended in
distilled water (200 mL) and refluxed at 110 °C for approximately eight days. Upon
completion, the reaction mixture was allowed to cool to room temperature and
subsequently basified to pH 12.0 with aqueous sodium hydroxide. The mixture was
extracted with dichloromethane (3 x 100 mL), and the combined organic phases were
dried over anhydrous sodium sulphate. Removal of the solvent under reduced pressure
afforded the crude ligand, which was purified by recrystallization from ethanol or ethanol—
water mixtures to yield the desired product. Ligands L9-L.12 were synthesized using the
same general procedure, with the respective diamines, (+)-trans-1,2-diaminocyclohexane,
ethylenediamine, 1,3-diaminopropane and 1,4-diaminobutane, employed as the amine

backbones for L9, .10, L11 and L12 respectively.

N,N'-Bis(8-quinolyl)cyclohexane-1,2-diamine(L9)

Prepared according to the general procedure using (+)-trans-1,2-diaminocyclohexane (9.82
g, 86.0 mmol) as the diamine backbone. The product was obtained as a pale yellow
crystalline solid after recrystallization from ethanol. Yield: 15.20 g (48 %). Anal. Calc. for
L9 Cas Has Na(%): C, 78.23; H, 6.57; N, 15.21; Found: C, 78.41; H, 6.64; N, 15.36. IR
(KBr, cm™): 3387 v(NH); 3103-2769 v(CH).

N,N'-Bis(8-quinolyl)ethane-1,2-diamine(L10)

Synthesized as per the general procedure with ethylenediamine (5.74 mL, 86.0 mmol) as
the diamine backbone. The product crystallized as yellow plates upon slow cooling from
ethanol-water. Yield: 13.0 g (56 %). Anal. Calc. for L10 Cyo His N4(%): C, 76.41; H,
5.77; N, 17.82; Found: C, 76.58; H, 5.92; N, 17.93. IR (KBr, cm™): 3387 v(NH); 3103-
2769 v(CH).

N,N'-Bis(8-quinolyl)propane-1,3-diamine(LL11)
Prepared according to the general procedure using 1,3-diaminopropane (7.17 mL, 86.0

mmol) as the diamine backbone. The ligand was isolated as light-yellow crystals after
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ethanol recrystallization. Yield: 15.13 g (54 %). Anal. Calc. for L11 Cy1 Hao Na(%): C,
76.80; H, 6.14; N, 17.06; Found: C, 76.86; H, 6.21; N, 17.15. IR (KBr, cm™): 3361
v(NH); 3072-2740 v(CH).

N,N'-Bis(8-quinolyl)butane-1,4-diamine(L.12)

Synthesized for the first time in this work following the general procedure with 1,4-
diaminobutane (8.64 mL, 86.0 mmol) as the diamine backbone. The pale yellow
crystalline product was obtained after recrystallization from ethanol. Yield: 16.8 g (57%).
Anal. Calc. for L12 Cx H22 N4(%): C, 77.16; H, 6.48; N, 16.36; Found: C, 77.31; H, 6.62;
N, 16.45. IR (KBr, cm™): 3404 v(NH); 3145-2777 v(CH).

5.7.2 Synthesis of Zn(II) compounds 23-26

The Zn(IT) compounds 23-26 were synthesized by direct metal-ligand coordination under
inert conditions in dry acetonitrile. Each ligand was reacted with an equimolar amount of
Zn(ClO4)2-6H>0 at room temperature under a nitrogen atmosphere, affording pale yellow
to colorless solutions. The compound precipitated upon addition of diethyl ether, were
collected by filtration, and purified by washing with cold ether. All compounds were
obtained in good yields as microcrystalline solids, stable to air and moisture under ambient
conditions. The synthetic approach is versatile, requiring no post synthetic modification,
and consistently furnished analytically pure materials suitable for spectroscopic and
crystallographic characterization. Slow vapor diffusion of diethyl ether into an acetonitrile
solution of each complex afforded single crystals of sufficient quality for X-ray
diffraction, enabling direct comparison of coordination geometries arising from variations

in the ligand amine backbone.

A solution of ligand L9 (0.49 g, 1.34 mmol) in dry DCM (10 mL) was prepared under a
nitrogen atmosphere. To this, a solution of Zn(ClO4)2:6H20 (0.5 g, 1.34 mmol) in dry
CH3CN (2 mL) was added dropwise with stirring at room temperature. The mixture was
stirred for 3 h, then filtered to remove any insoluble material. The filtrate was
concentrated, and diethyl ether (20 mL) was added to precipitate the product. The solid
was collected by filtration, washed with cold ether (2 x 5 mL), and dried in vacuo to give
[Zn(L9)(H20)(CH3CN)](ClO4)2 as a pale yellow crystalline solid. The yield of 23 was
0.74 g (1.07 mmol) 79.5 %. Anal. Calc. for 23 Cy Hzo Cla Zn Ns Og (%): C, 45.14; H,
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4.23; N, 10.12. Found: C, 45.28; H, 4.36; N, 10.29. IR (KBr, cm’"): 3400-3420 v(OH)
v(NH); 3007-2895 v(CH); 1093, 621 v(ClOs).

Compound 24 was prepared following the same protocol. The yield of
[Zn(L10)(H20)(CH3CN)](CIO4)2 24 was 0.72 g (1.13 mmol), 83.7 %. Anal. Calc. for 24
C22 H23 Cl2 Zn Ns Og (%): C, 41.43; H, 3.64; N, 10.98. Found: C, 41.52; H, 3.74; N,
11.06. IR (KBr, cm™): 3400-3420 v(OH) v(NH); 3007-2895 v(CH); 1075, 624 v(ClOs).

Compound 25 was prepared following the same protocol. The vyield of
[Zn(L9)(CH3CN)(CIO4)](Cl104) 25 was 0.69 g (1.13 mmol), 84.1 %. Anal. Calc. for 25 Ca3
Ha23 Clx Zn N5 Og (%): C, 43.59; H, 3.66; N, 11.05. Found: C, 43.71; H, 3.83; N, 11.22. IR
(KBr, cm™): 3400-3420 v(NH); 3007-2895 v(CH); 1094, 625 v(ClO4).

Compound 26 was prepared following the same protocol. The yield of
[Zn(L9)(H20)(Cl04)](Cl04) 26 was 0.73 g (1.17 mmol), 86.9 %. Anal. Calc. for 26 Ca
Ha4 Cl2 Zn N4 O9 (%): C, 42.30; H, 3.87; N, 8.97. Found: C, 42.53; H, 3.96; N, 9.04 IR
(KBr, cm™): 3400-3420 v(OH) v(NH); 3007-2895 v(CH); 1094, 625 v(C10s4).

5.8 Results and discussions

5.8.1 Synthesis of ligands L9-1.12

The topology and conformational flexibility of a ligand framework significantly influence
the stability, coordination geometry, and reactivity of 3d transition metal compounds. To
systematically investigate the effect of backbone structure, a series of quinoline-based
diamine ligands was synthesized, differing only in the nature of the diamine spacer. This
was achieved by substituting ethylenediamine in the parent ligand with (+)-trans-1,2-
diaminocyclohexane, 1,3-diaminopropane or 1,4-diaminobutane, thereby introducing
variations in both rigidity and length of the amine backbone. These modifications were
designed to modulate the steric and electronic properties of the coordination environment
while maintaining a common quinoline donor motif for comparative studies.

All ligands were prepared following a generalized synthetic route based on a modified
Bucherer reaction, first described by Nielsen and co-workers[74] (Scheme 5.5). In this
transformation, 8-hydroxyquinoline undergoes condensation with the selected diamine in
the presence of sodium metabisulphite under refluxing aqueous conditions, affording the
target non-methylated secondary amines. The products were isolated via basification of

the reaction mixture to pH 12, extraction with dichloromethane, and drying over
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anhydrous sodium sulphate, followed by solvent removal to yield the desired ligands as

crystalline solids.
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Scheme 5.5 Synthetic route employed to synthesis of quinoline-based ligands L9-L12.

5.8.2 Infrared spectra of compounds 23-26.

The IR spectra of compounds 23-26 exhibit characteristic absorptions consistent with their
proposed formulations (Figure 5.16). Broad bands in the 3400-3420 cm'region are
assigned to O—H stretching vibrations from coordinated water molecules and possible N—
H stretches from the ligand backbone. Compounds 23, 24 and 26 display medium bands at
~1620-1625 cm’!, corresponding to the §(H-O-H) bending mode of bound water. Strong
absorptions in the 1580-1600 cm'range are attributed to aromatic C=C and C=N stretches
of the quinoline moieties. All compounds show intense bands between 1070-1115 cm’!

and 615-625 cm’!, diagnostic of C1O4™ anions[36,37].
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Figure 5.16 The overlaid infrared spectra of compounds 23-26.
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5.8.3 Crystal structure and geometrical analysis of compounds 23- 26

All four Zn(II) compounds, 23-26, were obtained as crystalline solids. Single crystals
suitable for X-ray diffraction analysis of [Zn(L9)(H2O)(CH3CN)](ClO4)2 23,
[Zn(L10)(H20)(CH3CN)](ClOs)2 24,  [Zn(L11)(CH3CN)(ClO4)](C104) 25  and
[Zn(L11)(H20)(ClO4)](ClO4) 26 were prepared by slow diffusion of diethyl ether into
acetonitrile solutions of the respective compounds. The experimental conditions for data
acquisition and selected refinement parameters for compounds 23 and 24 are summarised
in Table 5.8, while those for compounds 25 and 26 are provided in Table 5.13. Key bond
lengths and angles are presented in Tables 5.5, 5.6, 5.9 and 5.11 for compounds 23-26,
respectively. Compounds 23-25 crystallise in the monoclinic crystal system in space
groups C2/c, P2:/n and P2i/c respectively, whereas 26 crystalize in triclinic space group

P-1. In all cases, the atoms occupy general positions.

The asymmetric units of compounds 23 and 24 each comprise a single Zn(Il) ion
coordinated by a discrete tetradentate aminoquinoline ligand (L9 in 23; L10 in 24), one
coordinated water molecule, and one acetonitrile ligand, together with two independent
perchlorate counter anions. The perchlorate anions act solely as charge balancing species
and do not coordinate directly to the Zn(Il) centre (Figures 5.17-5.18). Although the
asymmetric units of 23 and 24 are superficially similar, variation in the diamine backbone
results in discernible differences in their coordination geometries, which are further

discussed in the subsequent structural analysis.

In compound 23, Zn(I) ion is coordinated by the tetradentate aminoquinoline ligand L9
through two quinoline nitrogen donors (N1, N4) and two secondary amine nitrogen donors
(N2, N3). The Zn(II) center is six-coordinate and best described as a distorted octahedron.
Choosing the N1---N4 axis as the axial pair (N1-Zn—N4 = 176.31(11)°). The equatorial
plane is formed by N2, N3, O1(H20) and N5(MeCN), arranged as two equatorial trans
pairs: O1---N2 = 167.47(15)° and N3---N5 = 163.61(13)°. Bond distances are: Zn-O1 =
2.100(3) A; Zn—N5 = 2.185(3) A; Zn—N(chelate) = 2.147(3)-2.185(3) A. The compressed
chelate bites (e.g., N2-Zn—-N1 = 77.97(11)°; N3-Zn-N4 = 76.84(10)°) reflect the
cyclohexanediamine constraint, while the two neutral equatorial donors (H2O, MeCN) sit

cis to each other.
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Figure 5.17 Crystal structure of [Zn(L9)(H.0)(CH3CN)]?*23 showing atom labelling
scheme. The thermal ellipsoids are drawn at 30 % probability level for all the atoms
except for the H atoms, which are shown as spheres of arbitrary radii. The uncoordinated
perchlorate anions have been omitted for the clarity.

Table 5.5 Selected bond lengths (A) and angles (°) for 23.

Bond lengths (A)

Zn(1)-0(1) 2.100(3) Zn(1)-N(5) 2.185(3)
Zn(1)-N(3) 2.147(3) Zn(1)-N(4) 2.185(3)
Zn(1)-N(2) 2.149(3) Zn(1)-N(1) 2.150(3)
Bond angles (°)

O(1)-Zn(1)-N(3)  96.37(14) N(4)-Zn(1)-N(5) 89.74(12)
O(1)-Zn(1)-N(2)  167.47(15)  N(1)-Zn(1)-N(5) 88.54(13)
N(@3)-Zn(1)-N(2)  83.97(10) N(2)-Zn(1)-N(5) 90.69(13)
O(1)-Zn(1)-N(1)  89.91(15) N(3)-Zn(1)-N(5) 163.61(13)
N(@3)-Zn(1)-N(1)  105.38(11)  O(1)-Zn(1)-N(5) 92.19(17)
N(2)-Zn(1)-N(1)  77.97(11) N(1)-Zn(1)-N(4) 176.31(11)
O(1)-Zn(1)-N(4)  86.90(15) N(2)-Zn(1)-N(4) 105.31(11)
N(3)-Zn(1)-N(4)  76.84(10)

In compound 24, Zn(Il) is coordinated by L.10 in a similar tetradentate mode. A distorted
octahedral environment is again observed. Defining N4---N1 as the axial pair (N4—Zn—-N1

= 172.66(16)°), the equatorial donors are N2, N3, O9(H>0) and N5(MeCN). Within that
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plane, the equatorial trans relationships are O9---N2 = 171.35(16)° and NS5---N3 =
172.36(16)°, giving an almost perfectly balanced equatorial set. Bond lengths: Zn—09 =
2.167(4) A; Zn-N5 = 2.142(4) A; Zn—N(chelate) = 2.139(4)-2.171(4) A. The shorter,
more flexible ethylenediamine backbone yields the most regular octahedron in the series,

with both equatorial ¢rans pairs close to linear.

Figure 5.18 Crystal structure of [Zn(L10)(H>0)(CH3CN)]**24 showing atom labelling
scheme. The thermal ellipsoids are drawn at 30 % probability level for all the atoms
except for the H atoms, which are shown as spheres of arbitrary radii. The uncoordinated
perchlorate anions have been omitted for the clarity.

Table 5.6 Selected bond lengths (A) and angles (°) for 24.

Bond lengths (A)

Zn(1)-N(4) 2.1394)  Zn(1)-NQ3) 2.171(4)
Zn(1)-N(5) 2.142(4)  Zn(1)-N(1) 2.169(4)
Zn(1)-N(2) 2.149(4)  Zn(1)-0(9) 2.167(4)
Bond angles (°)

N(@4)-Zn(1)-N(5)  93.19(17)  N(1)-Zn(1)-N(3)  94.89(15)
N(@4)-Zn(1)-NQ2) ~ 95.70(16)  O(9)-Zn(1)-N(3)  97.02(15)
N(G5)-Zn(1)-N@2)  94.81(17)  N(2)-Zn(1)-N(3)  84.02(16)
N(@4)-Zn(1)-0(9)  92.93(16)  N(5)-Zn(1)-N(3)  172.36(16)
N(5)-Zn(1)-0(9)  85.28(16)  N(4)-Zn(1)-N(3)  79.45(15)
N@2)-Zn(1)-0(9)  171.35(16)  O(9)-Zn(1)-N(1)  92.40(16)
N@)-Zn(1)-N(1)  172.66(16)  N(2)-Zn(1)-N(1)  78.96(16)
N(G)-Zn(D)-N(1)  92.28(17)
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Figure 5.19 The hydrogen bonding interactions in 24 with atom labelling scheme of atoms
involved in hydrogen bonding, along with the enlarged view of a network of hydrogen
bonding in 24 showing the symmetric organisation of [Zn(L10)(H>0)(CH3;CN)]** cations
and perchlorate anions. Hydrogen atoms attached to carbon are omitted for clarity.

Table 5.7 Hydrogen bonding parameters (4, °) for 24.

D-H---A D-H/A H---A/A D---A/A D-H---A/° Symmetry code

09-HI1A---03 0.789(0) 1.984(0) 2.773(0) 177.20(0) x,y,z
09-HIB---01 0.705(0) 2.242(0) 2.930(1) 165.75(0)  -x+3/2, y+1/2, -z+3/2
N2-H2--05  0.980(0) 1.947(0) 2.877(0) 157.53(0) -x+3/2, y+1/2, -z+1/2
N3-H3--02  0.980(0) 2.016(0) 2.987(0) 170.38(0) x,y,z
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Table 5.8 Technical details of crystal data refinement parameters of 23 and 24.

Compound 23 24

Empirical formula Ca6 Ha9 Clx N5 O9 Zn C22 H23 Cl12 N5 O9 Zn
Formula weight 691.83 637.74

Temperature 296(2) K 296(2) K
Wavelength 0.71073 A 0.71073 A

Crystal system Monoclinic Monoclinic

Space group C2/c P2i/n

Unit cell dimensions

Volume

VA

Density (calculated)
Absorption coefficient

F(000)

Theta range for data collection
Completeness to theta

Index ranges

Reflections collected
Independent reflections
Refinement method

Absorption correction
Data/restraints/parameters
Goodness-of-fit on >

Final Rindices[I>2sigma(])]
R indices (all data)

CCDC No.

a=17.9224(9) A
b=20.0291(10) A
c=17.0966(8) A

a=90°

B=96.028(2)°

vy =90°

6103.2(5) A3

8

1.506 mg/m’

1.039 mm’!

2848

2.740 to 28.315°

99.9%

-23<=h<=23

-26<=k<=26

-22<=1<=22

44097

7572 [R(int) = 0.0362]
Full-matrix least-squares on
B2

Semi- empirical

from equivalents
7572/0/403

1.049

R1=0.0591, wR2=0.1822
R1=0.0771, wR2=0.2059

2386738

a=13.7417(6) A
b=12.3424(5) A
c=15.8481(7) A

a=90°

B =100.5640(10)°

v =90°

2642.4(2) A3

4

1.603 mg/m’

1.192 mm™!

1304

2.169 to 28.333°

100.0 %

-18<=h<=18

-16<=k<=16

21<=1<=21

60466

6583 [R(int) = 0.0745]
Full-matrix least-squares on
B2

Semi- empirical

from equivalents

6583 /0/359

1.002

R1=0.0720, wR2=0.1869
R1=0.1141, wR2=0.2127

2386751
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Figure 5.20 Packing in 23 view along crystallographic a and c axes. Colour code: C,

black; N, blue; O, red; CI, green and Zn, orange.
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Figure 5.21 Packing in 24 view along crystallographic b and c axes. Colour code: C,

black; N, blue; O, red; CI, green and Zn, orange.
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The asymmetric units of 25 and 26 each contain a single Zn(II) centre chelated by a
tetradentate aminoquinoline ligand (L11 in 25; L12 in 26), together with one coordinated
solvent molecule (CH3CN in 25 and H>O in 26) and one monodentate perchlorate ligand;
charge balance is provided by an additional, independent non-coordinating perchlorate
counter anion (Figures 5.22-5.24). Despite their similar formulations, variations in the
diamine backbone and the identity of the solvent donor give rise to subtle differences in

coordination geometry, which are examined in the subsequent structural analysis.

In compound 25 the axial direction is defined by the chelate N4---N2 pair (N4—Zn—N2 =
171.00(15)°). The equatorial plane therefore contains N1, N3, N5(MeCN) and O5(ClO4"),
with equatorial trans pairs N1---O5 = 167.01(16)° and N5---N3 = 163.78(14)° indicating
notable deviation from linearity. The bond distances are Zn—-O5 = 2.342(4) A (weak,
elongated); Zn—N5 = 2.163(4) A and Zn—N(chelate) = 2.088(4)-2.187(3) A. The Zn—
O(Cl0O3") distance is the longest in the coordination sphere, reflecting weak axial binding.
The flexible propane-1,3-diamine backbone introduces greater angular distortion in the cis

angles.

In 26, taking N4---N1 as the axial pair (N4-Zn-N1 = 172.26(9)°), the equatorial donors
are N2, N3, O7(ClO4") and O9(H»0), with equatorial trans pairs N2---O7 = 168.80(10)°
and N3---09 = 159.47(11)°. The bond distances are Zn-O7 = 2.446(3) A for weakly
bound perchlorate oxygen, Zn—09 = 2.193(3) A for water molecule and Zn—N(chelate) =
2.100(2)-2.147(2) A. The butanediamine backbone allows the largest angular freedom;
with both H,O and CIO4 at equatorial position, and the markedly bent N3---O9 and very

long Zn—O(ClO4") define the most anisotropic octahedral distortion across the series.

All four structures are distorted octahedra in which the axial axis is defined by a near-
linear intrachelate N---N pair from the tetradentate ligand: N1---N4 in 23 (176.31°) and 24
(172.66°), N4---N2 in 25 (171.00°) and N4---N1 in 26 (172.26°). The remaining four
donors form the equatorial plane. In 23 and 24, both H,O and MeCN are equatorial and
cis, with well-balanced equatorial trans pairs (23: O1---N2 = 167.47°, N3---N5 = 163.61°;
24: O9---N2 = 171.35°, N5---N3 = 172.36°), giving 24 the most regular geometry in the
series. By contrast, 25 and 26 each contain one coordinated perchlorate O-donor in the
equatorial plane (with an additional outer sphere ClO4 for charge balance). This weak
anionic donor produces long Zn-O(ClO4") contacts (2.342 A in 25; 2.446 A in 26) and

compresses adjacent cis angles (25: 82-87°; 26: 78-86°), while the equatorial trans pairs
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become noticeably bent (25: N5---N3 = 163.78°, NI1---O5 = 167.01°; 26: N3---09 =
159.47°, N2---O7 = 168.80°).
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Figure 5.22 Crystal structure of [Zn(L11)(CH3CN)(ClO4)]?*25 showing atom labelling
scheme. The thermal ellipsoids are drawn at 30 % probability level for all the atoms
except for the H atoms, which are shown as spheres of arbitrary radii. The uncoordinated
perchlorate anions have been omitted for the clarity.

Table 5.9 Selected bond lengths (A) and angles (°) for 25.

Bond lengths (A)

Zn(1)-N(4) 2.088(4) Zn(1)-0O(5) 2.342(4)
Zn(1)-N(1) 2.089(3) Zn(1)-N(3) 2.187(3)
Zn(1)-N(2) 2.120(4) Zn(1)-N(5) 2.163(4)
Bond angles (°)

N@)-Zn(1)-N(1)  103.33(13)  N(3)-Zn(1)-0(5)  82.98(14)
N@)-Zn(1)-N@2)  171.00(15)  N(5)-Zn(1)-O(5)  82.28(15)
N(1)-Zn(1)-N(2)  80.82(13)  N(2)-Zn(1)-O(5)  89.74(16)
N@)-Zn(1)-N(5)  93.67(15)  N(1)-Zn(1)-0(5)  167.01(16)
N()-Zn(1)-N(5)  89.51(14)  N(@)-Zn(1)-O(5)  87.31(16)
N@)-Zn(1)-N(5)  9436(16)  N(5)-Zn(1)-N(3) 163.78(14)
N@)-Zn(1)-N(3)  78.90(13)  N(2)-Zn(1)-N(3) 92.31(14)
N()-Zn(1)-N@3)  106.15(13)
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Figure 5.23 The hydrogen bonding interactions in 25 with atom labelling scheme of atoms
involved in hydrogen bonding; along with the enlarged view of a network of hydrogen
bonding in 25 showing the symmetric organisation of [Zn(L11)(H>0)(CIO4)]**cations and
perchlorate anions. Hydrogen atoms attached to carbon are omitted for clarity.

Table 5.10 Hydrogen bonding parameters (4, °) for 25.

D-H---A D-H/A H---A/A D---A/A D-H:--A/° Symmetry code

N3-H3---02  0.980(0) 2.140(1) 3.045(1) 152.98(0) x,y,z
N3-H3--04  0.980(0) 2.057(0) 3.004(0) 161.82(0) x,y,z
N2-H2--06  0.797(1) 2.298(2) 3.061(3) 160.68(0)  -x*1,-y+l, z+1
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Figure 5.24 Crystal structure of [Zn(L11)(H>0)(CIO4)]**26 showing atom labelling
scheme. The thermal ellipsoids are drawn at 30 % probability level for all the atoms
except for the H atoms, which are shown as spheres of arbitrary radii. The uncoordinated
perchlorate anions have been omitted for the clarity.

Table 5.11 Selected bond lengths (A) and angles (°) for 26.

Bond lengths (A)

0(9)-Zn(1) 2.193(3) Zn(1)-N(1) 2.116(2)
Zn(1)-N(2) 2.100(2) Zn(1)-N(3) 2.147(2)
Zn(1)-N4) 2.100(2)

Bond angles (°)

N(2)-Zn(1)-N4)  104.72(9)  O(9)-Zn(1)-O(7)  84.16(11)
N(4)-Zn(1)-0(9)  88.62(10)  N(3)-Zn(1)-O(7)  77.86(10)
N(2)-Zn(1)-0(9)  92.25(11)  N(1)-Zn(1)-O(7)  87.94(10)
N(1)-Zn(1)-N(3)  102.8509)  N(4)-Zn(1)-O(7)  85.84(10)
N(2)-Zn(1)-N(1) ~ 81.22(9) N(2)-Zn(1)-O(7)  168.80(10)
N(4)-Zn(1)-N3)  80.33(9) N(3)-Zn(1)-0(9)  159.47(11)
N(@2)-Zn(1)-N3)  107.22(10)  N(1)-Zn(1)-0(9)  86.18(9)
N(@)-Zn(1)-N(1)  172.26(9)
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Figure 5.25 The hydrogen bonding interactions in 26 with atom labelling scheme of atoms
involved in hydrogen bonding; along with the enlarged view of a network of hydrogen
bonding in 26 showing the symmetric organisation of [Zn(L11)(H>0)(CIO4)]** cations and
perchlorate anions. Hydrogen atoms attached to carbon are omitted for clarity.

Table 5.12 Hydrogen bonding parameters (4, o) for 26.

D-H:--A D-H/A H---A/A D---A/A D-H---A/° Symmetry code
09-HIA---02 0.713(1) 2.266(1) 2.926(2) 154.68(0) Xx,y,z
09-HID---O4 0.779(0) 2.501(1) 2.967(1) 119.90(0) -x+2, -y+1, -z+2
09-HID---06 0.779(0) 2.233(1) 2.939(1) 151.22(0) x,y,z
N2-HIC---02 0.856(1) 2.334(1) 3.150(2) 159.65(0) x,y,z
N2-HIC---O3 0.856(1) 2.462(2) 3.177(2) 141.59(0) x,y,z
N3-HI1B---08 0.835(1) 2.516(2) 3.2093) 141.05(0) -x+1, -y+2, -z+1
N3-HIB---O7  0.835(1) 2.569(1) 2.895(1) 104.66(0) X,y,z
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Table 5.13 Technical details of crystal data and refinement parameters of 25 and 26.

Compound 25 26

Empirical formula C23H23C12ZnN;50g Ca Hoa Cly Ni Oo Zn
Formula weight 633.74 624.74

Temperature 296(2) K 296(2) K
Wavelength 0.71073 A 0.71073 A

Crystal system Monoclinic Triclinic

Space group P2i/c P-1

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Theta range for data collection

Completeness to theta
Index ranges

Reflections collected
Independent reflections

Refinement method
Absorption correction

Data/restraints/parameters
Goodness-of-fit on >

Final Rindices[[>2sigma(])]
R indices (all data)

CCDC No.

a=12.7114(7) A
b=14.6528(7) A
c=142674(7)A
a=90°
B=91.898(2)°

vy =90°
2656.0(2) A3

4

1.585 mg/m’
1.183 mm’!
1296

2.528 to 28.388°
99.9%
-16<=h<=16
-19<=k<=19
-19<=1<=19

64072

6629 (R(int) = 0.0656)
Full-matrix least-squares on
F2

Semi- empirical

from equivalents

6629 /2 /377

1.045
R1=0.0664, wR2=0.1558
R1=0.1024, wR2=0.1740

a=10.4830(4) A
b=11.5153(5) A
c=11.6511(5) A
o= 76.3600(10)°
B =82.1070(10)°
¥ =66.4010(10)°
1251.03(9) A3

2

1.658 mg/m?
1.256 mm™

640

2.389 to 28.342°
99.9%
-13<=h<=13
-15<=k<=15
-15<=I<=15

51476

6235 [R(int) = 0.0466]
Full-matrix least-squares on
FZ

Semi- empirical

from equivalents
6235/0/355

1.042
R1=0.0468, wR2=0.1289
R1=0.0612, wR2=0.1389

2386747
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Figure 5.26 Packing in 25 view along crystallographic c axis. Colour code: C, black, N,
blue; O, red; CI, green and Zn, orange.
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Figure 5.27 Packing in 26 view along crystallographic a axis. Colour code: C, black; N,
blue; O, red; CI, green and Zn, orange.
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Chelate bite distance and bite angle are known to tune the geometry and function of the
compounds[54,75]. The chelate bite angle N2-Zn-N3 widens systematically with
backbone length as seen in 23: 83.97°; 24: 84.02°; 25: 92.31°; 26: 107.22° and the
corresponding N2---N3 bite distance grows in parallel (2.873, 2.891, 3.107, 3.419 A for
23-26), evidencing the backbone-controlled expansion of the “natural bite.” Within this
framework, donor strength modulates the degree of equatorial anisotropy: MeCN gives
short Zn—N (23: 2.185 A; 24: 2.142 A; 25: 2.163 A), H,0 is moderately short (23: 2.100
A;24:2.167 A; 26: 2.193 A), whereas ClO4™ is distinctly weak (25: 2.342 A; 26: 2.446 A).
Overall, 24 (ethylenediamine) exhibits the most symmetric octahedron; 23
(cyclohexanediamine) is slightly more strained but still regular; introduction of a
coordinated perchlorate together with longer, more flexible backbones in 25-26 yields the
largest equatorial distortions and the greatest axial bond-length disparity, with 26 the most

anisotropic member of the series.

Bite distance =2.873 A 2. 891 A 3 107 A 3419A

)/ )// )// >//
Bite angle = 83.97° 84.02° 92.31° 107.22°

Scheme 5.6 Schematic illustration of bite distance and bite angle in compounds 23-26.

5.8.4 X-ray powder diffraction

Powder X-ray diffraction (PXRD) patterns were collected for compounds 23-26 to verify
that the crystalline samples were phase-pure and representative of the bulk material. The
experimental diffractograms were compared with patterns simulated from the single
crystal structures using Mercury 4.0[39]. The excellent overlap between measured and
calculated traces confirms that the bulk and single-crystal phases are the same (Figure

5.28 and Figure 5.29).
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Figure 5.28 The experimental and calculated PXRD patterns of 23 (a) and 24 (b).
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Figure 5.29 The experimental and calculated PXRD patterns of 25 (a) and 26 (b).

Jeffrey L. Viegas (Ph. D Thesis), School of Chemical Sciences 233



Chapter 5

5.9 Conclusion

This chapter establishes how diamine backbone length and rigidity dictate the coordination
geometry of aminoquinoline-based Zn(II) complexes in the solid state. Across 23-26, the
chelate bite angle N2-Zn—N3 and bite distance N2---N3 increase monotonically from
cyclohexanediamine and ethylenediamine to propanediamine and butanediamine, shifting
the structures from more preorganized, near-regular octahedra to more anisotropic,
distorted environments. The axial axis in each compound is defined by a near-linear
intrachelate N---N pair, while equatorial donors (H2O, MeCN and in 25-26, coordinated
ClOs4 ) tune the extent of equatorial distortion; notably, Zn—O(ClOs3 ) is elongated, marking
perchlorate as a weak, geometry loosening donor. Within this series, the ethylenediamine
analogue 24 is the most symmetric, whereas the butanediamine analogue 26 shows the

greatest equatorial bending and axial disparity.

These results provide design rules rather than demonstrated functions: shorter, more rigid
backbones favor stable, well-defined coordination pockets, while longer, flexible
backbones enable adaptive, labile coordination that accommodates weak donors. Although
no applications were tested here, the structural trends offer a clear framework for
prospective uses i.e. choosing rigid backbones when geometric regularity is paramount
and flexible backbones where responsiveness or substitution lability could be

advantageous.
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A mononuclear copper (II) compound [Cu(Ll)](C104)2 1 containing nonheme N3Py2 pentadentate ligand NI N3-
dimethyl-N’-(3-(methyl(pyridin-2-ylmethyl)amino)propyl)-N°-(pyridin-2-ylmethyl)propane-1,3-diamine) have
been synthesized and characterized by several methods. A new ligand L! has been prepared by methylation of
secondary -NH of L? (N?-(pyridin-2-ylmethyl)-N°-(3-((pyridin-2-ylmethyl)amino)propyl)propane-1,3-diamine) at
and characterized by NMR spectroscopy. Compound 1 has been characterized by single-crystal X-ray crystal-
lography and spectroscopic techniques. It crystallizes in a centrosymmetric space group P2;/n and adopts a

distorted square-pyramidal geometry with t5= 0.13. We also prepared compound [Cu(L®)](ClO4); 2, and its
structural properties were compared with 1. The geometry of 1 is nearly SP, while compound 2 is intermediate
between SP and TBP. We then investigated the applications of 1 and 2 in phenoxazinone synthase and cat-
echolase activity. The results suggest compound 1 was more effective in both activities than 2.

1. Introduction

The transition metalloenzymes play critical roles in biological pro-
cesses. Several reports on biomimetic model compounds containing N-
donor coordination suppliers have shown an insight into the structure-
function properties [1-8]. The impetus to design novel ligands and
transition metal compounds appears from their potential to understand
the correlation of their geometric and electronic structure with their
reactivity. The copper-based coordination compounds are known for
their diverse applications [9-12]. Several copper compounds have been
known as biomimetic models of metalloenzymes [13,14]. The coinage
transition metal copper is a well-known essential element in biology. Its
compounds can catalyze various biochemical redox reactions such as
methane monooxygenase, catechol oxidase, superoxide dismutase, and
phenoxazinone synthase [15-18]. Phenoxazinone synthase (PHS) is a
multicopper oxidase enzyme produced by Streptomyces antibioticus. A
hexameric copper active site can catalyze an oxidative coupling of
substituted 2-aminophenols to phenoxazinone chromophore in the
biosynthesis of actinomycin D, a naturally synthesized antineoplastic
agent [19,20]. The design and development of numerous small molecule
catalysts bearing amine and polypyridyl ligands have helped the
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bioinorganic chemist to understand the structure-activity synergy at the
active site [21-26]. The metal compounds, ligand architecture, and
coordination geometry, are known to control the reactivity and stability
of such compounds [27-33]. In our endeavor to design new N3Py2 type
N-donor ligands, we herein report the synthesis and characterization of a
new ligand L' = N!,N®-dimethyl-N'-(3-(methyl(pyridin-2-ylmethyl)
amino)propyl)-N>-(pyridin-2-ylmethyl)propane-1,3-diamine) prepared
by methylation of L2 N-(pyridin-2-ylmethy1)-N>-(3-((pyr-
idin-2-ylmethyl)amino)propyl)propane-1,3-diamine at normal labora-
tory conditions. Copper(Il) ions tend to form common tetrahedral,
octahedral, square pyramidal, and trigonal bipyramidal geometry
compounds, all of which are tetragonally distorted [34]. The penta-
dentate N-donor ligands form square pyramidal and trigonal bipyra-
midal copper(Il) compounds. Addison and co-workers showed
connectivity between SP and TBP with intermediate geometries in
copper compounds [35]. Recently we have reported copper(II) com-
pounds of tetradentate ligands and a coordinated solvent molecule
exhibiting five-coordinate geometries and enormous distortions [36]. In
this work, we are presenting a thoroughly characterized copper (II)
compound, [Cu(Ll)](CIO4)2 1 stabilized by L! showing the influence of
ligand architecture on the phenoxazinone synthase and catecholase-like
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activity. To understand the reactivity pattern with non-methylated li-
gands, we have also reinvestigated [Cu(Lz)](ClO4)2 2 [37] stabilized by
ligand L2,

2. Experimental section
2.1. Material and methods

All reagents used for synthesis and reactivity studies were purchased
from commercial sources and used without further purification. The
solvents were distilled and dried under N, atmosphere before their use.
The infrared (IR) spectra were recorded on Shimadzu (IR-Prestige-21)
FTIR spectrometer by diluting the compounds in KBr powder in the re-
gion of 4000-400 cm ™. The C, H and N analyses was carried out using
Elementar Variomicro Cube CHNS Analyser. Thermogravimetric studies
were conducted on a Perkin Elmer Thermogravimetric Analyser (TGA
4000). 1H and '3C-NMR spectra were measured on a Bruker Avance III,
400 MHz, NMR spectrometer using CDCls. The single crystal X-ray
structures of 1 and 2 were determined using Bruker D8 Quest Eco X-ray
diffractometer. Intensity data were collected at room temperature (RT)
using monochromated (MoKa = 0.7107 A) radiation. The program suite
APEX3 (Version 2018.1) was used to integrate the frames, perform ab-
sorption correction, and determine the unit cell. The structures of 1 and
2 were solved with SHELXS., and subsequent refinements were per-
formed with SHELXL [38]. The phase purity of powdered samples was
confirmed using powder X-ray diffraction (PXRD) measurements carried
out on a Bruker D8 Advance X-ray diffractometer using Cu ky,. (A =
1.5406 A) with a nickel filter. The UV-Vis spectra were recorded on
Agilent diode array 8453 UV-Vis spectrophotometer. The electrospray
ionization mass spectra (ESI-MS) of 1 and 2 in CH3CN were recorded
using Applied Biosystem Matrix-assisted Laser Desorption Ionization
Time-of-flight (MALDI-TOF) spectrometer. The X-band EPR measure-
ments were performed on a JEOL X-band spectrometer (JESFA100). The
field-dependent magnetic studies were performed between 5 and 300 K
under an applied field of 100 Oe (M-T) with SQUID magnetometer,
Cryogenic Limited.

2.2. Synthesis of L' and 12

Ligand L! was synthesized by methylation of the reported L2 [37].
The ice-cold aqueous solution of 12 (3 g, 9.5 mmol) was combined with
formaldehyde solution (37%, 22.0 mL) and formic acid (85%, 15.0 mL)
and refluxed for ~ 24 h. An aqueous NaOH (2.0 M) was added until the
pH was above 12. A brown oil was extracted with three 30 mL aliquots of
chloroform and dissolved in HCI solution (pH ~ 1). The acidic mixture
was basified with aqueous NaOH, and the reddish-brown product L! was
then extracted with six 20 mL aliquots of diethyl ether. The yield of L!
was 2.7 g (7.59 mmol) 79%. Anal. Calc. for (Ll) C21H33N5 (%): C, 70.95;
H, 9.36; N, 19.70. Found: C, 70.04; H, 8.95; N, 19.03. IR (KBr, cm’l):
3007-2895 v(CH); 'H NMR (CDCls, ppm): & 8.54 (d, 2H, J = 4.8 Hz),
7.65 (t,2H,J=7.6 Hz), 56 7.42 (d, 2H, J = 8.0 Hz), § 7.15 (t, 2H, J = 6.0
Hz), § 3.64 (s, 4H), § 2.44 (t, 4H), § 2.36 (t, 4H), 5 2.24 (s, 6H), 5 2.20 (s,
3H), 8 1.70 (qui, 4H),'3C NMR (CDCls, ppm): § 159.4, § 149.0, 5 136.4, §
123.0, 8 121.9, § 63.9, 5 55.9, § 55.6, 5 42.4, § 42.2, § 25.1.

The synthesis of L2 was reported elsewhere, followed with modifi-
cations [39]. A solution of bis(3-aminopropyl) amine (1.8 g, 14.0 mmol)
in ethanol (5 mL) was added dropwise to a solution of
pyridine-2-carboxaldehyde (3.0 g, 28.0 mmol) in ethanol (15 mL) and
refluxed, with stirring, for ~ 5 h. The mixture was cooled to room
temperature and evaporated under reduced pressure to produce semi-
solid imine. The imine was redissolved in ice-cold methanol (20 mL) and
to this solution NaBH4 (0.48 g, 12.8 mmol) was added slowly, after
which the mixture was stirred overnight. The solvent was then removed
under vacuum, and the distilled water (20 mL) was added to the crude
product flask. Yellow viscous oil of L2 was extracted with three 30 mL of
ethyl acetate. The yield of L2 was 3.6 g (11.48 mmol) 85%. Anal. Calc. for
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(12) C18H27N5 (%): G, 68.97; H, 8.63; N, 22.34. Found: C, 68.26; H, 8.45;
N, 21.92. IR (KBr, cm™1): 3298 v(NH); 3053-2816 v(CH).

2.3. Synthesis of [Cu(L)](ClO4)2 (1)

A solution of L! (0.48 g, 1.37 mmol) in acetonitrile (5 mL) was added
slowly to the stirring solution of Cu(ClO4)2:6H20 (0.5 g, 1.37 mmol) in
acetonitrile (2 mL) at room temperature. The mixture was stirred for ~
8 h. Diethyl ether (10 mL) was added to the resulting dark blue color
solution, and the mixture was kept undisturbed for crystallization. The
blue crystals formed after two days were isolated by filtration and dried
in the air. The yield of 1 was 0.64 g (1.03 mmol) 77.0%. Anal. Calc. for
(1) Cy1 H3s Cly Cu N5 Og (%): C, 40.82; H, 5.38; N, 11.33. Found: C,
40.58; H, 5.05; N, 11.95. IR (KBr, cm_l):300772895 v(CH); 1093, 621
v(ClOy); UV-Vis data, Apax, CH3CN/nm (e/dm® mol! em™!): 275
(2665) and 610 (45).ESI-MS: m/z = 209.1 (calc. 209.1) for [Cu(L})]**
and m/z = 517.0 (calc. 517.0) for [Cu(Ll)(CIO4)]+.

2.4. Synthesis of [Cu(L?)](ClO4)2 (2)

[Cu(LZ)](CIO4)2(1) was synthesized with a modification of the re-
ported procedure [37]. A solution of 1.2 (0.42 g, 1.37 mmol) in aceto-
nitrile (5 mL) was added slowly to the stirring solution of Cu
(ClO4)2:6H20 (0.5 g, 1.37 mmol) in acetonitrile (2 mL) at room tem-
perature. The mixture was stirred for ~8 h. Diethyl ether (10 mL) was
added to the resulting dark blue color solution, and the mixture was kept
undisturbed for crystallization. The blue crystals formed after two days
were isolated by filtration and dried in the air. The yield of 2 was 0.62 g
(1.07 mmol) 80%. Anal. Calc. for (2) C1g Ha7 Cly Cu N5 Og (%): C, 37.54;
H, 4.73; N, 12.16. Found: C, 37.10; H, 3.95; N, 12.23. IR (KBr,
em1):3217 v(NH); 3053-2816 v(CH); 1093, 621 v(ClO4); UV-Vis data,
Amax CH3CN/nm (e/dm® mol™! em™): 280 (2722) and 690 (75).
ESI-MS: m/z = 188.0 (calc. 188.0) for [Cu(L?)]?* and m/z = 475.1 (calc.
475.1) for [Cu(L?)(ClO4)]™.

Caution! Although we have not experienced any issues, perchlorate salts
are potentially explosive and should be handled in small quantities and with
extreme care.

2.5. Catalytic oxidation of 2-aminophenol (OAP) and 3,5-di-tert-butyl-
catechol (3,5-DTBC)

Compounds 1 and 2 were tested in the oxidation of model substrates
2-aminophenol (OAP) and 3,5-di-tert-butylcatechol (3,5-DTBC). In a
typical catalytic reaction, the compound (1 x 10~% dissolved in
dioxygen-saturated methanolic solution was reacted with OAP (1 x
107%) at 25 °C for 2 h. The time dependent reaction progress was
monitored using UV-Vis spectrophotometer. After two hours, the
evaporation of the solvent yielded a reddish-brown residue which was
then infused on Shimadzu GC 2014 equipped with HP capillary column
(30 m x 0.25 mm x 2.5 pM) and an FID detector using methanol as
eluent. The oxidation of 3,5-DTBC was examined spectrophotometri-
cally by reacting 100 equivalents of 3,5-DTBC with catalyst (1 x 10~ in
methanol for two hours. The quinone was purified by column chroma-
tography using a 10% mixture of ethyl acetate and hexane as eluent.

3. Results and discussion
3.1. Synthesis and characterization of ligands

We have reported the synthesis of a new pentadentate N-methylated
pyridyl amine ligand L! prepared from the non-methylated precursor L
via the Eschweiler-Clarke reaction (Scheme 1) [40]. The ligand L was
characterized by 'H and '3C NMR spectroscopy (S, Figs. $1-S3). Martell
and co-workers first synthesized the bis-pyridine ligand L? in 1978,
wherein the Schiff base was subsequently hydrogenated with a palla-
dium catalyst. A similar diimine reduction method with Zn has also been
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Scheme 1. Synthetic route for preparation of L!, 1% 1 and 2.

reported [41]. In the current work, we have synthesized L2 starting from
its diimine precursor, followed by the standard NaBH4 reduction
(Scheme 1). IR spectra of ligands L' and L2 were recorded in the region
4000 — 400 cm™ L. The overlaid IR spectra (SI, Fig. S4) show features
attributed to the ligands and compound formation. The IR spectrum of
L2 exhibits N-H stretching vibration in the region 3290-3350 cm !,
while similar peaks were not observed in the IR spectrum of methylated
analog L. Medium-to-weak absorptions observed between 2890 and
3040 cm ™! were characteristic of C-H stretching vibrations of organic
ligands [42].

3.2. Synthesis and spectroscopic characterization compounds 1 and 2

Compounds 1 and 2 were synthesized by reacting L' and L2 with
equimolar concentrations of Cu(ClO4)2.6H20 in acetonitrile, respec-
tively (Scheme 1). The slow diffusion of diethyl ether in acetonitrile
solution yielded crystals suitable for single-crystal X-ray diffraction. In
the reported literature, compound 2 was prepared by refluxing in
ethanol [37]; however, we carried out the reaction at room temperature
using acetonitrile. Compounds 1 and 2 were formulated as [CuLbH]
(Cl04)2 (1) and [Cu(Lz)](C104)2 (2) based on various characterized
techniques such as C, H, N analysis, thermogravimetric analysis, IR,
UV-Visible spectroscopy and ESI-MS. The crystal structure of 1 was
obtained using single-crystal X-ray diffraction. We have reinvestigated
the crystal structure of 2 [37] to compare the structural differences with
1 in terms of the t5 parameter. In addition, for the first time, we have
also focused on phenoxazinone synthase and catecholase activity by
these compounds. The bands due to O-H vibrations are absent in the IR
spectra of compounds 1 and 2, indicating the absence of water mole-
cules, thus giving the first hint of pentadentate coordination with copper
(II). Compound 2 showed N—H stretching vibration in the region
3290-3350 cm~! due to incorporating L2 In both 1 and 2, the
well-resolved absorption bands at ~ 1090 cm™* and ~ 620 cm™! are
observed for uncoordinated perchlorate anions [43,44] (SI, Fig. S4).

UV-Vis spectra for compounds 1 and 2 were recorded in CH3CN. The
pentadentate ligand-based Cu(II) compounds with a typical square py-
ramidal geometry exhibit dy;, dry—d,> transition bands in the 550-670
nm region, i.e., a high-energy peak with a low-energy shoulder. The
intense band observed in the high energy region are assigned to the Cu
(ID-pyridine charge transfer band (260-315 nm) [45]. The weaker d-d
bands observed in the 500-1000 nm region and their patterns can sug-
gest the exact nature of pentacoordinate geometry [46,47]. The
high-intensity band at ~ 610 nm and shoulder at ~ 850 nm could be

attributed to the effects of distortion in compound 1. A broad band
centered at ~690 nm in compound 2 indicates a significant distortion
(SI, Fig. S5).

3.3. ESI-Mass spectrometry

Electrospray mass spectra (ESI-MS) of compounds 1 and 2 were
studied in acetonitrile. ESI-MS spectrum of 1 exhibits mass peaks at m/z
= 209.1 for [Cu(L»)]1?*" and m/z = 517.0 for [Cu(Lz)(CIO‘;)]Jr fragments
(SL, Fig. S6a). On the other hand, the ESI-MS spectrum of 2 exhibits two
major mass peaks at m/z = 188.0 and m/z = 475.1, which can be
assigned to [Cu(LD)]?>" and [Cu(L})(ClO4)]" species, respectively (S,
Fig. S6b).

3.4. Crystal structure and geometrical analyses of 1 and 2

Single crystals of [Cu(Ll)](C104)2 1 and [Cu(Lz)](ClO4)2 2 suitable
for structure determination were obtained by slow diffusion of diethyl
ether into the CH3CN solution of the respective compounds. Our CSD
search indicated that the crystal structure of 2 was earlier reported [37].
However, for comparing the crystal structure data of 1, we have rein-
vestigated the crystal structure of compound 2 prepared by our method.
The summary of technical details of data acquisition and selected

Table 1
Selected bond lengths (10%) and angles (°) for 1 and 2.

Compound 1

Cu(1)-N(1) 2.064(4) Cu(1)-N(4) 2.067(4)
Cu(1)-N(2) 2.302(4) Cu(1)-N(5) 2.042(4)
Cu(1)-N(3) 2.088(4)
N(5)-Cu(1)-N(1) 91.47(16) N(5)-Cu(1)-N(4) 80.64(17)
N(1)-Cu(1)-N(4) 162.05(16) N(5)-Cu(1)-N(3) 169.90(17)
N(1)-Cu(1)-N(3) 91.62(16) N(4)-Cu(1)-N(3) 93.64(17)
N(5)-Cu(1)-N(2) 96.28(16) N(1)-Cu(1)-N(2) 79.39(15)
N(4)-Cu(1)-N(2) 117.31(15) N(3)-Cu(1)-N(2) 93.74(17)
Compound 2
Cu(1)-N(1) 2.017(2) Cu(1)-N(2) 2.023(2)
Cu(1)-N(3) 2.028(2) Cu(1)-N(5) 2.032(2)
Cu(1)-N(4) 2.225(2)
N(1)-Cu(1)-N(2) 82.97(9) N(1)-Cu(1)-N(3) 153.78(10)
N(2)-Cu(1)-N(3) 91.94(10) N(1)-Cu(1)-N(5) 93.25(8)
N(2)-Cu(1)-N(5) 175.72(9) N(3)-Cu(1)-N(5) 92.34(10)
N(1)-Cu(1)-N(4) 106.05(9) N(2)-Cu(1)-N(4) 98.62(9)
N(3)-Cu(1)-N(4) 100.14(10) N(5)-Cu(1)-N(4) 80.47(9)
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refinement results for 1 and 2 are given in SI, Table S1. At the same time,
the desired bond lengths and angles are provided in Table 1 for 1. Both
compounds 1 and 2 crystallize in the centrosymmetric monoclinic space
group P2;/n with all the atoms located at general positions. An asym-
metric unit of 1 and 2 is made up of one unique Cu(Il) ion, a discrete
pentadentate ligand (L' in 1; L? in 2), and two independent perchlorate
ions. The independent perchlorate anions balance the charge neutrality
of the cationic core without coordinating with the Cu(Il) ion. Despite of
apparent resemblance in their asymmetric unit, they show different
coordination geometries due to changes at N-donor. Crystallographic
analysis of compound 2 revealed it to be identical to the previously
published structure [37]. The geometries of five-coordinated metal
compounds lie on a continuum between a square pyramid and a trigonal
bipyramid.

Addison and co-workers clearly defined and quantified this contin-
uum using the geometric parameter 7, according to the equationz = (f —
a)/60, where p > a are the two most prominent coordinate angles [35].
Since such structural parameters were also calculated for
four-coordinate compounds, the symbol © was modified to t5 [48]. For
perfect square pyramidal, ts is O, while it becomes 1.0 for ideal trigonal
bipyramidal geometry; however, Allan and co-workers have also pre-
sented 15 values greater than 1.0 [49,50]. The calculated 75 values for
compounds 1 compared with 2 suggest a significant structural change
induced upon the coordination center by methylation of amine nitrogen
atoms.

In compound 1 (Fig. 1) the equatorial positions of square pyramidal
geometry are occupied by N1, N3, N4, and N5, while N2 occupies the
axial position. The 75 value calculated from the bond angles N5-Cul-N3
(169.90%) and N1-Cul-N4 (162.05°) was found to be 0.13, which in-
dicates a slight divergence from the ideal square pyramidal geometry. In
compound 2, N4 is the apical bond, and the atoms N1, N2, N3, and N5
form the base of the square pyramid. The basal Cu-N bond lengths lie in
the range (2.017-2.032 A), whereas the apical Cu-N4 bond is slightly
longer, 2.225 A, as is typical for SP Cu(Il) geometries (Fig. 2 & Table 1).
Based on the calculation, the two relevant angles f and a. are N2-Cul-N5
(175.72°) and N1-Cul-N3 (153.78°), respectively, which gave 5 = 0.36.
Thus, we can say that 2 has a greater extent of distortion compared to 1.

The oxygen atoms: O1, 02, 03, 04, O5, and O7 of the tetrahedral
(Cl04)” units are involved in C—H---O interactions resulting in an
extended network in compound 1 (Fig. 3 & SI, Table S2). Similarly, the
two unique perchlorate ions in compound 2 display an extensive
network of hydrogen bonding. The predominant intermolecular H-
bonding interactions arising from N3-H6---O4 and N4-H5---0O8, accom-
panied by several C-H---O interactions, renders additional stability to
compound 2 (SI, Table S2). The crystal packing of compounds 1 and 2
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along the a-axis illustrates the arrangement of the cations and anions
into alternating layers (SI Figs. S7, S8).

3.5. X-ray powder diffraction, thermogravimetric, EPR, and magnetic
studies of 1 and 2

We recorded their powder X-ray diffraction patterns to confirm the
phase purity of the crystalline compounds 1 and 2 with that of the bulk
material. The experimental powder pattern of 1 was compared with the
simulated PXRD pattern obtained from single crystal structure data of 1
using Mercury 4.0 software [51]. The experimental and simulated
powder patterns of 1 exactly matched, suggesting that the bulk and
single crystal phase are identical (SI Fig. S9). The evidence for their
purity was further provided by profile fitting of the powder patterns
using the Le Bail method with the help of FullProf software. Similarly,
the experimental and simulated PXRD patterns of 2 matched, thus
confirming the phase purity of 2 in bulk and single crystals (SI Fig. S10).
Pure samples 1 and 2 were used for their characterization and reactivity
studies.

Thermogravimetric (TG) plots of compounds 1 and 2 obtained be-
tween 30 and 400 °C under a nitrogen atmosphere are displayed in SI
Figs. S11, S12. The slight difference in the thermal stability of com-
pounds 1 and 2 can be attributed to the nature of the ligands (L' and 1.9
coordinated with the copper (II) ion. The decrease in weight observed
above 200 °C indicates the absence of lattice water or solvent in its
formula unit and the decomposition of the ligand.

The EPR spectra for Compounds 1 and 2 were recorded as frozen
acetonitrile solutions at 77 K. Both 1 and 2 showed a broad pseudo
isotropic band at 312 mT (SI Fig. S13), with gjsovalues of 2.07 and 2.06,
respectively, and no observable hyperfine structure. Similar observa-
tions were reported for the known square-pyramid compounds [37,
52-54].

The magnetic properties of compound 1 and 2 were studied by
temperature-dependent magnetic susceptibility (yM) measurements on
the finely powdered samples under an applied magnetic field of 100 Oe
in the temperature range of 5 —300 K. The resulting magnetization
(emu/g) vs. temperature plots for compounds 1 and 2 revealed simple
paramagnetic behavior (SI Fig. S14, S15).

3.6. Catalytic activity

As compounds 1 and 2 were phase pure, thermal stable, and struc-
turally different in terms of 75 values, we considered investigating their
enzyme-mimicking properties using 2-aminophenol (OAP) and 3,5-
di-tert-butylcatechol (3,5-DTBC) for phenoxazinone synthase and

Fig. 1. Crystal structure of 1 showing atom labeling scheme. The thermal ellipsoids are drawn at 30% probability level for all the atoms except for the H atoms,

which are shown as spheres of arbitrary radii.
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Fig. 2. Crystal structure of 2 showing atom labeling scheme. The thermal ellipsoids are drawn at a 30% probability level for all the atoms except for the H atoms,

which are shown as spheres of arbitrary radii.

Fig. 3. Hydrogen bonding interactions in 1 (top) and 2 (bottom) with atom labeling scheme of atoms involved in hydrogen bonding.

catecholase activity. The dioxygen-saturated methanolic solutions (1 x
10’4) of 1 and 2 were treated with OAP (1 x 10’3) at 25 °C. The time-
dependent spectrophotometrically studies exhibited a gradual growth of
the signature peak at 432 nm, indicating the formation of

phenoxazinone chromophore [36]. The colorless solution of OAP
changing to intense brown reveal its catalytic oxidation to the corre-
sponding 2-aminophenoxazine-3-one (APX). The oxidation product was
quantified by gas chromatography, and the yields were 73% (+5) and 30
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(£3)% for compounds 1 and 2, respectively (Table 2). The appearance
of a base peak at m/z 213.0 in ESI-MS spectrometry and the 'H NMR
(CDCl3, ppm): 8 7.77 (d, 1H), 6 7.46-7.35 (m, 3H), 5 6.48 (s, 1H), § 6.42
(s, 1H), & 5.13 (br,s, 2H), (SI, Fig. S17) analysis of the product helped in
confirming the formation of APX product. The comparative experiments
without a catalyst do not show significant peak intensity growth at 432
nm under identical conditions. Similarly, under similar catalytic reac-
tion conditions, the oxidation of OAP with copper perchlorate salt was
very slow, and only 10% APX product formed. The reaction mixtures of
1 and 2 with OAP were subjected to EPR and ESI-MS studies to check the
stability 1 and 2 after the end of catalytic reaction. EPR spectra after the
reaction mixtures were found to be the same as that of the parent
compounds 1 and 2 (SI, Fig. S18). ESI-MS of reaction mixtures of 1 and 2
exhibited m/z peaks identical to those observed in the parent com-
pounds (SI, Fig. S6). Both these results suggest that the catalysts 1 and 2
are stable in the solution after the end of reactions.

The kinetic experiments have been performed to understand the
catalytic efficacy of copper (II) compounds 1 (Fig. 4) and 2 (Fig. 5) in the
oxidation of OAP. For this study, a fixed concentration of 1 x 10™* M
solutions of 1 and 2 was reacted with varying substrate concentrations in
methanol to maintain the pseudo-first-order kinetics. All the kinetic
studies were carried out at 25 °C. The experiments were monitored at a
wavelength of 432 nm for a time span of 10 min. The non-linear plot of
the initial rate of a reaction (v,) versus substrate concentration indicates
rate saturation kinetics for both compounds 1 (Fig. 6) and 2 (Fig. 7).

The Michealis-Menten approach was used to analyze the data and
obtain the kinetic parameters like maximum rate of reaction (Vpay),
Michealis binding constant (Kp,), and turnover number (K,¢), which are
listed in Table 3.

Comparing compound 1 with 2, we observed a higher catalytic ef-
ficiency Kea (4.34x10° h™!) for 1 than 2 Key (3.67x10* h™1) in
methanol.

For catecholase activity studies, we have examined the efficiency of
1 and 2 in the oxidation of 3,5-di-tert-butylcatechol (3,5-DTBC). 3,5-
DTBC is known to form a very stable oxidized product 3,5-di-tert-
butyl-o-quinone (3,5-DTBQ) due to low quinone-catechol reduction
potential [55]. The time-dependent spectral changes for a period of 2 h
after the addition of catalyst (1 x 1074 M concentration) and 100
equivalents of 3,5-DTBC in methanol were monitored by UV-Visible
spectroscopy. The growth of the characteristic peak of 3,5- DTBQ at 398
nm in methanol was observed (Fig. 8 & SI Fig. $16), which is due to the
oxidation of 3,5-DTBC in presence of the catalyst (1 and 2) [56]. The
color of the solution gradually turned deep brown that indicated the
formation of 3,5-DTBQ. However, the oxidative conversion of 3,5-DTBC
substrate alone in methanol was found to be negligible. The first-order
catalytic reaction was observed with an initial rate of 2.7 x 107 s7!
for compound 1 and 3.4 x 10> s~ for compound 2.

The 3,5-DTBQ was purified by column chromatography, and the
product was isolated as a solid. The melting point (110 °C) of the iso-
lated o-quinone product was the same as that reported literature [56].
The 'H NMR spectrum in CDCl3 of the isolated o-quinone product same
as reported [56]. The yields for 1 and 2 were 85 (+5) and 35 (+£2)%,
respectively.

Thus, the product yields and reactivity studies of 1 and 2 with OAP
and 3,5-DTBC was clearly visible based on the topology of ligands L1
and L2 in 1 and 2, respectively. In L1 all three N’s are methylated,

Table 2
% vyield of 2-aminophenoxazine-3-one (APX) in phenox-
azinone synthase-like activity.

Compound % Yield (APX)
No catalyst —
Cu(ClO4)»-6H,0 10
Compound 1 73

Compound 2 30
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Fig. 4. The UV-Vis spectral profile exhibiting the growth of phenoxazine band
(432 nm) over time upon addition of 10~3M 2-aminophenol to 10~* M meth-
anolic solution of compound 1 at 25 °C.
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Fig. 5. The UV-Vis spectral profile exhibiting the growth of phenoxazine band
(432 nm) over time upon addition of 10° M 2-aminophenol to 1074 M
methanolic solution of compound 2 at 25 °C.

making it sterically hindered and more reactive; on the other hand, L2
has all three secondary N’s making it topologically a different environ-
ment around the Cu(Il) ion. Ligand topology in various metal com-
pounds has always been a factor in olefin oxidation, C-H activation, and
other oxygenation reactions [57-59].

4. Conclusion

The synthesis and characterization of a new copper(Il) compound
namely, [Cu(LHI(ClO4), 1 stabilized by first time synthesized nonheme
ligand  N’,N°-dimethyl-N’-(3-(methyl(pyridin-2-ylmethyl)amino)pro-
pyD)-N3-(pyridin-2-ylmethyl)propane-1,3-diamine) has been reported in
this work. Compound 2 is also reinvestigated to compare the structural
properties and reactivities with compound 1. Both compounds crystal-
lize in a centrosymmetric space group P2;/n and adopt a distorted
square-pyramidal geometry with different distortion parameter values,
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Fig. 6. Plot of rate vs [OAP] in the presence of 1 in methanol.

84 ]
64
TU}
g
o
=
=
04
T T T T T T T T
0 2 4 6 8 0 12 14 16

3
10°[OAP] (M)
Fig. 7. Plot of rate vs. [OAP] in the presence of 2 in methanol.
Table 3

Kinetic parameters comparison for phenoxazinone synthase-like activity of
compounds 1 and 2.

Compound Vinax (Ms™) Km (M) Keat (A1)
1 10.21x10°* 2.62x107* 3.67x10*
2 12.06x1073 2.05x107° 4.34x10°

T5= 0.13 and 0.36 respectively for 1 and 2. Thus geometry of 1 is closer
to a square-pyramid. The phenoxazinone synthase and catecholase-like
mimicking reactivities of 1 and 2 were studied by using OAP and 3,5-
DTBC. The ligand topology of L! and L% has shown influence in the
reactivity of 1 and 2.

Supplementary Material

The supplementary material file contains additional figures
(Fig. S1-S12) and table (Table S1). The crystal cif structure data and
checkeif of compounds 1 and 2 are also given in supplementary material.
CCDC No. 2244555 (1) and 2244556 (2), contains the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via http://www.ccdc.cam.ac.uk/-conts/retrieving.html (or from
the Cambridge Crystallographic Data centre, 12, Union Road, Cam-
bridge CB2 1EZ, UK; fax: +44 1223 336033).
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Fig. 8. The UV-Vis spectral profile showing an increase of 3,5-DTBQ band at
398 nm on addition of 100 equivalents of 3,5-DTBC to the solution of 1
in MeOH.
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Ligand Backbone Influenced Luminescent Properties of
Mononuclear Zn(ll)-N3Py2 Compounds: Synthesis,
Structures and Nitroaromatics Detection

Jeffrey L. Viegas,™® Vishnu R. Chari,” and Sunder N. Dhuri*®

Mononuclear Zn(ll) compounds, [Zn(L"](ClO,), (1) and [Zn-
(L)1(CI0,), (2), embedded with ligands, L'=N'-(pyridin-2-yl-
methyl)-N*(2-((pyridin-2-ylmethyl)amino)ethyl)ethane-1,2-dia-

mine and L>= N'~(pyridin-2-ylmethyl)-N°~(3-((pyridin-2-
ylmethyl)amino)propyl)propane-1,3-diamine are synthesized.
Compound 1 is revisited, and structure-function relation is
compared with new compound 2. Single crystal X-ray analysis
revealed that compound 1 crystallizes in the tetragonal non-
centrosymmetric P4, space group while 2 crystallizes in a
centrosymmetric monoclinic space group P2,/c. The asymmetric
unit consists of a crystallographically independent [Zn(L")]**
cation in 1 while [Zn(L3)]*"cation in 2 and two unique
perchlorate anions in both. IR spectra of 1 and 2 confirmed the
vibrations due to organic ligands and tetrahedral perchlorates.

1. Introduction

Sustainable development has significantly stimulated chemists
to design new tools for the selective detection of hazardous
materials. The utilization of nitroaromatic compounds (NACs) as
explosive substances has aroused widespread concern for
human health, national security, and the environment in recent
years."™ There are several NACs such as nitrobenzene (NB), p-
nitrotoluene (p-NT), o-nitrotoluene (o-NT), p-nitrophenol (p-NP),
o-nitrophenol (0-NP), 2,4-dinitrophenol (DNP) and 2,4,6-trinitro-
phenol (TNP) which are widely used in the industry. TNP is
known for its high explosivity rate, thus making it a superior
choice for use in destruction over other NACs." The larger use
and higher solubility in water of TNP has led to severe,
catastrophic contamination in water bodies. Therefore, the
rapid detection of NACs in aqueous effluents has become a
highlighted topic of research.”® The portability and sensitivity
of optical approaches involving fluorescent probes have
garnered significant interest despite many other techniques
being well-known in the literature.”'¥ The luminescent proper-
ties of the probes mainly depend on the structure, the electron-
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PXRD confirmed the phase purity of powdered samples
compared with theoretical PXRD patterns obtained from single-
crystal X-ray diffraction data. NMR and ESI-MS data suggested
the phase purity and stability of compounds 1 and 2 in solution.
Photoluminescence properties of compounds 1 and 2 have
been investigated, considering their application in sensing
explosive nitroaromatic compounds. Our results suggest that
compound 1 is very selective in the chemical sensing of
trinitrophenol (TNP) and dinitrophenol (DNP) in an aqueous
medium compared to the reactivity of compound 2. The
existence of spectral overlap in the absorption spectra of 2,4-
dinitrophenol (DNP) and 2,4,6-trinitrophenol (TNP) with the
emission spectrum of 1 or 2 indicates the operation of the
resonance electron transfer (RET) mechanism.

rich nature of the aromatic ligand, and the metal center.'*™

The sensing ability by quenching the fluorescence is generally
realized by transferring the photoexcited electrons from an
electron-rich probe to the electron-deficient analytes."®

The compounds of non-transition metals, such as Zn**and
Cd*", exhibit prominent luminescence over other transition
metals, thus making them useful in OLED devices and various
emitting appliances. Armaroli et al. has well-documented the
luminescent properties of zinc, cadmium, and other metal
compounds in their recent review.'”! A slight modification to
ligand topology in Zn(ll) compounds has led to improved
stability, enhancement in emission intensity, and changes in
emission energies. The mononuclear Zn(ll) compounds of
varying denticity N-donor ligands have been discovered to
exhibit photoluminescent properties."®'® Several Zn(ll) com-
pounds with varying ligands have been reported as sensors in
detecting hazardous NACs.**? The topologically diverse
aliphatic coordination polymers of zinc and cadmium encapsu-
lated with dipyridylamine ligand have shown the “turn-off”
luminescence ability in sensing NACs.*¥ The ladder-type
coordination polymer of cadmium exhibited luminescent prop-
erties, which were effectively used in nitroaromatic sensing at
very low concentrations.””” A 3D metal-organic framework of
cadmium has been reported in the detection of potential NAC
pollutants.” The zinc and cadmium compounds of salen-type
ligands have been well studied due to their ability to detect
nitroaromatics via turn-off fluorescence response.”” The hydro-
thermally synthesized 2D, 3D topological cadmium cyclohex-
yldicarboxylate with co-ligand bis(4-pyridylmethyl)piperazine
has been sensibly used in nitroaromatic quenching.”® The

© 2024 Wiley-VCH GmbH
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topological changes in coordinating ligands were experienced,
altering the properties of zinc and cadmium compounds. The
versatility of multidentate ligands in cadmium carboxylate
coordination polymers has influenced overall structure-function
properties, resulting in the quenching of nitroaromatics.””

The aminopyridine-based multidentate ligands are proven
more acceptable in modern coordination chemistry due to their
reactivity and stability being controlled by a subtle interplay of
electronic and structural properties.®**" In recent times, we
have been continuously making efforts to tune the topology of
multidentate N-donor ligands. This has resulted in a series of
first-row transition metal compounds of amino pyridyl-based
ligands that showed diverse applications ranging from catalysis
to mimicking enzymes?3¥ We have also demonstrated a
significant quenching of NACs using quinoline-based ligands
and N-donor ligand-linked cobalt(ll) succinate compounds in
our recent work.®>*® In continuation to our efforts in showcas-
ing the ligand topological effects in metal compounds on their
various applications, herein, we have synthesized two Zn(ll)
compounds, [Zn(L")](ClO,), (1) and [Zn(L?](CIO,), (2), containing
N'-(pyridin-2-ylmethyl)-N?-(2-((pyridin-2-ylmethyl)amino)ethyl)-
ethane-1,2-diamine (L") and N'-(pyridin-2-ylmethyl)-N?-(3-((pyr-
idin-2-ylmethyl)amino)propyl)propane-1,3-diamine (L% (Chart
1). The effect of extrapolating the carbon chain of ligand L
compared to L' on the photoluminescent properties of Zn(ll)
compounds has been described.

H H
N_(CH2)n_N—(CH2)n

Chart 1: Chemical structures L' and L2 used in this work.

Experimental Section

Material and Methods

Reagents for synthesis and reactivity investigations were bought
from commercial sources and did not require further purification.
The solvents being used were distilled and dried in a N, environ-
ment before use. Ligands L' and L* were prepared following our
recent reports.?** Infrared (IR) spectra were recorded on the
Shimadzu (IR-Prestige-21) FTIR spectrometer by diluting the com-
pounds in KBr powder in the 4000-400 cm™' region. C, H and N
content were obtained using Elementar Variomicro Cube CHNS
Analyser. Single crystal X-ray structures of 1 and 2 were determined
using Bruker D8 Quest Eco X-ray diffractometer. Intensity data were
collected at room temperature (RT) using monochromated (MoKa =
0.7107 A) radiation. The program suite APEX4 (Version 2021.10-0)
was used to integrate the frames, perform absorption correction,
and determine the unit cell. The structures were solved with
SHELXS, and subsequent refinements were performed with
SHELXL.®” The phase purity of powdered samples was confirmed
using powder X-ray diffraction (PXRD) measurements carried out on
a Bruker D8 Advance X-ray diffractometer using Cu k,, (A=
1.5406 A) with a nickel filter. The solution state fluorescence spectra
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were recorded on the Cary Eclipse fluorescence spectrophotometer.
'HNMR spectra were recorded on a Bruker Avance lll, 400 MHz,
NMR spectrometer using D,0. The electrospray ionization mass
spectra (ESI-MS) of 1 and 2 were recorded using Shimadzu LCMS-
2020.

Syntheses of the Zn(ll) Compounds

Synthesis of [Zn(L1)](CIO,), (1)

Compound 1 was prepared by slowly adding L' (0.38 g, 1.34 mmol)
in acetonitrile (5mL) to the stirring CH;CN solution of Zn-
(Cl0,),.6H,0 (0.59g, 1.34 mmol) (2 mL) at room temperature. The
mixture was stirred for ~ 5h. The reaction mixture afforded a
colorless crystalline solid upon adding diethyl ether (10 mL). The
slow diffusion of diethyl ether into the CH,CN solution of 1 resulted
in white transparent crystals suitable for single crystal x-ray
diffraction analysis. The yield of compound 1 was 0.60g
(1.09 mmol) 82%. Anal. Calc. for (1) C,¢H,3Cl,ZnN;Og (%): C, 34.96; H,
4.22; N, 12.74. Found: C, 34.35; H, 4.10; N, 12.43. IR (KBr, cm™'): 3296
v(NH); 2980-2883 v(CH); 1078, 619 v(ClO,). ESI-MS: m/z=448.15
(Calc. 488.07) for [Zn(L")(CIO)] ™.

Synthesis of [Zn(L2)](CI04)2 (2)

As mentioned for 1, a similar methodology was used by reacting L*
(0.42 g, 1.34 mmol) instead of L' to afford colorless crystals of 2.
The yield of 2 was 0.69g (1.19 mmol), 89%. Anal. Calc. for (1)
CysHy,CLZNNLO; (%): C, 37.42; H, 4.71; N, 12.12. Found: C, 37.54; H,
4.37; N, 12.25. IR (KBr, cm™"): 3298 v(NH); 2950-2872 v(CH); 1064,
619 v(CIO,). '"HNMR (D,0, ppm): & 8.47 (d, 2H), § 7.95 (t, 2H), & 7.44
(m, 4H), 6 4.27-3.84 (m, 4H), 6 3.19-2.42 (m, 8H), 6 1.81-1.71 (m,
4H). ESI-MS: m/z=476.15 (Calc. 476.15) for [Zn(L?)(CIO,)]".

Caution! Although we have not experienced accidents, perchlorate
salts are potentially explosive in dry states and should be handled in
small quantities and with extreme care.

Photophysical Studies

The photoluminescence properties of compounds 1 and 2 were
investigated in the aqueous solution at room temperature. The
excitation wavelength was fixed to 370 nm with slit widths (for
both excitation and emission) of 10 nm. The experiments were
recorded on a Xe flash lamp technology-based Cary Eclipse
Fluorescence Spectrophotometer (G9800 A) from Agilent Technolo-
gies. In a typical experiment, a 2 mM / 2 mL aqueous solution of 1
or 2 was placed in a 1 cm quartz cuvette, and emission spectra
were recorded. For fluorescence sensing titrations of 1 and 2 with
the nitroaromatic compounds (NACs), the emission intensities were
recorded after the incremental addition of 1 mM NAC solution.

2. Results and Discussion
2.1. Synthesis of Ligands and Compounds 1 and 2

Ligands L' and L* (Chart 1) were prepared from their diamine
precursors, followed by the standard NaBH, reduction as per
our recent reports.*>*¥ The Zn(ll) compounds, [Zn(L")I(CIO,), (1)
and [Zn(LA](ClO,), (2), were synthesized by reacting Zn-
(Clo,).6H,0 with a corresponding CH;CN solution of the
pentadentate ligand (L' and L% in a 1:1 mole ratio (Scheme 1).

© 2024 Wiley-VCH GmbH
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Scheme 1. Synthetic route for preparation of 1 and 2.

Crystals of compounds 1 and 2, suitable for single crystal X-ray
diffraction analysis, were obtained by slow diffusion of
diethylether into the acetonitrile solution in 5 hr. In contrast, in
the reported method, 1 was obtained by slow evaporation of
aqueous solution after many days.*® We reinvestigated 1 to
compare the influence of increased ligand backbone on the
structural parameters with 2 and study its fluorescence proper-
ties. A single crystal X-ray diffraction technique was used to
determine the spatial structures of 1 and 2. The summary of
crystallographic data and structural refinement results for 1 and
2 are given in Table 1, while the selected bond lengths and
angles for both compounds are listed in Table 2. Elemental
analysis of 1 and 2 was consistent with the structural
composition obtained from single-crystal X-ray diffraction
studies.

2.2. Crystal structures of 1 and 2
2.1.1. Crystal Structure of [Zn(L')](CIO,), (1)

Single-crystal X-ray diffraction analysis revealed that compound
1 crystallizes in the tetragonal non-centrosymmetric P4, space
group. The asymmetric unit is built from one crystallographi-
cally independent [Zn(L")]**cation and two perchlorate anions
(Fig. 1, SI Fig. S1). A unique Zn(ll) cation is coordinated by the
two N atoms of the flexible pyridyl moiety and three N atoms of
the symmetric secondary amine backbone, leading to a five-
coordinated square pyramidal geometry. The atoms N1, N2, N3,
and N5 formed the base of the square pyramid, while N4
occupies the apical position. The pyridyl nitrogen atoms are
disposed syn to one another. A careful inspection of bond
lengths reveals that Zn-N, bond lengths lie in the range
2.125(3)-2.135(3) A, which are slightly shorter than Zn-N,.e
bond distances (2.146-2.148(3) A) due to the hybridization of
sp® pyridine and sp® amine nitrogens.®? The distortion in
coordination geometry around the Zn(ll) center can be
determined by calculating Addison parameter (t;) using the
equation 7= (f — a)/60, where B and « are the two most
prominent coordinate angles.*** The calculated Addison
parameter, t;=0.07, suggested a slight distortion in the square
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Figure 1. Crystal structure of 1 showing atom labeling scheme. The thermal
ellipsoids are drawn at a 30% probability level for all the atoms except for
the H atoms, which are shown as spheres of arbitrary radii.

pyramidal geometry of 1. It is observed that the bond angles of
N(1)-Zn(1)-N(3) (157.69°) and N(5)-Zn(1)-N(2) (162.09°) are less
than expected 180° in square pyramidal geometry. The
perchlorate anions play a significant role in building the
supramolecular architecture through its oxygen atoms (02, O3,
04, and 07), which are involved in non-covalent H-bond
interactions (Fig. 2). The predominant intermolecular hydrogen
bonds between N-H:--O and C—-H:--O renders additional
stability to the crystal structure of 1. Selected non-covalent H-
bonds are summarized in Table 3. The crystal packing of 1
viewed along the ‘ab’ plane (Sl Fig. S2) illustrates the intercala-
tion of perchlorate counterions with the cation species [Zn-
(L1)]2+-
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Theta range for data 2.305 to 28.277 2.619 to 28.322°

collection (°)

Completeness to 100.0 99.8

theta

Index ranges —-11<h<11 —18<h<18
—11<k<11 —11<k<11
—37<1<37 —27<1<26

Reflections collected 43081 168996

Independent reflec- 5439 [R(int)- 5767 [R(int)-

tions =0.0432] =0.0302]

Full-matrix least-
squares on F?

Full-matrix least-
squares on F?

Refinement method

Absorption correc- Semi-empirical Semi-empirical

tion from equivalents from equivalents

Data/restraints/pa- 5439/1/289 5767/0/288

rameters

Goodness-of-fit on 1.052 1.066

FZ

Final Rindices R1=0.0289, R1=0.0913,

[1>2sigma(l)] wR2 =0.0665 wR2=0.2346

R indices (all data) R1=0.0367, R1=0.0949,
wR2=0.0690 wR2=0.2380

CCDC No. 2309423 2309424

2.1.2. Crystal Structure of [Zn(L?)](CIO,), (2)

The geometrically-related ligand L with a six-carbon secondary
amine backbone rather than a four-carbon secondary backbone
amine containing L' was synthesized and metallated with zinc
perchlorate to afford compound 2. The topology of the ligands
L' and L* has led to interesting structural changes in [Zn-
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Table 1. Crystal data and structure refinement parameters for 1 and 2. Table 2. Selected bond lengths (A) and angles (°) for 1 and 2.
Empirical formula Ci6 Hy; Cl, Zn N5 Og Cyg Hy; Cl, Zn Ns Og Compound 1

@ @ Zn(1)-N(5) 2.125(3) Zn(1)-N(1) 2.135(3)
Ir::czlnjlt;la weight (g 549.68 577.74 Zn(1)-N(@) 2.147(3) Zn(1)-N3) 2.14803)
Temperature (K) 150 150 Zn(1)-N@2) 2.146(3)
Wavelength A) 0.71073 071073 N(5)-Zn(1)-N(1) 94.94(12) N(5)-Zn(1)-N(2) 162.09(11)
Crystal system Tetragonal Monoclinic N(D-Zn(1)-N) 78.13(11) NG)}-Zn(1)-N(4) 7849(11)
Space group Pa, P2,/c N(2)-Zn(1)-N(4) 118.76(12) N(5)-Zn(1)-N(3) 107.24(12)
a () 8.8375(5) 13.6348(7) N(1)-Zn(1)-N(3) 157.69(11) N(2)-Zn(1)-N(3) 81.27(11)
b(A) 8.8375(5) 8.4280(4) N(4)-Zn(1)-N(3) 82.63(11) N(1)-Zn(1)-N(4) 99.85(11)
ch) 28.034(2) 20.3603(10) Compound 2
a (%) 90 920 Zn(1)-N(3) 2.043(3) Zn(1)-N(1) 2.090(5)
B 90 97.136(2) Zn(1)-N(4) 2.118(5) Zn(1)-N(5) 2.165(5)
v (°) 90 90 Zn(1)-N(2) 2.174(5)
Volume (A% 2189.5(3) 2321.6(2) N(3)-Zn(1)-N(1) 123.8(3) N(3)-Zn(1)-N(4) 102.0(3)
V4 4 4 N(1)-Zn(1)-N(4) 134.0(18) N(3)-Zn(1)-N(5) 100.2(3)
Calc. Density (mg/ 1.668 1.653 N(1)-Zn(1)-N(5) 95.3(2) N(4)-Zn(1)-N(5) 79.1(2)
m’) N(3)-Zn(1)-N(2) 93.6(3) N(1)-Zn(1)-N(2) 77.8(19)
Absorption coeffi- 1420 1344 N(@4)-Zn(1)-N(2) 96.8(2) N(5)-Zn(1)-N(2) 166.1(2)
cient (mm™')
F(000) 1128 1192
Diffractometer Bruker D8 Quest Bruker D8 Quest

Eco Eco

(LY1(Clo,), 1 and [Zn(LY](CIO,), 2. The single crystal X-ray
diffraction study of 2 reveals that it crystallizes in a centrosym-
metric monoclinic space group P2,/c. The asymmetric unit
consists of a centrally located Zn(ll) cation, a pentadentated L
ligand, and two crystallographically independent perchlorate
anions (Fig. 3, SI Fig. S3). The carbon atoms C7-C12 and N3 are
disordered over two positions, which are modeled with
occupancies of 0.64 and 0.36 (SI Fig.S4). The Zn—N bond
lengths are similar in both positions, which lie in the range
2.043(3)-2.174(5). The pyridine rings are trans to one another. It
displayed a distorted trigonal bipyramidal arrangement com-
pared to 1, which is confirmed by Addison parameter 1;=0.53
based on two relevant angles N(5)-Zn(1)-N(2) (166.1°) and N(1)-
Zn(1)-N(4) (134.0°), B and a respectively. Thus, a more
significant dlstortlon was observed from square pyramidal to
trigonal bipyramidal in compound 2. The non-coordinated
perchlorate ions form weak non-covalent N-H---O interactions
(Table 3, SI Fig. S5). The crystal packing of compound 2 depicts
the arrangement of the cations and anions into alternating
layers along the a-axis (S| Fig. S6).

2.2. IR spectra, PXRD, ESI-MS, and '"HNMR

The IR spectra of compounds 1 and 2 (S| Fig.S7) exhibit
moderately strong peaks in the 3290-3298 cm™' range, as-
signed to the N—H stretching vibrations arising from L' and L*
respectively. In addition, a sharp peak due to pyridyl C=N
stretching is observed between 1605-1608 cm™'. A robust,
intense absorption band in the range of 1063-1079 cm™' is
assigned to the stretching frequencies of [CIO,]” ions. The

involvement of hydrogen bonding of perchlorate ions in the

© 2024 Wiley-VCH GmbH
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Figure 2. Hydrogen bonding interactions in 1 with atom labeling scheme of atoms involved in hydrogen bonding.

Table 3. Hydrogen bonding parameters for 1 and 2.
D-H---A D-H/A H---A/A D---A/A D-H---A/° Symmetry code
1
N2-H2-.-07 0.980 2115 3.055 160.11 XY, 2
N3-H3-.-04 0.980 2,019 2,978 165.45 X Y, 2
N4-H4...02 0.980 2.428 3.233 139.15 xy+1,z
N4-H4.-03 0.980 2197 3.101 152.87 X y+1,z
C16-H16---05 0.930 2432 3.088 127.54 X Y, 2
2
N3-H3A---05 0.980(0) 2.087(0) 3.059(0) 171.04(0) XY,z
N5-H5B ---04 0.980(0) 2.228(1) 3.17902) 163.25(0) XY, 2
- % crystal lattices leads to splitting or broadening of the band. The
g c‘_z strong band at ~619 cm™ is observed due to the bending
07 b mode of vibration for perchlorate ions.***!
08 &cn Analysis via powder X-ray diffraction confirmed the overall

purity of synthesized compounds 1 and 2. The PXRD patterns of
1 and 2 match the findings from single crystal X-ray diffraction
data generated with Mercury 4.0 software (Fig. 4).1%!

The stability of compounds 1 and 2 in solution was
confirmed by electrospray mass-spectra (ESI-MS), where 1 and 2
exhibits mass peaks at m/z=448.15 (Calc. 488.07) for [Zn-
(LY(Clo ) and m/z=476.15 (Calc. 476.15) for [Zn(L*)(CIO 1"
fragments respectively (SI Fig. $8,59). Compound 2 was further
characterized by "HNMR spectroscopy (Sl Fig. S10).

2.3. Photophysical properties of 1and 2

Compound 1 displayed a prominent peak at 470 nm, whereas
compound 2 showed a strong peak at 460 nm when excited
with a 370 nm wavelength. These emissions are due to the
intra-ligand transitions of m*—n and n—nx* of the ligands L' and
2" Once the distinct emission bands were identified, we
decided to investigate the sensing properties of 1 and 2 with
) ' ' nitroaromatic compounds (NACs). The electron-deficient NACs
e S o o el e T 7 employed in his study were nitrobenzene (VB), o-ntotoluene

the H atoms, which are shown as spheres of arbitrary radii. (0-NT), p-nitrotoluene (p-NT), o-nitrophenol (o-NP), p-nitrophe-
nol (p-NP), 2,4-dinitrophenol (DNP) and 2,4,6- trinitrophenol

ChemistrySelect 2024, 9, €202402704 (5 of 9) © 2024 Wiley-VCH GmbH
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Figure 4. Powder X-ray diffraction patterns for compounds 1 (a) and 2 (b).

(TNP). On addition of aqueous solutions of NACS to the
aqueous solution of 1, quenching was observed at 470 nm. The
emission titration of 1 with TNP is displayed in Figure 5, and the
titration spectra of 1 with remaining NACs are presented in SI
Fig. S11-S16. The fluorescence measurements were carried out
repeatedly, a minimum of three times, to ensure consistent
results. In every instance, adding NACs gradually led to a
significant reduction in the initial fluorescence intensity of 1.
The quenching efficiency (n) was determined using the
equation provided below;

[(lo — 1)/1]x100% (i

where |, and | are the fluorescence intensities before and after
adding the respective NACs. Among all the NACs tested, we
observed that in the case of TNP, the initial emission intensity
was quenched by almost 98% () on adding 200 puL TNP to the
solution of 1. Similarly, on adding DNP (200 pL) to 1, there was

Aem. =470 nm 0

200 ul. TNP

L
=
1

Intensity

T T T
400 430 500 550 00 650

Wavelength (nm)

Figure 5. The decay of fluorescence emission peak of 1 (A, _370 nm) upon
gradual addition of T mM of trinitrophenol (TNP).

ChemistrySelect 2024, 9, €202402704 (6 of 9)

2 theta (degrecs)

about 96% quenching of the emission band at 470 nm. For
other NACs, the emission intensity dropped to 46% for o-NP
and 42 % for p-NP. A very sluggish decay of the emission band
of 1 was observed with NB, o-NT, and p-NT, leading to about
31-36% quenching.

Thus, the quenching efficiency followed the order: NB < o-
NT < p-NT < p-NP <0-NP <DNP <TNP for all tested NACs. The
sensing ability of 1 towards the different NACs is plotted in
terms of their quenching efficiencies (%), as depicted in
Figure 6. Compound 1 showed remarkably higher quenching
efficiency towards dinitro and tri-nitrophenols over other NACs.
The results unambiguously indicated that 1 could be selectively
used as a chemical sensing reagent in detecting TNP and DNP
from an aqueous mixture of other NACs.

Furthermore, the Stern-Volmer (S—V) quenching constant
(Ks,) was determined by analyzing the normalized fluorescence
emission intensity (l,/1) at different quencher concentrations [Q]
using the equation; l/I=1+K,, [Q] where |, and | are the
emission intensities of 1, before and after addition of NACs
respectively, K,, is the quenching constant (M™") and [Q] is the
molar concentration of NACs. The S—V plots of 1 with the NACs
are shown in Figure 7 (Sl Fig. S18). The plots illustrate that the
S—V curves for TNP and DNP followed a straight line at low
concentrations but diverged into a curved shape at higher
concentrations. The quenching constant (K,,) of 1 was obtained
from the slope of the equation line, I/I=1+K,, [Q]. The
quenching constants for TNP and DNP are more significant than
the other NACs used in this work (SI Table S1). This signified the
exclusive quenching ability of TNP and DNP towards lumines-
cent 1 in water, amongst other NACs.*"

Similarly, the fluorescent titrations were performed with
compound 2 in water. Compound 2 exhibited emission at
460 nm upon excitation at 370 nm. On screening 2 with the
NACs mentioned earlier, the best quenching results were
obtained for DNP and TNP. The titration of 2 with TNP is shown
in Figure 8, while the titration with DNP is provided in the
Supporting Information (SI Fig. $17). On calculating the quench-
ing efficiencies (% n), the initial emission intensity of 2 was

© 2024 Wiley-VCH GmbH
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Figure 6. Representation of the quenching efficiency of 1 towards different NACs.
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Figure 7. Stern-Volmer plots for NACs added to 1 in water.
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3. Conclusions
40 Jem — 460 Tin 0 This study investigated structural, spectroscopic and photo-

|

200 pl. TNP

204

Intensity

T T T
440 495 550 605

Wavelength (nm)

Figure 8. The reduction of fluorescence emission of 2 (A, _370 nm) upon
gradually adding 1 mM of 2,4,6- trinitrophenol (TNP).

quenched by 87 % for 200 uL of DNP while 92% after 200 uL of
TNP. Compound 1 exhibits K, values almost twice as high as 2
for TNP and DNP.

To gain more insight into the quenching mechanism
exhibited by compounds 1 and 2, the Stern-Volmer plots were
investigated. It was observed that the TNP and DNP showed a
second-order polynomial fit for the S—V plot, whereas other
NACs showed a linear response. While both 1 and 2 exhibit a
non-linear response to the addition of TNP and DNP, a linear
relationship is observed in the S—V plot at lower concentrations
of the NACs (SI Fig.S19 and S20). Second-order polynomial
fitting for an NAC indicates the presence of static and dynamic
quenching mechanisms in the system.”®

The degree of spectral overlap between the absorption
band of the NACs and the emission band of the compounds
determines the likelihood of the resonance energy transfer
(RET) mechanism for increased quenching. The existence of
spectral overlap in the absorption spectra of TNP and DNP with
the emission spectra of the compound indicates the RET
mechanism for enhanced quenching. In contrast, the remaining
NACs do not exhibit such overlap (SI, Fig S21). As seen (S|, Fig.
S21a), in contrast to the other NACs, which exhibit little to no
spectral overlap, the absorption spectra of TNP and DNP exhibit
significant overlap with the 470 nm emission band of 1.
Consequently, TNP and DNP exhibit higher quenching reactions
in comparison to the remaining NACs. Similarly, on verifying the
spectral overlap concerning 2 (SI, Fig. S21b), there was
considerable overlap between the emission band of 2 with TNP
and DNP, thereby suggesting the practical quenching ability of
2 towards TNP and DNP. However, it was observed that the
adequate overlap was more in the case of 1 as compared to 2.
These observations suggest that 1 demonstrates superior
selectivity towards TNP and DNP sensing over 2, which has a
more extended carbon chain backbone. Thus, the topology of
ligand L' and the structure of compound 1 dominate the
reactivity with nitroaromatic compounds.

ChemistrySelect 2024, 9, e202402704 (8 of 9)

physical properties two Zn(ll) compounds, [Zn(L")1(ClO,), (1) and
[Zn(LA](CIO,), (2). Compound 1 was revisited to understand the
influence of ligand structure on the electronic property of 1 and
compare it with a new compound 2 stabilized by L. The distinct
and noticeable influence of the difference in ligand topology
was seen in the reactivity patterns of 1 and 2 with NAC
substrates. Compound 1 demonstrates superior selectivity
towards sensing of TNP and DNP over compound 2, which has
a longer carbon chain backbone. This has been demonstrated
by the overlap of the absorption band with the emission band,
and the overlap is more prominent in compound 1.

Supporting Information Summary

The supplementary material contains additional figures (Fig-
ure S1-S21) and table (Table S1). The crystal cif structure data
and check if of compounds 1 and 2 are also given in
supplementary material. Crystal structure Deposition Number(s):
CCDC 2309423 (for 1) and 2309424 (for 2), contain(s) the
supplementary crystallographic data for this paper. These data
are provided free of charge by the joint Cambridge Crystallo-
graphic Data Centre and Fachinformationszentrum Karlsruhe
Access Structures service “http://www.ccdc.cam.ac.uk/struc-
tures”.
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A Three-Component Reaction of 4-Hydroxycoumarin,
2-Aminopyridine, and Aryl Aldehydes: Synthesis of Enolate
Salts of 2-Aminopyridinium Biscoumarins

Madhuri M. Gaikwad,@! Santosh G. Tilve,*[@! Jeffrey L. Viegas,'?! Sunder N. Dhuri,?!

Shrikant A. Shete,! and Bhanu Manjunath!®!

Dedicated to Prof. S.K. Paknikar on his 90th birthday on 26-06-2025

Multicomponent reaction (MCR) of aryl aldehydes, 4-
hydroxycoumarin, and 2-aminopyridine gave the corresponding
2-aminopyridinium enolate salts of biscoumarins in the pres-
ence of zirconyl oxynitrate as a catalyst. This differs from other
reports that claim the formation of chromeno([4,3-d]pyrido[1,2-
alpyrimidin-6-ones and 3-[aryl(pyridin-2-ylamino)methyl]-2H-
chromen-2-ones. Spectroscopic methods confirmed the chem-
ical structures of all the novel compounds. Moreover, single-
crystal X-ray diffraction confirms the molecular structure of

1. Introduction

The remarkable medicinal properties displayed by coumarins
and their hybrids have drawn the attention of organic and
medicinal chemists to design their synthesis in more efficient
and greener ways.! Multicomponent reactions (MCRs) have
aided in designing more complex structures with simplicity. 4-
Hydroxycoumarin has been an excellent component with two
reactive positions, the C-4 hydroxyl functionality and the elec-
tron rich C-3 position in MCRs.?! A large variety of hybrid
heterocyclic structures using 4-hydroxycoumarins have been
prepared and tested for their pharmacological activities.!®! One
such fused heterocycle is chromenol4,3-d]pyrido[1,2-alpyrimidin-
6-one. The pathway for the synthesis of this heterocycle is a mul-
ticomponent reaction between aldehyde, 4-hydroxycoumarin
and 2-aminopyridine using an acidic catalyst. The synthesis of
chromeno [4,3-dlpyrido[1,2-alpyrimidin-6-ones has been carried
out using catalysts such as sulfamic acid,'* NiFe,0,@SiO, grafted
di(3-propylsulfonic acid),*'Fe;0,@SiO, functionalized sulfonic
acid,'®! sulfonated rice husk,"”! and ionic liquid [CMMIM][BF, 1.8
The same combination of the three components is also reported
to give 3-[aryl(pyridin-2-ylamino)methyl]-2H-chromen-2-ones in
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the product 2-aminopyridin-1-ium-3((4-fluorophenyl)(4-hydroxy-
2-0x0-2H-chromen-3-yl)methyl)2-oxo-2H-chromen-4-olate. These
salts’ NMR and IR data closely resemble the previously reported
data on chromenol[4,3-dlpyrido[l,2-alpyrimidin-6-ones and 3-
[aryl(pyridin-2-ylamino)methyl]-2H-chromen-2-ones. This study
suggests new structural assignments for previous reports and
proposes a re-examination of the described multicomponent
reaction.

the presence of a catalytic amount of formic acid in acetonitrile
under refluxing conditions!®! (Scheme 1).

Though Lewis acids FeCl;6H,0, ZnCl,, SiO,-FeCl;, MgCl,,
NiCl, 6H,0, SiO,-BFs, AlCl;, Fe(NOs); 6H,0, CaCl,, SnCly, SnCly,
Si0,-ZnCl,, Bi(NO3)3.6H,0, SiO,-MgCl,, SiO,-NiCl,, Zn(NOs), 6H,0,
FeSO,, NiSO,, and SiO,-AlCl; were unable to give any product,
we were interested in using zirconyl oxynitrate'! as a novel cat-
alyst for the synthesis of chromeno(4,3-d]pyrido[1,2-alpyrimidin-
6-ones. A series of fifteen compounds was prepared at room
temperature using ethanol-water as the solvent. The melting
point and spectroscopic data of the synthesized derivatives
matched with those of the reported compounds.*® However,
the disproportionate ratio of protons seen in 'H NMR spectra
did not match the corresponding structures, which intrigued us.
Also, in the BC NMR spectrum, the single sp® carbon appear-
ing at around ~36 ppm, assigned to the allylic carbon next to
nitrogen, baffled us the most. We expected that signal to be
in the range from 60 to 70 ppm. Interestingly, the sp> carbon
in the case of 4-fluorobiscoumarin appears at 35.79 ppm.I'"! This
prompted us to re-examine our compounds’ NMR data as well
as literature data, and carry out further studies to clarify our
doubts.

In-depth spectroscopic studies revealed that the reac-
tion only produced the 2-aminopyridinium enolate salt of
biscoumarin, and not the previously believed chromeno[4,3-
dlpyridol[1,2-alpyrimidin-6-one. Since 4-hydroxycoumarin is very
reactive, there is a favourable chance that the corresponding
biscoumarin will be produced as a byproduct.™

In this study, we report that the MCR reaction between
aldehydes, 4-hydroxycoumarin, and 2-aminopyridine leads
to the formation of 2-aminopyridinium enolate salt of
biscoumarins.

© 2025 Wiley-VCH GmbH
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@ Further optimization studies were carried out using different
NN solvents and catalyst concentrations to get the maximum yield
N of the product (Table 1).
CHO OH Ref. 4-8 O 0o Q Having optimized conditions in hand, we extended this reac-
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Scheme 1. Literature synthesis of chromeno[4,3-d]pyrido[1,2-a]
pyrimidin-6-ones and 3-[aryl(pyridin-2-ylamino)methyl]-2H-chromen-2ones.
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Scheme 2. Optimization of reaction conditions for the synthesis of
chromenol4,3-dlpyrido[1,2-a] pyrimidin-6-one (4a).

2. Results and Discussion

Initially, to synthesize chromeno[4,3-d]pyrido[1,2-a] pyrimidin-6-
one 4a, we undertook the reaction of 4-fluorobenzaldehyde 1a,
4-hydroxycoumarin 2 and 2-aminopyridine 3 in the presence of
10 mol % of zirconyl oxynitrate as the catalyst and 1:1 ethanol-
water as the solvent system (Scheme 2). After 24 h, a white solid
precipitated in the reaction flask was filtered off. The yield of the
product was 52% on assumed structure 4a. The melting point
of this obtained product, which was assumed to be 4a matched
perfectly with the one reported in the literature.!®! The NMR data
of this compound was in agreement with the literature.!*]

tion to other aromatic aldehydes. A series of ten known and
five novel chromenol4,3-dlpyrido[1,2-alpyrimidin-6-ones were
synthesized (Table 2). For the newly synthesized compounds
(Table 2), entries 11-15 were subjected to HRMS studies for further
confirmation. However, in none of these cases we could get the
desired mass for the expected compounds. Instead, the presence
of biscoumarin was confirmed.

This prompted us to relook at the data of all the compounds
and to literature data. It was observed that, all the compounds
showed excess protons in the aromatic region in their proton
NMR spectra. After careful examination of the 'TH NMR spectra of
the obtained products, we concluded that the products formed
in the reaction mixture were 2-aminopyridinium enolate salts of
biscoumarins 5 and not chromenol4,3-d]pyrido[1,2-alpyrimidin-6-
ones 4 (Scheme 3). In the 'H NMR spectrum of the compound
5a, two protons at 17.62 and 13.28 ppm (exchangeable with D,0)
were seen, four protons were merged as a multiplet at 7.94-
7.90 ppm which comprises of two NH, protons (exchangeable
with D,0, Figure S68) and two protons of pyridine ring (¢ &
y protons of pyridine). The phenyl and coumarin ring protons
appeared in the region from 7.52-6.84 ppm. The methine proton
appeared at 6.24 ppm. Initially, the presence of three extra pro-
tons, one of hydroxyl proton and two amino protons indicated
formation of the enolate salt.

However, four exchangeable protons were expected for
the assigned enolate salt, and only three were observed. This
prompted us to rerecord the spectrum, as the hydrogen present
on pyridinium nitrogen could still be downfield than 15 ppm
(the normal scan of a '"H NMR spectrum is up to 15 ppm). As
expected, we could observe one more proton at 17.62 ppm,
which balanced the proton count for the assigned structure of
the salt. We attributed the two exchangeable protons at 17.62

Table 1. Optimization of reaction conditions with respect to solvent and catalyst loading.?)

Entry Solvent Temperature (°C) Reaction Time (h) Catalyst (x mol %) Yield® (%)
1 H,O: EtOH (1:1 v/v) rt. 24 10 52

2 H,O rt. 24 10 53

3 EtOH rt. 24 10 47

4 CH30H rt. 24 10 44

5 IPA rt. 24 10 20

6 CH5;CN rt. 24 10 NR

79 H,O: EtOH (1:1 v/v) rt. 9 15 63

89 H,0: EtOH (1:1 v/v) rt. 75 20 78

99 H,O: EtOH (1:1 v/v) rt. 6 25 83

109 H,0: EtOH (1:1 v/v) rt. 27 81

19 H,0: EtOH (1:1 v/v) 80 4 25 79

3 Reaction Conditions: mixture of 4-fluorobenzaldehyde (1 mmol), 4-hydroxycoumarin (1 mmol), 2-aminopyridine (1 mmol), and catalyst zirconyl oxynitrate
was stirred in 10 mL of the respective solvent at room temperature (r.t.).

b Yields of isolated products based on 4-hydroxycoumarin.

9 Reaction conditions for entries 7-11: mixture of 4-fluorobenzaldehyde (1 mmol), 4-hydroxycoumarin (1 mmol), 2-aminopyridine (1 mmol), and zirconyl
oxynitrate was stirred in 10 mL of 1:1 ethanol-water as a solvent under room temperature/reflux reaction conditions.
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Table 2. Synthesis of substituted chromeno[4,3-d]pyrido[1,2-alpyrimidin-6-ones.?’
Entry Aldehyde Product Time (h) Yield® (%) Melting point (°C)

Observed Reported
1 4F-CgH, 5a 3 76 224-228 224-225[41
2 CeHs 5b 6 83 208-212 211-21214]
3 40CH;-CgHa 5¢ 7 78 220-222 223-225181
4 4CH;3-CgH, 5d 45 87 222-224 225-227!81
5 40H-CgH,4 Se 8 80 156-158 156-158!8]
6 4Br-CgH, 5f 5 76 242-244 240-24214]
7 2F-CgHa 59 5 75 16-118 1n2-1341
8 4Cl-CgHg4 5h 4 80 236-240 236-238!8]
9 2-Furyl 5i 9 77 174-176 1711734
10 3,4-(0OCH3),CsHs 5j 10 75 212-214 215-216[4]
n Piperonal 5k 10 76 228-230 -
2 2,5-(0CH;),CgHs 5| 7 77 220-224 -
13 3-Furyl 5m 12 81 176-180 -
14 2,4,5-(0CH3)3C6H, 5n 45 75 206-208 -
15 2,3-(OH),CgHs 50 7 83 180-182 -
3 Reaction conditions: A mixture of aldehyde (0.5 mmol), 4-hydroxycoumarin (1 mmol), 2-aminopyridine (1 mmol), and zirconyl oxynitrate (25 mol%) was
stirred in 10 mL of 1:1 ethanol-water at room temperature.
b Yields of isolated products based on aldehydes.

Z
/@ ZrO(NOy), CHO
NZ°N (25 mol%)
N
O Q EtOH: H,0
O [0} R (1:1v/v), rt
4a-do la-1o0 2

N ZrO(NOy),
+ | (25 mol%)
= >
NH
?  EtOH: H,0
(1:1v/v), rt
3

Scheme 3. Zirconyl oxynitrate-assisted one-pot synthesis of a 2-aminopyridinium salt of biscoumarins.

and 1326 ppm to the pyridinium hydrogen and the hydroxyl
hydrogen of biscoumarin, respectively. Figure 1 displays the
reported "H NMR spectrum!® of compound 4a and the observed
'H NMR spectrum of compound 5a. While reporting the data
of the compound 4a, there appears to be an error in the pro-
ton count may be because during the integration, a proton
was assigned a value in fraction (0.74). Also, the spectrum does
not display the important downfield exchangeable protons of
biscoumarin and pyridinium N-H.

The IR studies provided further support for the assigned
structure 5a. The IR spectra of all the obtained compounds
showed strong and broad absorption band between 2600 and
3400 cm™, indicating the presence of pyridinium hydrogen, NH,
and OH functional groups (Figure S4), which are unexpected for
the desired compound 4a as it lacks these groups. (Incidentally,
literature references!*®! did provide IR spectra and have these
bands). All this data was taken as evidence that the compound
has been assigned a probably incorrect structure in earlier
reports and that it is the corresponding 2-aminopyridinium eno-

ChemistrySelect 2025, 10, 03672 (3 of 8)

late salt of biscoumarin and not chromeno[4,3 dlpyrido [1,2
alpyrimidin-6-one. Further, in the *C NMR spectrum, the single
sp> carbon appeared at 36.03 ppm, which appears at 35.94 ppm.
It was expected that if the compound formed in the reaction was
4a, the sp? is quite similar to that of 4-fluorobiscoumarin (Figure
§70), in which this carbon would have been observed at 60—
70 ppm due to the inductive effect of the neighbouring nitrogen
atom. Similarly, for all the remaining compounds, the structures
were confirmed as 5b-50 (Figure 2).

Having the optimized reaction conditions in hand, we fur-
ther explored the utility of this three-component reaction for the
series of aliphatic aldehydes and substituted amino pyridines.
Aliphatic aldehydes such as propionaldehyde, butyraldehyde,
heptaldehyde, and iso-valeraldehyde failed to produce desired
enolate salts even after refluxing the reaction for 24 h. Substi-
tuted amino pyridine, such as 4-methyl-2-amino pyridine, also
offered a very low yield of the products.

High-resolution mass spectrometry was performed for
derivatives 5k, 5I, 5m, 5n, and 50, in which the molecular ion

© 2025 Wiley-VCH GmbH
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Figure 1. '"HNMR spectrum of reported compound 4a and enolate salt 5a.

peak for the expected product 4 was not seen at all. Molecu-
lar ion peaks for biscoumarin and 2-aminopyridine were seen
instead (Figures S66 and S67). This showed that these two
molecules combine to form an enolate salt and stay in the
reaction mixture as a single product, and gets separated on the
HPLC column of the LC-MS. In the mass spectrum of derivative
51, which is displayed in Figure 3, notable peaks include the pro-
tonated biscoumarin at m/z 473, the protonated Knoevenagel
intermediate at m/z 311, and 2-aminopyridine at m/z 95.

When the compounds were subjected to the electrospray
ionization mass spectrometry (ESI-MS) via direct injection, the
molecular ion peak corresponding to enolate salt was observed
in case of all fifteen derivatives, thus confirming the formation of
enolate salts.

2.1. Description of the Molecular Structure of 5a in the Crystal

Compound 5a has been characterized by single crystal X-
ray diffraction technique. Compound 5a crystallizes in the
polar monoclinic space group Cc, with all atoms located at
general positions. The asymmetric unit of 5a consists of a
2-aminopyridinium cation intramolecularly H-bonded with a
deprotonated 3,3'-((4-fluorophenyl)methylene)bis(4-hydroxy-2H-
chromen-2-one) (Figure 4). Technical details of data acquisi-
tion and selected refinement results for 5a are summarized in

ChemistrySelect 2025, 10, 03672 (4 of 8)

THNMR of compound 5a

Table S1. The oxygen atoms 02, 04, and 06 of the bis(coumarin)
anion unit are involved in N—H---O interactions with the 2-
amino pyridinium cation, while 06 forms an O—H---O H-bond
with O3, resulting in a supramolecular assembly. The molecular
structure is stabilized by a combination of intra- and inter-
molecular hydrogen bonds, resulting in an extensive network
(Figure 5).

Interestingly, Shemchuk and coworkers!™! have reported the
isolation of such enol salts of bis-N-ethyl-1H-2,1-benzothiazine-
4(3H)-one 2,2-doixide with triethyl amine, DMAP, and DBU during
the attempted MCR reaction of N-ethyl-1H-2,1-benzothiazine-
4(3H)-one 2,2-doixide, ethyl cyanoacetate, and benzaldehydes.

2.2. Reinvestigation of the Selected Published Reports and
Attempted Experiments Toward Synthesis of 4a

To reinvestigate the synthesis of compound 4a, the reaction of
4-fluorobenzaldehyde, 4-hydroxycoumarin, and 2-aminopyridine
was repeated using several established catalysts, which were
employed for the synthesis of 4a. Initially, catalytic use of sul-
famic acid, which is reported for the synthesis of chromeno(4,3-
dlpyrido[1,2-alpyrimidin-6-ones, was studied. The reactions were
performed in aqueous ethanol at room temperature, under ultra-
sonication, and under refluxing conditions. In all cases, the eno-
late salt 5a was obtained as the sole product (entry 1-3, Table 3).
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Figure 2. 2-Aminopyridinium salts of substituted biscoumarins.
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Figure 3. High resolution ESI (+)-MS characterization of the derivative 5I.
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Figure 4. Crystal structure of 5a showing atom labeling scheme. The
thermal ellipsoids are drawn at a 50% probability level for all the atoms
except for the H atoms, which are shown as spheres of arbitrary radii. The
intramolecular H-bond is shown by broken lines.

So also was the case with catalysts such as H,SO,, L-proline,
iodine, acetic acid, p-TSA, and formic acid (see entries 4-8,
Table 3). Solvent-free reaction in triflic acid and triflic acid/P,Os
at room temperature led to charring of the reaction mixture
and provided the exclusively biscoumarin 6a. Upon neutraliz-
ing the reaction mixture with base, recovery of 2-aminopyridine
was confirmed. Table 4 highlights the comparison of the spec-
troscopic characterization data of reported compound 4a as
published in the literature with the observed enolate salt 5a.

Figure 5. Hydrogen bonding interactions involved in 5a.

Next, to avoid the formation of biscoumarin, the reaction
of two equivalents of 4-fluorobenzaldehyde 1a and 1 equiv of
4-hydroxycoumarin 2 was carried out under solvent-free con-
ditions at 150 °C and 10 bar pressure in a monowave reactor.
After consumption of 4-hydroxycoumarin as indicated by TLC,
2 equiv of 2-aminopyridine 3 were added to the same reaction
mixture, and the reaction was continued till the consumption
of 2-aminopyridine was seen. The reaction mixture was diluted
with ethyl acetate, and the mass of the crude sample was
recorded, which did not show the required molecular ion peak
corresponding to product 4a.

The formation of 5a was also confirmed by conducting a
separate reaction of biscoumarin 6a and 2-aminopyridine 3 in
ethanol: water (1:1 v/v), ethanol, and solvent-free conditions
at ambient temperature. Biscoumarin, when it came in con-
tact with 2-aminopyridine, “slowly started dissolving, forming a
homogenous phase” (Scheme 4).

It was concluded that the three-component reaction
between 4-hydroxy coumarin, aryl aldehyde, and 2-amino
pyridine follows a path of first base-catalyzed bis-coumarin for-
mation followed by 2-amino pyridine-mediated deprotonation,
leading to enolate salt 5.

3. Conclusion

In summary, we have assessed the multicomponent reaction
between aldehydes, 4-hydroxycoumarin and 2-aminopyridine,
which led us to the reinvestigation and examination of some of
the previously published literature reports, along with their spec-

+C

!

=

Table 3. Catalysts screened for the synthesis of chromeno[4,3-d]pyrido[1,2-alpyrimidin-6-ones.

Entry Catalyst Reaction Conditions Reaction Time (h) Catalyst (x mol%) Yield (%) of Enolate Salt 5a
1 Sulfamic acid H,O- EtOH (1:1), r.t. 24 10 72

2 Sulfamic acid US, H,O- EtOH (1:1), rt. 2 10 53

3 Sulfamic acid H,O- EtOH (1:1), reflux 24 10 80

4 H,S0,4 H,O- EtOH (1:1), reflux 24 - 79

5 I CH5CN, rt. 24 10 65

6 L-proline H,O- EtOH (1:1), reflux 24 10 75

7 p-TSA H,0O- EtOH (1:1), reflux 24 10 89

8 HCOOH CH3CN, reflux 24 10 82

ChemistrySelect 2025, 10, 03672 (6 of 8)
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Reported Characterization Data of Compound 4a

Table 4. Comparative table displaying the characterization data of compounds 4a and 5a.

Observed Characterization Data of Compound 5a

White amorphous powder.
Melting point: 224-225 °C.

IR: 3180, 2925, 1685, 1662, 1603, 1544, 1507, 1408, 1330, 1228, 1184, 1106,
1056, 1037, 998, 860, 760 cm~".

"H NMR (400 MHz, DMSO-dg): § 7.92-7.87 (m, 3H), 7.80 (dd, TH, J = 8.0
and J = 1.2 Hz), 749 (dt, TH, J = 7.6 and 1.6 Hz), 7.24 (d, 2H,

J = 8.4 Hz), 720 (d, H, J = 7.2 Hz), 7.11-7.07 (m, 1H); 6.98-6.94 (m, 2H),
6.85-6.82 (m, TH), 6.24(s, TH) ppm.

BC NMR (100 MHz, DMSO-dg): § 167.70, 164.48, 16131, 158.92, 153.88,

152.49, 144.09, 138.24, 138.21, 136.04, 130.95, 128.34, 128.27, 124.10, 122.89,
119.85, 115.45, 114.34, 114.14, 113.38, 112.11, 103.37, 35.57 ppm.

White solid.
Melting point: 224-228 °C.
IR: 3361, 3190, 1676, 1598, 1531, 1396, 1215, 754 cm .

"H NMR (400 MHz, DMSO-dg): § 17.62 (brs, 1H, NH), 13.28 (brs, 1TH, OH),
7.94-7.90 (m, 4H), 7.81 (dd, 2H, J = 7.8, 1.6 and 1.2 Hz), 7.51 (dt, 2H, J = 7.6 and
J =16 Hz), 7.27-7.21 (m, 4H), 7.11-7.08 (m, 2H), 6.99-6.95 (m, 3H), 6.86 (t, TH

J =72 and 6.4 Hz), 6.24 (s, TH) ppm.

3C NMR (100 MHz, DMSO-dg): § 168.19, 164.96, 159.40, 154.43, 152.97, 144.50,
13872, 136.67, 131.45, 128.81, 128.74, 124.59, 123.38, 120.32, 115.94, 114.83, 114.63,
11379, 112.61, 103.84, 36.03 ppm

EtOH:H,0 (1:1v/v),1h

or EtOH,1h
S or Solvent free, rt, 1 h
P
N~ "NH,
3
F
S5a
Scheme 4. Reaction of biscoumain and 2-aminopyridine at room temperature.
troscopic data. It has been observed that the structure of the Acknowledgments

product obtained from this reaction has been assigned improp-
erly. Biscoumarin enolate salts were likely forming instead of the
expected products. The present study suggests that the forma-
tion of biscoumarin is rapid in the presence of a stronger organic
bases and further the biscoumrin formed undergoes deprotona-
tion to generate the enolate salt of it. The structure of the salt
5a has been confirmed through single crystal X-ray analysis. The
construction of fused chromeno-pyrimidin-6-one by other routes
is the topic of future studies.
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