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Preface

This thesis, entitled "Exploring the Influence of Azo Ligands in Catalysis: Ruthenium-
Catalyzed C—C and C-N Bond Formation and Ligand-Catalyzed CO; Capture", presents a
comprehensive study on recent developments in coordination chemistry involving m-acidic
azo-oxime and bis-azo-diamine ligands. Commenced in July 2018, the research centers on the
strategic design and synthesis of coordination complexes featuring custom-designed diaryl azo-
oxime and bis-azo-diamine ligands. Particular attention is given to investigating the redox
behaviour, optoelectronic characteristics, and catalytic performance of these complexes in

facilitating C—C and C—N bond formation, as well as in CO2 capture applications.

The outcomes of this work are organized into six structured chapters, following a

general introduction that lays the theoretical foundation for the study.

Chapter 1: This chapter represents a general introduction to the thesis, with a brief
overview of redox-noninnocent azo-oxime ligands and a new bis-azo-diamine ligand. The central
section summarizes the research objectives, methodologies, and key outcomes of the study. The
final part contains the details of physical methods, computational approaches, and instrumentation

employed for the characterization of the synthesized compounds.

Chapter 2: This chapter summarises the synthesis of four new ruthenium(Il) complexes
having general formula trans-[Ru(L)(CO)CI(PPhs):] using azo-oxime ligands, in which the aryl
(Ar) substituent is systematically varied. Structural analysis reveals subtle variations in the Ru—
Nazo and Ru—Noxime bond lengths, primarily influenced by the electronic properties of the aryl group
within the ligand framework. We also extensively studied the electrochemical behaviour of all
complexes and found that reductive responses are associated with electron uptake within the
coordinated azo-oxime ligand framework, leading to the formation of meta-stable one-electron

reduced anion radical species.



Chapter 3: This chapter demonstrates that rans-[Ru(L)(CO)CI(PPh3)2] complexes act
as efficient, tunable electron transfer catalysts, with activity governed by the electron accepting
ability of the azo-oxime ligand. They catalyse (i) a-alkylation of ketones with primary alcohols
and (i1) synthesis of 2-substituted quinolines. Mechanistic studies indicate a ligand-centered,
redox-driven process initiated by an azo-oxime-based anion radical Ru(Il) complex via HAT
mechanism. The metal center serves mainly as a structural template, with electron withdrawing

ligand groups enhancing the catalytic activity.

Chapter 4: This chapter details the synthesis and characterization of an air- and
moisture-stable Ru(Il) complex, trans-[Ru(NpL)(CO)CI(PPhs3)2], featuring phenyl-azo-
naphthaldoxime ligand and its application as a pre-catalyst for the aerobic dehydrogenative
coupling of benzyl alcohols with o-aminobenzamides to form quinazolin-4(3H)-ones.
Mechanistic and theoretical studies reveal a ligand-centered HAT pathway, with the azo group
driving aldehyde formation, followed by base-assisted condensation. The method offers low

catalyst loading, mild conditions, and high efficiency.

Chapter 5: This chapter reports the synthesis and characterization of a bis-azo-diamine
ligand and its effective use in catalytically converting CO: into Cs products. The transformation
proceeds via a triplet diradical pathway, forming acetic acid and ethanol through glyoxal
intermediates. Electron transfer sustains the catalytic cycle, leading to the formation of ethanol,
acetone and acetic acid, with acetic acid reacting with formyl species to yield Cs products. The
study highlights the potential of fluxional redox-active catalysts for sustainable CO> utilization and

outlines future directions for catalyst optimization and scalability.

Chapter 6: This chapter discusses the synthesis and characterization of a hexacoordinated
ruthenium(IIl) complex featuring a bis-azo-diamido ligand. The complex has been successfully
employed as a catalyst for the direct dehydrogenative N-alkylation of aromatic amines using

primary alcohols. Mechanistic studies suggest that one of the azo moieties within the ligand



framework plays a crucial role in the dehydrogenation step, while the ruthenium center remains
redox-insensitive. The preferred pathway involves hydrogen atom transfer (HAT) from the alcohol
to the azo group, leading to aldehyde formation. The resulting aldehyde then condensed with an
aromatic primary amine to form a Schiff base (Ar—N=CH-R), which undergoes hydrogenation via
the metal-assisted “Borrowing Hydrogenation” (BH) pathway, yielding the desired N-alkylated

aromatic amine.
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Chapter 1

1.1 General introduction

Harnessing the redox activity and chemical noninnocence of ligands has recently emerged as a
powerful strategy in the development of advanced catalytic systems.! A growing class of ligand
frameworks now demonstrates the ability to reversibly store and release electrons, accessing
multiple oxidation states with ease. These ligands are not only electronically versatile but also
structurally resilient, maintaining their integrity across various redox states without undergoing
undesirable bond cleavage that could disrupt catalytic performance. Redox-active ligands often
feature either high-energy filled m-bonding orbitals or low-energy empty m* antibonding
orbitals, enabling them to participate in redox events at potentials that are comparable to or
even milder than those required for metal-centered redox transformations. This unique property
allows ligands to act as electron reservoirs, facilitating redox processes without forcing the
metal center into energetically unfavourable oxidation states. As a result, ligand-centered redox
activity can provide alternative pathways for catalysis, reducing energy demands and

expanding the range of accessible chemical transformations.

The concept of redox noninnocent ligands has its origins in the pioneering work of Prof.
Christian Klixbiill Jergensen in 1966, who introduced the classification of ligands as either
innocent or noninnocent to address the ambiguity surrounding the assignment of oxidation
states to metal centers. According to this formalism, innocent ligands allow for an unambiguous
determination of the metal oxidation state, whereas noninnocent ligands complicate this
assignment due to their ability to participate in redox processes themselves. Redox noninnocent
ligands are typically considered a subset of redox-active ligands; however, the key distinction
lies in the interpretive challenge they pose when determining the distribution of electrons
between the metal and ligand in a given complex. In complexes containing redox-active
ligands, oxidation states can generally be determined with clarity through experimental and

computational methods. In contrast, the electronic structure of complexes with redox
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noninnocent ligands is often ambiguous due to extensive metal-ligand electronic
delocalization.® This ambiguity, rather than being a limitation, has proven to be a valuable
feature in catalysis. Inspired by nature, recent advancements in the field have exploited redox
noninnocence to design biomimetic catalysts. Several metalloenzymes such as hydrogenases,*
galactose oxidase,” and cytochrome P-450° are known to utilize ligand-based radical
intermediates as part of their catalytic mechanisms, highlighting the critical role of ligand
noninnocence in biological redox chemistry. One of the key advantages offered by redox
noninnocent ligands, particularly in bioinorganic systems, is the reduction in reorganization
energy during electron transfer events. This is attributed to the ability of these ligands to
delocalize electron density, thus stabilizing multiple oxidation states and facilitating rapid and
efficient electron flow. Moreover, in some metalloenzymatic systems, multiple noninnocent
ligands can operate in tandem, enabling communication between spatially distant redox centers
through long-range electron transfer pathways. This cooperative behaviour offers a valuable
design principle for constructing advanced synthetic catalysts capable of emulating complex

biological functions.

Redox noninnocence in transition metal complexes typically arises from strong electronic
coupling between the metal center and the coordinated ligand, leading to an inherently
ambiguous electronic structure. In such systems, the conventional assignment of oxidation
states becomes challenging, making the concept of redox noninnocence particularly relevant.
A diverse array of ligand scaffolds has been identified as redox-active, with many displaying
noninnocent behaviour under specific coordination environments. Representative examples

include donor-substituted diarylamines,” dithiolenes,®

and salen-type ligands along with their
derivatives.” Other notable classes encompass dipyrrins and their extended counterparts such

as  porphyrins,'®  1,4-diimines and  structurally  related  2-iminopyridines,'!

bis(imino)pyridines,'>  1,2-catechols and  o-phenylenediamines,'>  formazanates,'*
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aminotropiminates,'> B-diketiminates,'¢ diaryl-azo-oximes,'’

azo based ligand such as 2,2-
azobispyridine,'® 2-(arylazo)pyridines and its arylamino derivatives,'® and bis-azo aromatics.?
These ligand frameworks are widely recognized for their ability to engage in reversible redox

processes and significantly influence the electronic landscape of the metal complexes they

form.
1.2 Azo-oximes: A potential redox non-innocent ligand

Oximes represent a distinct subclass of imines, characterized by the presence of a nitrogen—
oxygen double bond functionality. They are typically synthesized through the nucleophilic
addition of hydroxylamine or its derivatives to carbonyl compounds such as aldehydes and
ketones. Based on their structural variations, oximes are broadly categorized into three types:
hydroxy oximes (R2C=NOH), oxime ethers (R2C=NOR'"), and oxime esters (R2C=NOCOR"),
each offering unique chemical properties and reactivity profiles. Due to their versatility and
potential in various domains—including organic synthesis, medicinal chemistry, and
coordination chemistry, oximes have garnered considerable attention in both fundamental and

applied research.

Of particular interest are organic frameworks that simultaneously incorporate azo (-N=N-) and
oxime (—C=N-OH) functionalities. Such molecules, upon coordination to transition metal
centres, have been observed to exhibit redox non-innocent behaviour.!” This unique feature
stems from their ability to participate actively in redox processes, rather than serving merely
as passive ligands. In these systems, the azo group can accept electrons through stepwise one-
electron reductions into its low-lying ©* orbital, a process that is often facilitated or modulated
by the presence of the oxime moiety. The oxime group may also act as a photosensitizer, further
enhancing the redox activity and photophysical properties of the resulting metal complexes.

The synthesis of azo-oxime ligands is straightforward and historically well established. These
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ligands are typically prepared by reacting aryl hydrazone precursors with isoamyl nitrite under
mild conditions a synthetic route first introduced by Bamberger and Pemsel in 1903.%!
Mechanistically, the reaction is thought to proceed via the formation of a transient C-nitroso
intermediate, which undergoes rapid isomerization to yield an aryl azo-oximate species. Upon
subsequent treatment with dilute aqueous acid, the oximate is converted to the corresponding
aryl-azo-oxime (Scheme 1.1). This transformation not only exemplifies elegant synthetic

simplicity but also provides access to ligands with rich coordination and redox chemistry.

r ?H 2
NH;
Al H
l!lH r\l/ 1. NaOMe in MeOH Ar\f“
~Z°%  Ethanol N| 2.nBuONO !
+ -—— o ~ L ¥ ~
Ar NH  3.1NNaOH N
4. dil. Hy504
S J

Scheme 1.1: Synthetic strategy of diaryl azo-oxime starting from aryl aldehyde and phenyl
hydrazine

Aryl-azo-oximes are versatile ligands known for their ability to form stable coordination
complexes with a wide range of transition metal ions. Their structural diversity and electronic
richness make them particularly attractive for exploring new coordination architectures and
functional materials. The coordination chemistry of these ligand dates back to 1941, when
Louis Hunter and Carl B. Roberts first reported the synthesis of cobalt complexes using a series
of azo-oxime ligands in ethanol. This pioneering work laid the groundwork for further
investigations into the metal-binding capabilities of such systems. Subsequent studies, most
notably by Prof. Animesh Chakravorty and his collaborators, significantly expanded the scope
of this chemistry. They successfully synthesized and characterized numerous metal complexes
of aryl-azo-oximes involving a diverse array of transition metals, including vanadium,
manganese, nickel, cobalt, thenium, ruthenium rhodium, iridium, palladium and platinum.?

These investigations revealed that the multifunctional and flexi-dentate nature of aryl-azo-
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oxime ligands featuring both azo (-N=N-) and oxime (—C=N-OH) donor groups—facilitates
the formation of a broad spectrum of coordination motifs. Depending on the metal ion and
reaction conditions, these ligands can adopt various binding modes, often leading to

structurally robust and electronically tunable complexes.

ey oy
5 0

Scheme 1.2: The diaryl-azo-oxime ligands used in this research work

The aromatic azo functionality present in these ligands contributes significantly to their
electronic properties, rendering them electron-rich and capable of engaging in m-conjugation.
As a result, aryl-azo-oxime ligands exhibit moderate photoluminescence, functioning as
chromophores with notable emissive characteristics. Interestingly, this luminescent behaviour
is not limited to the free ligands alone; it often persists and, in some cases, is enhanced upon
metal coordination. The resulting metal complexes frequently display emissive properties,
making them promising candidates for applications in light-emitting materials, sensors, and

photophysical studies.
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In summary, the coordination chemistry of aryl-azo-oximes offers a rich platform for the
development of functional metal complexes, with potential applications spanning catalysis,

electronic materials, and photochemistry.
1.3 Bis-azo aromatic ligand

Azoaromatic compounds have attracted considerable attention in materials chemistry due to
their distinctive combination of geometric flexibility and electronic properties.?*2* One of their
key features is the presence of a low-lying n* molecular orbital, which is responsible for strong
absorption in the visible region an essential characteristic for their function as dyes. This
electronic structure also imparts notable non-linear optical (NLO) properties, making them
suitable candidates for applications in optical data storage and molecular electronics.
Furthermore, the azo chromophore is capable of undergoing reversible photoinduced E/Z
isomerization,?® enabling its use in light-responsive systems. Structural modifications of azo
compounds have also enabled their integration into mesogenic materials and liquid-crystalline
polymers, broadening their scope in advanced materials design. Electrochemically, the
accessible m* orbital can be populated through one- or two-electron reduction processes, either
chemically or via electrochemical methods. This results in a well-defined two-step redox
system involving the formation of a stable radical anion intermediate, followed by full
reduction to a 1,2-disubstituted hydrazido (2¢€7) species (Scheme 1.3). This redox behaviour

underpins their utility in molecular electronics and redox-active coordination complexes.*®

©
N=—N +e \N=N +e éN—Ne

X \ = \

Scheme 1.3: Schematic depiction of 1€~ and 2¢™ reduced azo anion radical

6|Page



Chapter 1

The interaction between azo-based ligands and one or more metal centers was first recognized
in 1969 by Baldwin, Lever, and Parish. These systems exhibit a range of distinctive properties,
including multiple accessible oxidation states, pronounced charge-transfer bands extending
into the long-wavelength region, short metal-metal separations, diverse isomeric forms, and
the remarkable stability of radical intermediates and mixed-valent species.?’ Similarly, the
coordination chemistry of the unreduced 2-(arylazo)pyridine ligand was independently
pioneered in the early 1980s by Prof. Animesh Chakravorty, Prof. Ronald A. Krause, and
others.?® In recent years, research group led by Prof. Sreebrata Goswami has made significant
progress in the systematic exploration of transition metal complexes bearing azoaromatic
ligands, aiming to better understand their structural and electronic properties.?’ In this study,
we employed a bis-azo-diamino ligand that adopts a unique tetradentate planar coordination
mode upon binding to transition metals. While this ligand has previously been explored as an
intermediate in the synthesis of both cyclic and acyclic polyazo aromatic compounds most
notably by the research group of Prof. Hermann Wegner.>° But its coordination chemistry and

potential for stabilizing metal complexes remain unexplored.
1.4 Summary of the research work
Chapter 2

In this chapter, we report the successful synthesis and comprehensive characterization of a
series of four ruthenium(Il) complexes with the general formula #rans-[Ru(L)(CO)CI(PPhs)2],
where L represents a bidentate diaryl-azo-oxime ligand and the aryl (Ar) substituent is
systematically varied to modulate electronic effects. The synthetic approach demonstrates the
versatility of the azo-oxime framework in coordinating to the ruthenium centre through both
azo and oxime donor sites. Structural analysis, based on single crystal X-ray diffraction

(SCXRD) and supported by spectroscopic data, reveals subtle but discernible variations in the
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Ru—Nazo and Ru—Noxime bond lengths. These variations correlate with the electronic nature of
the aryl substituents, indicating that electron donating and electron withdrawing groups exert a
measurable influence on the coordination environment. Electrochemical studies were
conducted to gain deeper insights into the redox properties of these complexes. Cyclic
voltammetry data indicate that the observed reductive responses originate predominantly from
electron uptake within the coordinated azo-oxime ligand framework. These reductions result
in the formation of meta-stable, one electron reduced radical anion species, which are

characteristics of ligand-centered redox activity.

Chapter 3

Here in this chapter, we demonstrate the precursor complexes trans-[Ru(L)(CO)CI(PPhs)2] have
potential as electron transfer catalysis, with their catalytic efficiency being tunable through
controlled manipulation of the electron density within the azo-oxime framework. We have
successfully utilized their catalytic performance in two distinct transformations: (i) a-alkylation of
ketones using primary alcohols and (ii) the synthesis of 2-substituted quinoline derivatives from 2-
aminobenzyl alcohols and substituted acetophenones or alkyl methyl ketones. A comprehensive
study of the reaction scope has been conducted, and mechanistic insights have been derived from
experimental observations. Our results indicate that the catalytic process is primarily ligand-
centered and redox-driven during the dehydrogenation step. The reaction initiates with the
formation of an azo-oxime-based anion radical complex of ruthenium(Il), which serves as the
active catalytic species. This complex facilitates the conversion of the starting alcohol into the
corresponding carbonyl compound via a hydrogen atom transfer (HAT) mechanism. Notably, the
metal center acts as a structural template rather than participating directly in redox processes.
Furthermore, the catalytic efficiency is significantly influenced by the electronic nature of the
pendant aryl groups in the ligand framework, with increased electron withdrawing character

enhancing the catalytic performance.
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Chapter 4

In this chapter, we report the synthesis and comprehensive characterization of an air- and moisture-
stable  ruthenium(Il) complex, trans-[Ru(NpL)(CO)CI(PPh3)2], using spectroscopic,
electrochemical, and X-ray crystallographic methods, supported by theoretical analysis. The
complex serves as an effective pre-catalyst for the aerobic dehydrogenative coupling of benzyl
alcohols with o-aminobenzamides or N-substituted benzamides, affording quinazolin-4(3H)-ones.
Mechanistic studies highlight the crucial role of the azo moiety in facilitating the dehydrogenation
step, while the metal center remains redox-inactive. Theoretical analysis confirms that hydrogen
atom transfer (HAT) from the alcohol to the azo group is the favoured pathway, leading to aldehyde
generation. This is followed by base-promoted condensation under aerobic conditions, forming 2,3-
dihydro-2-arylquinazolin-4(1H)-ones, which undergo further dehydrogenation to yield the final
quinazolin-4(3H)-one products. The protocol features low catalyst loading, mild reaction
conditions, and short reaction times, offering a practical and efficient alternative to conventional

catalytic methods.

Chapter 5

This chapter presents the synthesis and characterization of a bis-azo-diamine ligand and its
effective application in the catalytic valorization of CO:z into Cs products. The transformation
proceeds via a distinctive triplet diradical pathway, initiating a cascade that converts CO: into acetic
acid and acetone through glyoxal intermediates. The catalytic cycle is driven by electron transfer,
enabling continuous catalyst regeneration while promoting the formation of acetone and acetic
acid. Significantly, acetic acid further reacts with formyl species to yield Cs products, emphasizing
the catalyst’s role in sustainable carbon recycling. This study highlights the potential of fluxional,
redox-active catalysts in CO: utilization and offers a promising route for carbon capture. Ongoing
research will aim to refine catalyst design and improve scalability for future practical

implementation.
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Chapter 6

This chapter describes the synthesis and detailed characterization of a novel hexacoordinated
ruthenium(IIl) complex featuring a bis-azo-diamido ligand scaffold. The complex
demonstrates excellent catalytic activity in the direct dehydrogenative N-alkylation of aromatic
amines using primary alcohols as alkylating agents. Mechanistic investigations reveal that the
dehydrogenation step is primarily mediated by one of the azo groups within the ligand, while
the ruthenium center remains redox-inert throughout the process. The reaction proceeds via a
hydrogen atom transfer (HAT) from the alcohol to the azo functionality, generating an
aldehyde intermediate. This aldehyde subsequently condenses with an aromatic amine to form
a Schiff base (Ar—N=CH-R), which is then reduced through a metal-assisted “Borrowing
Hydrogenation” (BH) pathway to afford the final N-alkylated amine product. This catalytic
system highlights the unique synergy between the redox-active ligand and the metal center in

enabling efficient and sustainable N-alkylation under mild conditions.

1.5 Experimental details

1.5.1 Physical Measurements

Different physical methods have been used for the characterization and elucidation of the
properties of the synthesized compounds and these are described in the subsequent chapters.

These are briefly described below.

Elemental Analysis

Elemental analyses (C, H, N) of the ligands and their corresponding ruthenium complexes were
carried out using a Perkin-Elmer 2400 Series II elemental analyser. This instrument operates
based on thermal conductivity detection of combustion products such as CO2, H20, and Na.
Samples weighing between 1.4 and 2.5 mg were introduced into a high-temperature

combustion chamber, typically maintained between 900 and 980 °C. Combustion was
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performed in the presence of pure oxygen, while pure helium served as the carrier gas to

transport the resulting gases through the detection system.
Infrared Spectra

FT-IR spectra of all ligands and complexes were measured in Perkin-Elmer L-0100

spectrometer using diamond ATR.
NMR Spectra

'H, ¥C, F, and *'P NMR spectra were recorded on Bruker AVANCE III spectrometers
operating at 400 and 300 MHz, using deuterated solvents. Proton chemical shifts (d) are
reported in parts per million (ppm) relative to tetramethylsilane (TMS), with residual solvent
signals used as internal standards (CDCls: & 7.26 ppm). '"H NMR data are presented as follows:
chemical shift, multiplicity (s = singlet, d = doublet, dd = doublet of doublets, t = triplet, q =
quartet, m = multiplet, br = broad), coupling constants (in Hz), and integration. *C NMR
chemical shifts are also reported in ppm relative to TMS, using the solvent peak as the internal

standard (CDCl3: 6 77.16 ppm).
Electronic Spectra

Electronic spectra were recorded on Perkin-Elmer LAMBDA EZ-301 and a Shimadzu 1800
UV-Vis spectrometer (190-1100 nm). A matched pair of quartz cells of path length 1 cm was

used.
Mass spectrometric data

Mass spectra were recorded using a Micromass Quadrupole Time-of-Flight (Q-TOF) micro-
MS system equipped with an electrospray ionization (ESI) source. High-resolution mass
spectra (HRMS) were obtained on the same instrument at a resolution of 5K or 7K, using

polyethylene glycol as the internal reference standard.
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Electrochemical Measurements

Cyclic voltammetry (CV) experiments were performed using a BASi Epsilon-EC
electrochemical workstation at temperature of 298 K. The measurements of all ligand and
complexes were conducted in dry, degassed dichloromethane/acetonitrile solutions (1:9 v/v),
using 0.2 M tetrabutylammonium hexafluorophosphate (TBAP) as the supporting electrolyte.
A conventional three-electrode setup was employed, consisting of a platinum disc as the
working electrode, a platinum wire as the auxiliary electrode, and a saturated Ag/AgCl
electrode as the reference electrode. Prior to each experiment, the electrolyte solution was
thoroughly degassed by purging with high-purity argon to eliminate dissolved oxygen and
moisture. All potentials reported are referenced against the Ag/AgCl electrode unless otherwise

specified.
X-Ray Crystallographic studies

Single-crystal X-ray diffraction data were collected on a Bruker D8 QUEST diffractometer
equipped with a Mo Ka radiation source (A = 0.71073 A), operated at 50 kV and 1 mA. A
suitable crystal was mounted on a loop, and data acquisition was performed at a temperature
of 273(2) K. Data collection, reduction, scaling, and absorption corrections were carried out
using standard Bruker software packages. The crystal structure was solved using the ShelXT?!
program via intrinsic phasing methods and refined with full-matrix least-squares minimization
on F? using ShelXL,*? all within the Olex2** graphical user interface. All non-hydrogen atoms
were located from difference Fourier maps and refined anisotropically.>* Hydrogen atoms were
positioned geometrically and refined using a riding model with isotropic displacement
parameters. Complete crystallographic refinement details are provided in the associated CIF
file. The crystallographic data have been deposited with the Cambridge Crystallographic Data

Centre (CCDC) and can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif.
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Computational Studies

All computational studies were performed using the Gaussian 09 software package.®
Geometry optimizations of ligands and complexes were carried out using their crystallographic
coordinates as starting points, employing the (R/U)B3LYP?® level of theory in the solution
phase, without any simplification of the ligand framework. The optimized geometries showed
overall good agreement with the experimental crystallographic data, with minor deviations
attributed to crystal lattice distortions present in the solid state. To confirm the nature of the
optimized structures, vibrational frequency analyses were conducted. All stationary points
were verified as true minima on the potential energy surface, as evidenced by the absence of
any imaginary frequencies (Nmag = 0). Based on the optimized geometries, the absorption and
emission spectra in dichloromethane (CH2Cl2) were computed using time-dependent density
functional theory (TD-DFT)?’ combined with the conductor-like polarizable continuum model
(CPCM)* to account for solvent effects. TD-DFT is widely recognized as a reliable method
for predicting electronic excitation energies within the DFT framework, particularly for
transition metal complexes.’ To gain insight into the nature of the electronic transitions,
natural transition orbital (NTO) analysis was performed using the transition density matrices*’
obtained from TD-DFT calculations. This approach provides a compact and intuitive
representation of electronic excitations in terms of single-particle transitions, identifying the
“hole” (occupied) and “electron” (unoccupied) NTOs that characterize each excitation. For the
calculations, the ruthenium centers were described using the LANL2DZ*!' effective core
potential with a double-{ basis set, while a 6-311+G(d,p) basis set*? was employed for all other
atoms, except hydrogen, for which a 6-31G basis was used. Frontier molecular orbital (FMO)
diagrams and electronic density plots were generated using GaussView 6.0. Additionally, the
GaussSum 3.0 program* was employed to analyse the contribution of individual atoms or

molecular fragments to the molecular orbitals.
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Chapter 2

2.1 Introduction

The redox non-innocence' of coordinated ligands is gaining profound importance in the field
of electron transfer catalysis since the metal redox and the ligand skeleton have the aptitude to
stimulate the process in a collaborative manner with the catalyst swapping from one spin
isomeric state to another.”* Such reactions may proceed via formation of meta-stable ligand-
centric coordinated radical and it is usually accompanied by conjoint proton coupled electron
transfer (PCET)>® or hydrogen atom transfer (HAT).”® The chemistry of redox non-innocent

912 and at

ligands containing azo functions has developed over the past two and half decades
present the catalytic role of their complexes are under intense investigation.'*'® In majority of
the cases, ligands are tridentate azo pincers type where the ligated azo moieties have the
competence to behave as electron pockets to store electron/s in the form of azo anion-radical.
In addition, the reserved electron/s may be transferred to suitable centres to bring about
catalytic reduction and this conception has been proficiently employed to synthesize several

value-added chemicals of pharmaceutical and industrial importance, in a cost effective and

atom efficient manner.

( !
z Y = ' oH
i _NH, 0 :
Y. X | 1. NaOMe in MeOH /N
i b EtOH - X N\-NH 2. n-BuONO X NQN
Stirring, rt, 3h 3. 1M Cold NaOH
4. 1M Cold H,50,
Z
X=Y=Z=H,1
X=Y=H,Z=F,2
X=Y=F,Z=H,3 HL,1-4
X=Z=H,Y=0H, 4
i o

Scheme 2.1: Schematic representation of synthesis of diaryl-azo-oxime ligands (1-4)

We have been striving to explore and figure out the electron extracting ability of coordinated

diaryl-azo-oximes in order to effectuate certain unusual redox transformations.'’'®* We are
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further motivated to synthesize suitable complexes of azo-oximes where the ligand skeleton
may become redox active in presence of ruthenium(Il) and this perception may be skilfully
employed to bring about electron-transfer catalysis for synthesis of value-added organic
compounds in an atom efficient pathway. It is important to note that, to the best of our
knowledge, electron-transfer catalysis involving azo-oximates has not been documented. In the
present work, we have synthesized certain new ruthenium(Il) complexes with four different
diaryl-azo-oximes of type PhN=NC(Ar)NOH, HL (1-4) (Scheme 2.1), by varying the Ar
groups (Scheme 2.2) in order to demonstrate how the pendant aryl group can play a crucial role
in the ligand-centric redox catalysis (See Chapter 3). In fact, we have chosen the aryl groups
in such a way that some are electron withdrawing and some have electron donor ability. The
structural features, electrochemical properties and theoretical studies have been performed for
the complexes trans-[RuL(CO)CI(PPhs)2], Rul-Ru4 in order to have a perception of their

prospects to bring about ligand-mediated redox transformation.

z
z Y _
?H Phs
|
- RUH(CO)CI(PPhy)y ! 2N Vg
[ - oy u
X NQ"\N Benzene, rt, 12 h /é\co
“Phy
X=Y¥=Z=H,1 X=¥Y=Z=H, Rul
X=Y=H2Z=F,2 X=Y=H,Z=F, Ru2
X=Y=FZ=H,3 X=Y=F,Z=H,Rul
X=Z=H,Y=0H,4 X=Z=H,Y = OH, Rué

Scheme 2.2: Synthetic strategy of the ruthenium complexes of type trans-
[Ru(L)(CO)CI(PPh3)2], Rul-Ru4
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2.2 Results and Discussion
2.2.1 Synthesis and Characterization of the catalysts

The ligand 1 was synthesized following a reported procedure,'*2°

and similar methodologies
were employed for the preparation of the other ligands 2-4 (Scheme 2.1), using
phenylhydrazine and various aldehydes as starting materials. These ligands feature two distinct
donor sites: Noximato and Nazo group, with the overall azo-oxime framework exhibiting electron-
deficient character upon coordination. The ruthenium(Il) complexes [RuL(CO)CI(PPhs)2] were
obtained by stirring the ligands 1-4 with [RuH(CO)CI(PPh3)3] in a 1:1 molar ratio at room
temperature in dry and degassed benzene for 12 h. The reaction afforded a dark pinkish-red
solution, which, upon solvent removal and chromatographic purification, yielded the desired
complexes in good yields. The diamagnetic nature of the resulting Ru(I) complexes was
confirmed by their '"H NMR spectra, with signals appearing in the range of 6.6-9.0 ppm (Figure
2.6.A9,2.6.A12,2.6.A16 and 2.6.A20). Furthermore, the presence of magnetically equivalent
and trans-disposed PPhj3 ligands in all complexes was verified by *'P{'"H} NMR spectroscopy
(Figure 2.6.A11, 2.6.A15, 2.6.A19 and 2.6.A22). The solid-state crystal structure of ligand 3,
determined by single-crystal X-ray diffraction (SCXRD), provides key insights into its
molecular conformation and bonding features (Figure 2.1). The structure reveals that the
oxime, azo, and phenyl moieties are arranged in a nearly coplanar fashion, indicating extensive
electron delocalization across these units. In contrast, the pendant difluorophenyl moiety is
oriented almost orthogonally to the plane of the azo-oxime core, likely due to steric interactions
or crystal packing effects that influence its spatial arrangement. The geometric parameters of
key functional groups further support the observed structural features. The azo (—N=N-)
linkage exhibits a bond length of 1.250(2) A, which is consistent with a typical free azo bond
and indicative of a well-delocalized n-system. Within the oxime unit, the C—N bond measures

1.285(2) A, while the N-O bond length is 1.3707(19) A. These bond lengths fall within
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expected ranges for oxime functionalities and suggest partial delocalization of electron density
between the nitrogen and oxygen atoms. Such structural characteristics are crucial for
understanding the electronic properties and potential reactivity of 3, especially in the context
of coordination chemistry and redox behaviour. Comprehensive crystallographic details and
selected metrical parameters are presented in Table 2.1 and Table 2.2, providing a thorough
account of the molecular geometry. Similarly, molecular structures of ruthenium(Il) complexes
reveal that azo-oxime ligands act as bidentate monoanionic Noximato and Nazo, donors, forming
a five-member ring but the oximato—O, owing to its inherent hardness, is not involved in
coordination with the softer Ru(Il). The two phosphine groups are in trans disposition. All the
complexes of type trans-[RuL(CO)CI(PPhs):2] crystallize in monoclinic space groups and
details of crystallographic data are provided in Table 2.3. The ORTEP diagrams of complexes
Rul-Ru4 are represented in Figures 2.2-2.5. It has been observed that there is a marked
difference in the Ru—Naz and Ru—Noxime lengths in the complexes. They may be attributed
primarily to electronic effects of pendant aryl group of the coordinated ligand. Also, it can be
due to m—m stacking interactions between a phenyl ring of PPhs and the five-membered chelate
ring. In the case of Rul and Ru2, this interaction is stronger (Figure 2.6 and Table 2.5-2.8) as

compared to

23| Page



Chapter 2

Figure 2.1: ORTEP diagram of ligand 1 (Thermal ellipsoids are set at 50% probability)

that in Ru3 and hence the Ru—N lengths in the former two are somewhat longer than that of
the latter. It is for the same reason that N—N lengths in Rul and Ru2 are slightly longer than
that in Ru3. For Ru4, the Ru—N lengths are the longest and this may be explained based on
oximato-O...O (hydroxyphenyl) interaction (2.598(4) A) (Figure 2.7, Table 2.10), that leads
to weakening of electron cloud delocalization within the azo-oxime skeleton. This is also
reflected in N-O length which is much longer than that in other three. In the case of Ru3, there
are two F-atoms in the pendant aryl group and weak intramolecular F...w interactions are

observed. (Figure 2.6, Table 2.9).
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Table 2.1: Crystallographic details of 3

3
Empirical formula Ci3HoN3OF2
T/K 273.15
fw 261.23
Crystal system Triclinic
Space Group P1
a/A 12.5353(5)
b/A 13.1282(5)
cl A 14.2648(6)
a/deg 112.829(2)
p/deg 111.535(2)
y/deg 98.357(2)
V) A3 1895.82(14)
zZ 6
D¢/Mgm™ 1.373
w/mm! 0.111
F(000) 804
cryst size/mm? 0.5%0.3x0.2
0/deg 2.43-26.07
Measured reflns 39820
Unique reflns 9983
3GOF on F? 1.039
R1°, wR2°[I>20(I)] 0.0510, 0.1200
R1, wR2 0.0874, 0.1335

“GOF = {Z[w(Fo 2-F*)2)/(n-p)} 2. PR1 = X [|Fo|-|Fc|]]/ Z |Fo|.
‘WR2 = [Z [W(Fo?-F?)?)/ = [w(Fo?)?]]"? where w = 1/[

02(F02)+(3P)Z+bP], P= (F02+2Fc2)/3.
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Table 2.2: Crystallographic and theoretical metrical theoretical metrical parameters for 3

Metrical Bond length (A) Metrical Bond angle (°)
Parameters Expt. Theo. Parameters Expt. Theo.
N2-N3 1.250(2) 1.256 NI1-C1-N2 111.40(15) 112.25
N1-0O1 1.3707(19) 1.377 NI1-C1-C2 125.76(16) 125.07
C1-N1 1.285(2) 1.287 N2-C1-C2 122.84(15) 122.66
C1-N2 1.411(2) 1.407 C1-N2-N3 113.28(15) 113.70
C8-N3 1.422(2) 1.415 N2-N3-C8 114.33(16) 114.91
Cl1-C2 1.488(2) 1.487 C1-N1-01 113.40(14) 112.38

Figure 2.2: ORTEP diagram of Rul with partial atom numbering scheme (Hydrogen atoms
are omitted for clarity, and thermal ellipsoids are set at 50% probability)
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Figure 2.3: ORTEP diagram of Ru2 with partial atom numbering scheme (Hydrogen atoms
are omitted for clarity, and thermal ellipsoids are set at 50% probability)

Figure 2.4: ORTEP diagram of Ru3 with partial atom numbering scheme (Hydrogen atoms
are omitted for clarity, and thermal ellipsoids are set at 50% probability)
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Figure 2.5: ORTEP diagram of Ru4 with partial atom numbering scheme (Hydrogen atoms
are omitted for clarity and thermal ellipsoids are set at 50% probability)

Table 2.3: Crystallographic details of Rul, Ru2, Ru3 and Ru4

Rul Ru2 Ru3 Ru4
Empirical formula | CsoH4N3ClO2P2Ru | CsoH39N3CIFO2P;Ru | CsoH3sN3CIF20, PaRu | CsoHaoN3ClO3P2Ru
T/K 273.15 273.15 273.15 273.15
fw 913.31 931.30 949.29 929.31
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space Group P1211 P121/m1 P12l/c1 P12l/c1
alA 11.0288(4) 10.5558(3) 12.2380(5) 20.1633(17)
b/A 16.7801(6) 21.1187(7) 18.6710(7) 12.2066(10)
cl A 12.7714(4) 19.2437(6) 20.9395(8) 18.6526(16)
a/deg 90 90 90 90
pldeg 113.1940(10) 94.6440(10) 99.9840(10) 109.084(3)
y/deg 90 90 90 90
VI A3 2172.50(13) 4275.8(2) 4712.1(3) 4338.6(6)
VA 2 4 4 4
Do/Mgm® 1.396 1.447 1.338 1.423
wmm'! 0.540 0.553 0.506 0.543
F(000) 936 1904 1936 1904

28 | Page



Chapter 2

cryst size/mm? 0.6x0.4x0.3 0.4x0.2x0.1 0.5%0.3%0.2 0.35%0.26x0.18
O/deg 2.98-29.99 2.163-25.715 1.690-28.422 2.585-29.177
Measured reflns 41188 115966 160291 98620
Unique reflns 12639 8138 11794 11679
3GOF on F? 1.055 1.249 1.142 1.086
R1°, wR2°[/>20(1)] 0.0315, 0.0824 0.0552, 0.0948 0.0496, 0.1068 0.0342, 0.0781
R1, wR2 0.0349, 0.0841 0.0655, 0.0989 0.0606, 0.1126 0.0460, 0.0887

“GOF = {S[W(F, >-F2)2]/(n-p)} 2. ’R1 = £ [[Fol-[F[]/ T [F.

‘WR2 = [Z [W(Fo>-F?)?) Z [w(Fo?)?]]"? where w = 1/[ 6%(F,?)+(aP)?>+bP], P = (F,>+2F.2)/3.

Table 2.4: Selected crystallographic and theoretical bond length (A) and bond angles (°) of
Rul, Ru2, Ru3 and Ru4

Metrical Rul Ru2 Ru3 Ru4
Parameters Expt. Theo. Expt. Theo. Expt. Theo. Expt.
Rul-NI1 2.087(3) 2.132 2.083(3) 2.135 2.076(2) 2.140 2.0959(17)
Rul-N3 2.040(3) 2.089 2.052(3) 2.080 2.042(2) 2.103 2.0300(16)
Rul-C1 1.882(3) 1.900 1.878(4) 1.903 1.881(3) 1.899 1.886(2)
Rul-Cll1 2.4384(9) 2.519 2.4213(11) | 2.528 2.4239(8) 2.515 2.4239(5)
Rul-PI 2.4233(8) 2.502 2.4283(11) | 2.515 2.4257(7) 2.507 2.4225(6)
Rul-P2 2.4124(7) 2.520 2.4075(11) | 2.512 2.4223(7) 2.538 2.4103(16)
N2-N3 1.316(5) 1.285 1.303(4) 1.282 1.301(3) 1.286 1.296(2)
N1-02 1.273(4) 1.254 1.265(4) 1.257 1.267(3) 1.253 1.302(2)
C1-01 1.147(4) 1.148 1.147(5) 1.147 1.139(4) 1.147 1.137(3)
C2 NI 1.359(5) 1.359 1.349(5) 1.357 1.343(4) 1.354 1.337(3)
C2-N2 1.332(6) 1.350 1.352(5) 1.352 1.349(4) 1.342 1.364(3)
C9-N3 1.456(4) 1.436 1.445(5) 1.435 1.444(4) 1.435 1.448(2)
C2-C3 1.486(6) 1.479 1.475(5) 1.477 1.477(4) 1.482 1.482(3)
NI1-Rul-N3 76.26(13) 75.26 76.40(12) 75.33 76.20(9) 75.42 75.69(7)
N1-Rul-P1 89.47(8) 88.72 88.55(9) 88.49 89.24(7) 89.32 89.75(5)
N1-Rul-P2 85.94(8) 89.42 91.98(9) 88.59 90.63(6) 92.02 90.12(5)
N3-Rul-P1 91.10(8) 92.88 89.41(9) 91.85 93.88(6) 93.34 91.77(5)
N3-Rul-P2 91.27(8) 93.82 90.41(9) 91.55 92.42(6) 94.41 93.57(5)
Cl1-Rul-Cl1 87.64(10) 89.10 88.59(13) 87.28 86.97(11) 90.34 87.58(6)
C1-Rul-P1 93.60(10) 93.36 93.50(13) 94.57 91.99(9) 91.83 91.32(6)
Cl1-Rul-P2 91.26(10) 89.21 85.96(13) 88.71 88.67(9) 87.58 89.34(6)
Cl1-Rul-P1 86.30(3) 86.89 89.89(4) 86.13 86.70(3) 87.58 86.787(18)
Cl1-Rul-P2 90.72(3) 85.93 90.39(4) 90.02 86.85(3) 84.65 87.741(17)
N1-Rul-Cl1 97.06(10) 96.64 93.36(9) 97.98 97.72(7) 95.33 93.36(9)
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N3-Rul-Cl

99.16(14) | 98.97

101.66(15) | 99.46

99.09(12) | 98.87

97.93(5)

P1-Rul-P2

174.193) | 17233

179.39(4) | 17481

173.48(3) | 17221

174.454(17)

Ru3

Ru4

Figure 2.6: Intramolecular n— stacking and F—r interactions in Rul, Ru2, Ru3 and Ru4

Table 2.5: Intra-molecular n-n stacking parameter”of Rul

Stacking Parameters

Ring A-B

Ring C-D

d[C(D) — CoI)] Aot

4.041(3)/28.7(2)

3.815(2)/22.42)

d[Ca(D) - ROT AP

3.575(2)/33.8

3.574(2)/40.6

d[Ce()) - R(D] Al

3.3597(17)/27.8

2.8973(14)/20.5
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Table 2.6: Intra-molecular n-n stacking parameter” of Ru2

Stacking Parameters

Ring A-B

Ring C-D

d[CD) -~ Ci] Aol

3.717(3)/15.02)

3.832(2)/22.5

d[Ce() - R(U)] AP’

3.6640(19)/24.5

2.9612(13)/21.5

d[Cg()) - RWDT ANy

3.383(2)/9.7

3.566(2)/39.4

Table 2.7: Intramolecular n-r stacking parameter”of Ru3

Stacking Parameters

Ring B-C

d[Cg(]) — Ce()] Ao’

3.9251(19)/24.65(16)

d[Cg() - RU)] A/’

3.0073(10)/22.1

d[Cg()) - R(D] Aly’

3.6371/40.0

Table 2.8: Intra-molecular -7 stacking parameter”of Ru4

*Cg(I) = Centroid of ring I, Cg(J) = Centroid of ring J, d[Cg(/) — Ce(J)] = Separation between
two ring centroids, d[Cg(/) — R(J)] = Perpendicular distance of Cg(/) on ring J, d[Cg(J) — R(/)]
= Perpendicular distance of Cg(J) on ring /, a = Dihedral angle between Planes / of ring / and
plane J of ring J, P and y = Angle between the vector Cy(/) — Cg(J) and the normal to plane

Stacking Parameters

Ring A-B

Ring C-D

d[CD) - C)] Al

4.0174(15)/23.29(12)

3.9945(15)/30.76(12)

d[Ceg() - R(U)] AP’

2.9498(8)/23.3

3.7882(12)/43.1

d[Ce()) - RU)] Aly’

3.6899(12)/42.8

2.9184(8)/18.5

P(I) or P(J) from Cg(/) and Cg(J) respectively.

Table 2.9: Intramolecular F — 7 interaction parameter of Ru3

Bond (X-Y)

d[(Ce(D) - YV/A

X-Y...Cg(D)/deg

d[X-C4(D)/ A

C4-F1

3.336(3)

136.5(2)

4.405

*d[(Cg(J) — Y] = Distance between centroid of ring / (C¢) and Y, X—Y...Cg(/) = Angle between
Cg-Y vector and ring / normal in degree, d[Y—Cg(/)] = Distance between centroid of ring 7 (Cg)

and X
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Figure 2.7: Intramolecular H-Bonding in Ru4

Table 2.10: Hydrogen bonding parameter of Ru4

Type of H-Bonding Donor (D) Acceptor (A) D-A(A) D-H.....A(deg)
Intra-molecular 03 02 2.598(4) 155

2.2.2 Electronic Spectra

The UV-VIS absorption spectra of Rul, Ru2, Ru3 & Ru4 were taken in dichloromethane
solution at room temperature. All the spectra were plotted together with their respective
theoretically calculated spectra except for Ru4 (Figure 2.8). All complexes exhibit multiple
transition and can be assigned as charge transfer (CT) transition within azo-oxime moiety with
significant contribution from metal d-orbitals. Time-dependent density functional theory (TD-
DFT) in dichloromethane was performed using the CPCM model to realize the absorption
spectra. The major transitions along with their corresponding energies, characteristics and
oscillator strengths (f) of all the complexes have been given in Table 2.11-2.13. Natural
Transition Orbital (NTO) analysis was utilised to make out the basis of transitions and are
represented in Table 2.14-2.16. A compact diagram of transition density amongst the ground

and excited states in terms of expansion into single-particle transitions (hole and electron states
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for each given excitation) is given by this method. The occupied and unoccupied NTO’s are

epitomized as ‘electron’ and ‘hole’.
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Figure 2.8: Experimental (a) Magenta for Rul, (b) purple for Ru2, (¢) marron for Ru3 & (d)
red for Ru4 and Calculated (black) absorption spectra of Rul, Ru2 & Ru3 respectively

In Rul, the transition at 534 nm is computed to be near Ameo =498 nm (2.4871 eV, f=0.0766)
and ascribed as mainly [n(azo + oxime) — n*(azo + oxime) + dx; — dy.] ILCT with little d-d
transition. The next band at 419 nm is quantified at near about Atheo = 416 nm (2.9774 eV, =
0.1186) and assigned as [n(Cl) — n*(azo + oxime)] LLCT transition along with some amount
d-d transition. The band near UV region is observed at 277 nm which is calculated at Atheo =
303 nm (4.0853 eV, f=0.3764), having [n(PPh3) — n*(Cl + PPhs) + dy; — d.*] ILCT combined
with LLCT and d-d transition. The band at very near to UV region is detected at 232 nm which
is evaluated at Atheo = 247 nm (5.0059 eV, f= 0.0743), having [n(Cl + Oxime) — 7*(PPh3) +

dx%y*> — dx,] LLCT with slight contribution from d-d transition.
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In Ru2, the lowest energy band at 528 nm is computed to be near Atheo =499 nm (2.4822 eV, f
= 0.0634) and assigned as primarily [m(Azo + Oxime + Ph) — n*(Azo + oxime) + dxz — dy.]
ILCT with small amount of d-d transition. The next following band at 420 nm is determined at
close to Atheo = 428 nm (2.8956 eV, f= 0.0221) and assigned as [n(Cl + Oxime) — n*(Azo +
Oxime + Ph) + di*.y*> — dy-] ILCT transition with some contribution from d-d transition. The
band near UV region is observed at 358 nm which is calculated at Atheo = 393 nm (3.1515 eV,
f=0.0294), having [n(PPh3) — n*(Azo + Oxime + Ph) + dxz — dy-] LLCT combined with
LLCT and d-d transition. The band at near to UV region is detected at 279 nm which is
evaluated at Ainco = 300 nm (4.1194 eV, f= 0.2933), having [n(PPh3) — n*(PPh3) + dy, — d.*]
ILCT with little contribution from d-d transition. Another band at near about UV region is
computed at 232 nm and quantified at Atheo = 246 nm (5.0202 eV, /= 0.0454), having [n(PPhs3)

— *(Ph + PPh3) + dy, — dx*y?] LLCT together with d-d transition.

For Ru3, the band with lowest energy is observed at 543 nm which is enumerated at Atheo =487
nm (2.5432 eV, f=0.0612) and can be ascribed as mostly [ (Cl +Azo + Oxime + Ph) —
n*(Azo + Oxime + Ph) + dxz — dyz] ILCT, LLCT as well as small amount of d-d transition.
The next band appeared at 399 nm which is calculated at Atheo =406 nm (3.0510 eV, f=0.1255)
and can be ascribed as typically [n (CI + Oxime) — ©*(Azo + Oxime + Ph) + dxz — dy-] ILCT,
LLCT along with minute amount of d-d transition. The band at 279 nm which composed with
two transitions computed at Atheo = 307 nm (4.0279 eV, f=0.3605). The first transition can be
assessed as mostly [r (Cl + Oxime + Ph + PPhs) — n*(Cl + Azo + Oxime + PPh3) + dxz — dyz]
ILCT and d-d transition while another one may be designated as [r (Cl + Oxime) — n*(Cl +
PPh3) + dxz — d2] ILCT and d-d transition. The last band at 230 nm is determined at Athco =
248 nm (4.9841 eV, f=0.0193) and can be attributed as [ (Cl + Oxime) — n*(PPhs)] ILCT,

LLCT and MLCT.
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Figure 2.9: Optimized geometry of (a) Rul, (b) Ru2 and (c) Ru3 at (R)B3LYP level of theory
using 6-311+G(d,p) basis set for non-H atoms and LANL2DZ basis for Ru

Table 2.11: Main Optical Transition at the TD-DFT/(R)B3LYP level of theory using 6-
311+G(d,p) basis set for non-H atoms and LANL2DZ basis for Ru for the complex Rul with
composition in terms of Molecular Orbital Contribution of the Transition, Computed Vertical
Excitation Energies, and Oscillator Strength in Dichloromethane.

E Oscillator 2
Transition Cl Composition strength heo
(eV) P (nm)
Sp— S> 0.63328 HOMO — LUMO (80%) 2.4871 0.0766 498.50
Sp— Ss 0.63410 H—2 — LUMO (80%) 2.9774 0.1186 416.41
So— S27 0.49547 H—3 — L+1 (49%) 4.0853 0.3764 303.48
So — Ss3 0.32198 H—4 — L+4 (21%) 5.0059 0.0743 247.67

Table 2.12. Main Optical Transition at the TD-DFT/(R)B3LYP level of theory using 6-
311+G(d,p) basis set for non-H atoms and LANL2DZ basis for Ru for the complex Ru2 with
composition in terms of Molecular Orbital Contribution of the Transition, Computed Vertical
Excitation Energies, and Oscillator Strength in Dichloromethane

E Oscillator 2
Transition CI Composition V) stre(;l)gth (1:111:)
So— S> 0.62095 HOMO — LUMO (77%) 2.4822 0.0634 499
So— S4 0.53343 H—4 — LUMO (57%) 2.8956 0.0221 428
So— S 0.67492 H—3 — LUMO (91%) 3.1515 0.0294 393
So— S27 0.39175 H—3 — L+1 (31%) 4.1194 0.2933 300
So— Ss2 0.41354 H—3 — L+4 (34%) 5.0202 0.0454 246
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Table 2.13: Main Optical Transition at the TD-DFT/(R)B3LYP level of theory using 6-
311+G(d,p) basis set for non-H atoms and LANL2DZ basis for Ru for the complex Ru3 with
composition in terms of Molecular Orbital Contribution of the Transition, Computed Vertical
Excitation Energies, and Oscillator Strength in Dichloromethane

E Oscillator 2

Transition CI Composition strength heo

(eV) P (nm)
So— S> 0.62256 HOMO — LUMO (78%) 2.5432 0.0612 487.51
So — S 0.62859 H—2 — LUMO (79%) 3.0510 0.1255 406.37

0.34323 H—2 — L+1 (24%)
4.02 0.3605 307.81
So=S84 1 040551 H—3 — L+1 (33%) 7 7

So— S73 0.32840 H—4 — L+2 (22%) 4.9841 0.0193 248.75

Table 2.14: Natural transition orbitals (NTOs) for complex Rul illustrating the nature of
singlet excited states in the absorption bands in the range 200-800 nm. For each state, the
respective number of the state, transition energy (eV), and the oscillator strength (in
parentheses) are listed. Shown are only occupied (holes) and unoccupied (electrons) NTO pairs
that contribute more than 15% to each excited state.

Hole Electron
534 S
nm w = 0.8020
2.4871 (0.0766)
498.50 nm
ILCT & d-d

7 (Azo + Oxime) —
¥ (Azo + Oxime) & dy,

—dy,

419 S’s

nm w = 0.8041

2.9774 (0.1186)
416.41 nm

LLCT & d-d
7 (Cl) - n* (Azo +
Oxime) & dy,— dy,
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277

nm

S27
w = 0.4909
4.0853 (0.3764)
303.48 nm

ILCT, LLCT & d-d
7 (PPh3) — w*
(Cl+ PPh3) & dy, — d,?

232

nm

Ss3
w=0.2073
5.0059 (0.0743)
247.67 nm

LLCT & d-d
n (Cl + Oxime) — m*

(PPh3) & dx2.22 — dxz

Table 2.15: Natural transition orbitals (NTOs) for complex Ru2 illustrating the nature of

singlet excited states in the absorption bands in the range 200-800 nm. For each state, the
respective number of the state, transition energy (eV), and the oscillator strength (in
parentheses) are listed. Shown are only occupied (holes) and unoccupied (electrons) NTO pairs

that contribute more than 15% to each excited state

— ¥ (Azo + Oxime)

& dxz i dyz

Hole Electron
528 S>
=0.7711 ,,
nm w=0.77 o o o #,)- .
2.4822 (0.0634) & o «5' P i 4 ja 9
N N/ & ~
499.49 nm i 2 7
. ;’l}’ 253 e PP
ILCT & d-d i e e
W o e, N ;
7 (Azo + Oxime + Ph) ‘&-\,‘ t y \":“‘ i :S-A: ¢.f
3/ \ o
# &
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420 S
nm w =0.5689
2.8956 (0.0221)
428.18 nm
ILCT & d-d i
n (Cl + Oxime) — m*
(Azo + Oxime + Ph)
& 422 — dy,
358 Se
nm w=0.9110 ‘/.J,
9 P
3.1515 (0.0294) a4 ,é’_/a
393.41 nm il " |
A
& ¢ )
LLCT & d-d ) & . '/#% =
7 (PPhs) — ¥ (Azo + > ‘\z,,‘ d_ ‘z\u‘\
Oxime + Ph) & dy, — &\,/ :f °5»2 J L», &w o2,
dy & &
279 827
nm w =0.3069 . = é > . ’i' "
4.1194 (0.2933) | ny o o
R o &
300.97 nm ’ 3 .
vz cogiid s 2505 .
o ‘)
ILCT & d-d K>S
7 (PPhy) — ¥ Py p B LN
'} S o %
(PPhs) & dy, — d? ~ /P s
3&
232 S5
nm w =0.3420 A ‘ 5 Y
9 — @&
‘ . P
5.0202 (0.0454) & A !jy 4 I :{ P
246.97 nm K, A
LLCT & d-d i« o v
PPh * S Lo v
n (PPhs) — n }\ z? J.J‘:J % ; N"
(Ph + PPhs) & dy, — ¥4/ i ‘v?
d2,? '
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Table 2.16: Natural transition orbitals (NTOs) for complex Ru3 illustrating the nature of
singlet excited states in the absorption bands in the range 200-800 nm. For each state, the
respective number of the state, transition energy (eV), and the oscillator strength (in
parentheses) are listed. Shown are only occupied (holes) and unoccupied (electrons) NTO pairs
that contribute more than 15% to each excited state.

Hole Electron
543 S5
nm w=0.7751
2.5432 (0.0612)
487.51 nm

ILCT, LLCT & d-
d
7t (Cl+ Azo +
Oxime + Ph) —
n* (Azo + Oxime

+Ph) & dy, — dy,
399 S
nm w =0.7902
3.0510 (0.1255)
406.37 nm

ILCT, LLCT & d-
d

7 (Cl + Oxime) —

w* (Azo + Oxime

+ Ph) & dy, — dy,

S24
w =0.2343
4.0279 (0.3605)
307.81 nm

ILCT & d-d
7 (Cl + Oxime) —
n* (C1 + PPhs) &

dXZ - d22
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230 S73
nm w=0.2156
e, 9o &
4.9841 (0.0193) ‘e ’(\- 7 >, 2. 07
248.75 nm f‘! a3 2 %3 o 8

i. o 4 9
1 ‘ ‘
LLCT & MLCT J‘\ ‘j > o . b g
2 - — J )
7 (Cl + Oxime) — R s = 0&' o °
7+ (PPhy) W B .0 >

2.2.3 Electrochemistry

The complexes Rul-Ru4 undergo multiple single-electron quasi-reversible/reversible
reductive responses within —0.59 and —1.32V, in acetonitrile/0.1M tetrabutyl ammonium
hexafluorophosphate using glassy carbon as working electrode, and saturated Ag/AgCl as the
reference electrode (Figure 2.10, Table 2.17). Theoretical considerations reveal that LUMO in
all complexes is of ©* character having very high contribution from the azo as well as oxime
moieties of the coordinated ligand (Table 2.18-2.20). Hence the reductive couples are attributed
to azo-oxime reduction of the ligand skeleton. It is evident from Table 2.17 that the one electron
azo reductive couples become more negative as we move from Ru3 — Ru2 — Rul — Ru4,
suggesting that the electron acceptor ability is of the order Ru3 > Ru2 > Rul > Rud4. The
complexes trans-[RuL(CO)CI(PPh3)2] (Rul-Ru4) can also be transformed to the
corresponding azo-oxime anion radical species [Ru(L"")(CO)CI(PPhs):] [1a]* - [4a]"™ via one-
electron reduction upon refluxing with t-BuOK for 30 minutes. We have been able to isolate
the metastable anion radical complex but couldn’t grow X-ray quality single crystals even after
persistent attempts. EPR spectra of these complexes in solution at 298 K display a single line
isotropic spectra with giso = 1.999, thereby suggesting the formation of the ligand-centric anion
radical complex (Figure 2.14). Optimization of the structure of one of the representative
complex, [Ru3]" reveals that spin density is majorly concentrated over azo-oxime portion

(Figure 2.14b). The UV-VIS absorption spectra of [Ru3]* in dichloromethane solution at room
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temperature are provided in Figure 2.14c, along with their respective theoretically calculated

spectra.

10 pA

20 15 10 05 00 -05 -1.0 -15
E/V vs Ag/AgCl

Figure 2.10: Cyclic voltammogram of Ru3

Table 2.17: Electrochemical data of Ru(II)-complexes with respect to Ag/AgCl

E1»/V (AE/mV)
Complex
Oxidation Reduction
Rul +1.23(75% ~0.63 (E,2/V), —1.08 (E,2/V)
Ru2 +1.24(87%) —0.61(E,%/V), —1.09(E,2/V)
Ru3 +1.35(70) ~0.59 (110mV) V, —1.09(E,2/V)
Rud +1.16, 0.68(E,/V) ~0.65(E,2/V), —0.97(E,2/V)
Ev2=Y2(Epa + Epa), Epa= anodic peak potential; Epc = cathodic peak potential, AE
= peak-to-peak separation

Table 2.18: Frontier Molecular Orbital Composition (%) in the ground state for Rul

Contribution (%)
Orbital | MO | Energy Contribution

(e¢V) | Ru | Cl| CO | Azo | Oxime | Ph | PPhs
226 L+5 092 | 4 | 1| 2 0 2 9 83 n*(Oxime + PPhs)
225 L+4 -0.98 1 10| 1 1 1 4 91 m*(Ph + PPhs)
224 L+3 -1.07 | 2 | 0] 1 0 0 2 94 n*(PPhs)
223 L+2 -1.09 | 3 0| 3 0 4 11 79 n*(Ph + PPhs)
222 L+1 -1.65 | 32 | 3| 1 2 3 0 60 d,>+m*(PPhs)
221 | LUMO | -2.61 6 |0 | 2 | 35 39 13 4 n*(Azo + Oxime + Ph)
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220 |HOMO | -5.51 14 |5 0 11 38 30 3 dyy+ m (Azo + Oxime + Ph)
219 H-1 -6.00 | 24 (39| 4 2 24 4 4 d®-? + m (Azo + Oxime + Ph)
218 H-2 -6.11 20 |47 1 3 10 10 |dx, + 7 (Cl+ Azo + Oxime + Ph)
217 H-3 -6.34 9 31| 5 3 48 3 2 dx,+ m (Cl + Ph)

216 H+4 -6.51 13 | 1 0 3 1 76 dx, + m (Ph + PPhs)

215 H-5 -6.80 0 [2] O 2 1 89 6 7 (Ph + PPhs)

HOMO-LUMO gap =2.90 eV

Table 2.19: Frontier Molecular Orbital Composition (%) in the ground state for Ru2

Contribution (%)

. Ener e

Orbital| - MO (eV;gy Ru | Cl1| CO | Azo | Oxime | Ph | PPhs Contribution
230 | L5 | 099 | 9 [ 2] 3 | 2 8 | 31 | 46 | d22+x*(Oxime +Ph+ PPhs)
20 | L+4 | <101 | 2 [0] 2| 0 1 93 *(PPhs)
28 | 113 | 13 | 2 ]0] 2] 2 0 4 | 9 7*(PPhs)
27 | 1+2 | 125 | 0 [0 2 | 1 1 0 | 9% 7*(PPhs)
226 | L+1 | <171 |32 3] 2 | 3 1 0 | 60 d2+7* (PPh)
225 [LUMO| 269 | 6 |0 | 2 | 35| 38 |15 4 7*(Azo + Oxime + Ph)
224 |HOMO| -558 | 14 | 5] 0 | 10| 38 |30 3 dy + 7 (Azo + Oxime + Ph)
23 | BH-1 | 608 |25 |#2| 4 | 2 | 19 | 4 | 6 duy + 7 (Azo + Oxime + Ph)
222 | H=2 | -6.14 | 20 |44] 2 | 3 15 | 7 | 10 |dy,+nr(Cl+Oxime + Ph + PPhs)
221 | H3 | 646 | 8 [29] 6 | 3 | 51 | 2 | 2 |du+n(Cl+CO +Oxime+ Ph)
220 | H4 | 662 | 13]0] 0 | 3 1 8 | 74 dy + 7 (Ph + PPhs)
219 | H-5 | 689 | 0 [0] 0 | 0 0 3 | 9% 7 (PPhs)

HOMO-LUMO gap =2.89 eV

Table 2.20: Frontier Molecular Orbital Composition (%) in the ground state for Ru3

Contribution (%)

. Ener: o e
Orbital | MO (evfy Ru | Cl | CO | Azo | Oxime | Ph | PPhs Contribution
230 | L+5 | 090 | 1 | 1| 2] 0] 4 |8 | s4 7*(PPhs)
229 | L+4 | 095 | 3 | 0 | 1 | 1 6 | 31| 60 7*(Ph + PPh)
28 | L3 | 104 | 4 | 0 | 3 | 1 2 | 25| o4 27+ 2*(Ph + PPhs)
27 | L+2 | 109 | 0 | 0 | 2 | 1 1 4| %2 7*(PPhy)
226 | L+1 | 163 | 35| 4 | 1 | 3 2 | o0 | 57 4,2 +*(PPhs)
225 |LUMO| 262 | 6 | 0 | 2 | 34| 39 | 14| 4 | du+n*(Azo+Oxime+ Ph)
224 |HOMO| 568 | 23 | 12| 0 | 11 | 34 | 16 | 3 |dw+n(Cl+Azo+Oxime + Ph)
223 | H-1 | 610 |27 | 43| 5 | 1| 20 |0 | 3 d + 7 (CL+ CO + Oxime)
222 | H2 | 617 | 10 | 43| 0 | 4 | 11 | 13 | 19 |dw+n(Cl+Azo+Oxime + Ph)
21 | H3 | 643 | 6 | 21| 5 | 4| 9 | 1] 4 dert 7 (Cl + Oxime)
220 | H4 | 650 | 14| 2| 0 | 3 2 6 | 73 de + 7 (PPhy)
290 | H5 | 678 | 1 ] 0] 0] 0 1 2 | 9% 7 (PPhy)

HOMO-LUMO gap =3.06 eV
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Table 2.21: Frontier Molecular Orbital Composition (a-MO) (%) in the ground state for

[3a]"-
Contribution (%)
Orbital| MO | Energy Contribution
(evV) | Ru| Cl [ CO | Azo | Oxime | Ph | PPhs
235 L+5 1.55 2 0 0 2 1 26 69 7*(Ph + PPh;)
234 L+4 1.46 4 0 0 0 1 0 97 w*(PPhs)
233 L+3 1.44 1 0 0 0 3 0 98 n*(PPh;)
232 L+2 1.34 2 0 1 0 1 1 95 *(PPhs)
231 L+1 1.20 0 0 0 0 0 1 99 *(PPhs)
230 |LUMO | 1.04 | 24 | 2 1 1 1 0 72 d,? + n*(PPhs)
229 |HOMO | -1.01 6 0 1 35 34 21 3 dx, + ® (Azo + Oxime + Ph)
228 H-1 -2.63 13 3 1 13 41 26 3 dy, + 7 (Azo + Oxime + Ph)
227 H-2 -2.94 7 3 5 2 80 1 1 dy, + m (CO + Oxime)
226 H-3 -3.30 | 33 | 45 2 2 3 11 4 dy,+ @ (Cl + Oxime + Ph)
225 H+4 -3.36 | 38 | 47 6 2 4 1 1 dy, +  (Cl+ CO)
224 H-5 -3.99 | 15 5 0 2 1 13 66 dyy + 7 (C1 + Ph + PPh;3)
HOMO-LUMO gap =2.05 eV

Table 2.22: Frontier Molecular Orbital Composition (B-MO) (%) in the ground state for

[3a]-
Contribution (%)
Orbital| MO |Energy Contribution
(eV) | Ru | CI | CO | Azo | Oxime | Ph | PPhs
234 L+5 1.47 5 1 0 0 2 1 92 n*(PPh;)
233 L+4 1.44 1 0 0 0 3 0 98 *(PPhs)
232 L+3 1.36 2 0 1 1 4 2 91 *(PPh;3)
231 L+2 1.22 2 0 1 8 9 7 73 n*(Oxime + PPhs)
230 L+1 1.16 6 1 3 11 16 7 56 1*(Azo + Oxime + PPh;)
229 LUMO 1.00 18 1 1 8 9 5 58 | d+ m*(Azo + Oxime + PPhs)
228 HOMO | -2.03 8 1 0 | 22 34 33 2 dx, + 7 (Azo + Oxime + Ph)
227 H-1 -2.71 6 2 6 2 82 0 1 dy, + 7 (Oxime)
226 H-2 -3.35 | 41 | 43 1 2 3 5 5 dy, + 7 (Cl)
225 H-3 -3.93 | 40 | 49 | 7 2 2 0 1 dy,+ 7 (CL+ CO)
224 H-4 -3.95 0 10 | 2 | 47 16 16 15 |dy, + 7 (Cl+ Azo + Oxime + Ph)
223 H-5 -3.93 8 6 1 14 1 25 44 | dyy +n (Cl + Azo + Ph + PPhs)
HOMO-LUMO gap =3.03 eV

43 |Page




Chapter 2

Figure 2.11: Partial FMO (Frontier molecular orbital) diagram and isodensity surface plots
(isovalue = 0.06) for selected FMOs of Rul. The arrows are used to highlight the HOMO-
LUMO energy gap. All the DFT energy values are given in eV
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0.0

-7.0

Figure 2.12: Partial FMO (Frontier molecular orbital) diagram and isodensity surface plots
(isovalue = 0.06) for selected FMOs of Ru2. The arrows are used to highlight the HOMO-
LUMO energy gap. All the DFT energy values are given in eV
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Figure 2.13: Partial FMO (Frontier molecular orbital) diagram and isodensity surface plots
(isovalue = 0.06) for selected FMOs of Ru3. The arrows are used to highlight the HOMO-

LUMO energy gap. All the DFT energy values are given in eV
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Figure 2.14: (a) LUMO of Ru3. (b) Mulliken spin Density plot of [Ru3]™ (c) Experimental
(pink) and calculated absorption (black) spectrum of [Ru3]~ (d) Experimental (blue) and
simulated (red) EPR spectrum of [Ru3]™; Instrument settings: Microwave frequency 9.458
GHz; Microwave power 0.998 mW; Modulation frequency, 100 kHz.

2.3 Experimental Section

2.3.1 General Information

All the reactions mentioned in this work were performed under aerobic condition. Required
reagents and solvent was used as soon as they received without any further synthetic
manipulation. The following sources were used for purchase of required chemicals: phenyl
hydrazine, benzaldehyde, 2-hydroxybenzaldehyde, 2,6-difluorobenzaldehyde and 4-

fluorobenzaldehyde were purchased from TCI Chemical (India) Pvt. Ltd. Triphenylphosphine
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(PPh3) was obtained from Sigma-Aldrich. Ruthenium trichloride (RuCls;. xH20) was taken

from Arora-Matthey (India) Ltd. n-Butyl nitrite was prepared by using literature procedure!’.

Synthesis of ligands: All the reported diaryl-azo-oxime (1,2,3 and 4) ligands were prepared

according to previously described method."

(E)-(4-fluorophenyl)((E)-phenyldiazenyl)methanone oxime (2): Yield: 75%; ESI MS [M +
H]"; m/z: 244.0878 (calcd 244.0886); 'H NMR (300 MHz, d°-DMSO): § 14.30 (s, 1H), 9.32
(dd, J=22.5,2.4 Hz, 2H), 9.23 — 9.15 (m, 3H), 9.05 — 8.87 (m, 4H). *C{'H} NMR (101 MHz,
CDCl): 6 164.94, 152.41, 132.39, 132.07 (d, J = 8.4 Hz), 129.64, 129.25, 123.53 (d, J=2.9

Hz), 115.73 (d, J=21.8 Hz), 115.30 (d, /= 21.7 Hz). 1°F NMR (377 MHz, CDCL): & -110.16.

(E)-(2,6-difluorophenyl)((E)-phenyldiazenyl)methanone oxime (3): Yield: 65%, ESI MS [M
+H]*; m/z: 262.0796 (caled 262.0792); 'TH NMR (400 MHz, d®-DMSO): § 13.32 (s, 1H), 7.74
(dd, J = 7.6, 2.2 Hz, 2H), 7.65 — 7.52 (m, 4H), 7.22 (t, J = 8.1 Hz, 2H); *C{'H} NMR (101
MHz, d’-DMSO): § 160.43 (d, J = 8.6 Hz), 159.77 (t, J = 2.8 Hz), 157.96 (d, J = 8.7 Hz),
152.10, 134.05 - 132.10 (m), 130.06, 123.17, 112.00 (d, J=20.5 Hz), 107.23 (t, J = 23.4 Hz);

F NMR (377 MHz, d®-DMSO): § -110.32.

(E)-(2-hydroxyphenyl)((E)-phenyldiazenyl)methanone oxime (4): Yield: 74%, ESIMS [M +
H]"; m/z: 242.0924 (caled 242.0930); 'H NMR (300 MHz, CDCl3): § 11.89 (s, 1H), 10.41 (s,
1H), 8.04 (dd, J = 6.6, 1.8 Hz, 2H), 7.71 — 7.57 (m, 4H), 7.41 — 7.31 (m, 1H), 7.09 (d, J= 8.3
Hz, 1H), 6.96 — 6.89 (m, 1H). C{'H} NMR (101 MHz, CDCl3): 157.89, 157.63, 151.28,

134.19, 131.93, 129.79, 128.04, 123.58, 119.32, 117.75, 115.27.
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2.3.2 General procedure for the synthesis of complexes trans-|Ru(L)(CO)CI(PPh3);]
(Rul-Ru4)

The diarylazooxime ligand (HL, 1-4) (0.1 mmol, lequiv.) was dissolve in 20 ml of reagent
grade benzene in 50 ml round bottom flask equipped with a magnetic stir bar. The precursor
ruthenium complex, [RuH(CO)CI(PPh3)3] (95 mg, 0.1 mmol, lequiv.) was added as solid to
the above solution and stirred for 12 h at room temperature. The resulting dark pinkish red
coloured solution was evaporated to dryness under vacuum. The desired ruthenium-
diarylazooxime complex was purified by column chromatography using silica gel and
toluene/acetonitrile mixture was used as eluent. The suitable single crystal for SCXRD study
was produced by solvent diffusion method where a solution of freshly purified ruthenium-
diarylazooxime complex in CH2Cl2 was taken in a test tube with glass stopper and by using a
syringe, n-hexane was added very carefully without any disturbance of the layer of CH2Cl2

solution.

Analytical data of Rul: The ligand was 1. The complex was prepared according to general
procedure. Reddish brown solid. Yield: 63 mg (69%). Anal. Calcd (%) for [Rul]
Cs0H40N302C1P2Ru: C, 65.75; H, 4.41; N, 4.60. Found: C, 63.68; H, 4.39; N, 4.62. HRMS; [M
+H] m/z=914.1010 (caled 914.1412); FT-IR/cm™ v =, 1966 (vc-0), 1483 (un=x), 1089 (un-0);
"H NMR (400 MHz, CDCls): § 7.47 — 7.43 ( m, 12H), 7.38 (dd, J = 6.7, 3.1 Hz, 2H), 7.29 —
7.21 (m, 9H), 7.20 — 7.16 (m, 12), 7.10 (t, J = 7.2 Hz, 1H), 6.92 (t, /= 7.8 Hz, 2H), 6.83 (d, J
= 8.1 Hz, 2H); BC{'H} NMR (100 MHz, CDCl3): 204.79, 204.66, 167.37, 155.33, 134.34,
134.29, 134.24, 130.86, 130.63, 130.41, 130.09, 128.04, 127.99, 127.94,127.79, 127.60,

127.57, 127.87; 3'P{'H} NMR (161.99 MHz, CDCL): (5, ppm) 21.64

Analytical data of Ru2: The ligand was 2. Dark brown solid. Yield: 69 mg (74%). Anal. Calcd
(%) for [Ru2] CsoH39N3O2FCIP2Ru: C, 64.48; H, 4.22; N, 4.51. Found: C, 63.41; H, 4.19; N,

4.49. HRMS; [M + H] m/z = 932.1204 (caled 932.1317); FT-IR/em™ v = 1960 (vc-0), 1485
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(on—x), 1090 (un-0); 'H NMR (400 MHz, CDCls): § 7.54 — 7.37 (m, 13H0, 7.27 — 7.30 (m, SH),
7.25 — 7.12 (m, 11H), 7.13 (t, J = 8.0 Hz, 1H), 6.99 — 6.88 (m, 4H), 6.87 — 6.82 (m, 2H);
BC{'H} NMR (100 MHz, CDCls): 204.59, 204.47, 166.50, 163.38, 160.92, 155.45, 134.37,
13432, 134.26, 134.03, 130.85, 130.62, 130.13, 130.39, 129.49, 128.06, 128.01,
127.96,127.89, 127.73, 126.90, 126.87, 122.94, 114.50, 114.29; 3'P{'H} NMR (161.99 MHz,

CDCls): (8, ppm) 21.76; '°F NMR (376.5 MHz, CDCL3): (5, ppm) -112.77.

Analytical data of Ru3: The ligand was 3. Purple red solid. Yield: 70 mg (74%); Anal. Calcd
(%) for [Ru3] CsoH3sN302F2CIP2Ru: C, 63.26; H, 4.03; N, 4.43. Found: C, 63.20; H, 4.05; N,
4.40. HRMS; [M + H] m/z = 950.0700 (calcd 950.1223); FT-IR/cm™ v = 1987 (vc-0), 1435
(uN=N), 1090 (un-0); 'H NMR (400 MHz, CDCl3): § 7.60 — 7.50 (m, 12H), 7.31 — 7.22 (m, 9H),
7.21 —7.17 (m, 12H), 6.99 (ddd, J = 8.4, 5.4, 3.2 Hz, 1H), 6.87 —6.73 (m, 4H); 3C{'H} NMR
(100 MHz, CDCls): 162.38, 162.30, 159.86, 159.79, 159.00, 154.61, 134.42, 134.37, 134.31,
131.21,130.98, 130.75, 130.14, 128.10, 127.95, 127.90, 127.58, 127.25,122.58, 11.52, 111.28;
3P {'H} NMR (161.99 MHz, CDCls): (5, ppm) 20.18; '°F NMR (376.5 MHz, CDCls): (5, ppm)

-107.60.

Analytical data of Ru4: The ligand was 4. Purple red solid. Yield: 68 mg (73%); Anal. Calcd
(%) for [Rud4] CsoH40N303CIP2Ru: C, 64. 62; H, 4.34; N, 4.52. Found: C, 64.67; H, 4.37; N,
4.48. HRMS; [M + H] m/z = 930.0438 (calcd 930.1361); FT-IR/cm™ v = 1992 (vc-o0), 1433
(uN=N), 1092 (un-0), 'H NMR (400 MHz, CDCl3): § 8.99 (s, 1H), 7.59 — 7.48 (m, 4H), 7.30 —
7.18 (m, 10H), 7.03 ( t, J= 7.8 Hz, 1H), 6.89 (dd, J = 8.0, 15.0 Hz, 2H), 6.71 (t, J = 7.5 Hz,
1H); *C{'H} NMR (100 MHz, CDCls): 203.38, 203.26, 203.13, 169.26, 157.42, 155.61,
134.33, 134.27, 134.22, 130.48, 130.43, 130.25, 130.02, 129.37, 128.20, 128.15, 128.04,

123.56, 119.62, 119.41, 118.40; 3'P{'H} NMR (161.99 MHz, CDCls): (5, ppm) 19.62.
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2.4 Conclusion

In summary, we have successfully synthesized and characterized a series of four ruthenium(II)
complexes of the general formula [RuL(CO)CI(PPhs3)2] (Rul-Ru4), where HL'* represent
diaryl azo-oxime ligands of the type PhN=N—C(Ar)=NOH bearing electronically diverse aryl
(Ar) substituents. Detailed structural investigations reveal that the coordination environment
around the ruthenium center is influenced by subtle electronic effects imparted by the pendant
aryl groups. Notably, variations in the Ru—Nazo and Ru—Noxime bond lengths across the series
correlate with the electronic nature of the aryl substituents. In complex Ru4, a noticeable
elongation of the Ru—N bonds are observed, likely resulting from intramolecular hydrogen
bonding between the oximato oxygen and the adjacent ortho-hydroxyphenyl moiety. All the
ruthenium complexes also feature significant intramolecular m—m stacking interactions,
contributing to their overall structural stability. In a related fashion, complex Ru3 demonstrates
distinct intramolecular fluorine—arene (F---m) interactions, which introduce subtle
modifications to the coordination geometry and reinforce the molecular architecture.
Electrochemical studies indicate that all four complexes display well-defined reductive
responses, primarily associated with the azo-oxime ligand framework. These responses
correspond to ligand-centered one-electron reduction processes, leading to the formation of
metastable radical anion species. Overall, this work provides insights into the coordination
behaviour and electronic properties of azo-oxime-based ruthenium(Il) complexes, and

underscores their potential as tunable platforms for electron-transfer catalysis.
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2.6 Appendix
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3.1 Introduction

Nitrogen-based heterocycles are a fundamental class of compounds that are abundantly found
in nature and play a crucial role in the structure of numerous natural products, pharmaceutical
agents, and advanced organic materials.! Among them, quinolines, 2-aminoquinolines, and
quinazolines stand out as essential frameworks present in a wide array of biologically and
medicinally relevant molecules.? These heterocycles are known for their diverse therapeutic
profiles, exhibiting activities such as antibacterial,® anti-inflammatory,* anticonvulsant,’
antimalarial,® antiasthmatic,” anti-Alzheimer’s,® and anticancer® effects. Similarly, a-alkylated
carbonyl compounds have emerged as valuable pharmacophores due to their broad spectrumof
biological activities, including antispasmodic, anti-inflammatory, analgesic, antidiabetic,

antitumor, and antibacterial properties.'°
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Scheme 3.1 Schematic illustration of pharmaceutically active compounds featuring 1,4-diaryl
ketone cores, as well as amide and quinoline derivatives.
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Over the years, considerable efforts have been devoted to the synthesis of nitrogen-containing
heterocycles, employing both classical metal-free strategies and a range of metal-catalyzed
multicomponent coupling reactions.!!"!? Despite the significant advancements achieved, many
of the reported methodologies continue to face challenges such as prolonged multistep reaction
sequences, reliance on pre-functionalized substrates, and the generation of substantial chemical
waste. These limitations underscore the ongoing need for the development of alternative
synthetic approaches that are not only efficient and atom-economical but also environmentally
benign. In this context, designing methodologies that employ readily available and cost-
effective starting materials while minimizing waste generation is highly desirable for the

sustainable construction of nitrogen-rich heterocyclic frameworks.

Dehydrogenative functionalization of alcohols has recently gained prominence as an efficient
and sustainable synthetic strategy for the construction of complex organic molecules, including
nitrogen-containing heterocycles.!? This methodology offers notable advantages in terms of
atom economy and environmental compatibility, as it employs readily available, renewable
alcohols and generates minimal waste. The resurgence of interest in this field has been fuelled
by the development of innovative catalysts and catalytic systems that enable selective and
efficient dehydrogenative transformations.'*>!'* Significant progress has been made in applying
this strategy to the synthesis of a wide range of N-heterocycles such as pyrroles,'> pyridines,'®
pyrimidines,'” quinolines,'® quinazolinones,'® and quinazolines,?® demonstrating its utility in
heterocyclic chemistry. Moreover, the scope of dehydrogenative functionalization has been
extended to the synthesis of other high-value compounds, including amines, imines, amides,
and esters, further emphasizing its broad applicability and growing importance in modern
synthetic organic chemistry. This type of dehydrogenative C—N bond forming strategy can also
be extended to C—C bond formation, offering a versatile approach to molecular construction.

In this context, a-alkylated carbonyl scaffolds have emerged as important structural units due
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to their broad spectrum of biological activities, including antibacterial, antispasmodic, anti-

inflammatory, analgesic, antidiabetic, and antitumor properties (Scheme 3.1).!

Some previously reported catalyst in literature
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Scheme 3.2 Representative structures highly active ruthenium catalyst for alcohol
dehydrogenation (AD)

Herein, we report a catalytic strategy for the a-alkylation of ketones with primary alcohols,
followed by a dehydrogenative cyclization to afford 2-substituted quinolines, using a newly
synthesized Ru(Il) complex bearing an azo-oxime coordinated ligand. It is owing to the ability

of coordinated ligand framework to accept an electron/s within the azo-oxime pocket that led
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us to envisage that they may suitably employed as catalyst in certain electron transfer organic
synthesis via conversion of alcohols to the corresponding carbonyls, followed by removal of
hydrogen atom from diverse organic substrates, thereby facilitating coupling reactions.
Detailed mechanistic investigations based on certain experimental data suggest that the
catalytic cycle initiates with the formation of a coordinated azo anion-radical intermediate,
which likely serves as the active species. This is followed by a hydrogen atom transfer (HAT)
pathway that facilitates product formation. Furthermore, the presence of a dangling aryl group
within the ligand framework was found to significantly influence both the catalytic efficiency

and the yield of the desired quinoline products, highlighting its critical role in the overall

transformation.
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3.2 Results and Discussion

3.2.1 Catalytic synthesis of a-alkylated ketones

The study commenced with the standardisation of reaction conditions for both type of reaction
using aromatic primary alcohols. Our investigation began with catalyst screening for both types
of reaction. Here we have used four redox active azo-oxime coordinated ruthenium(Il)
complexes which shown in Scheme 3.3. It has been observed that isolated yield for this reaction
is highest with Ru3 but in all cases, the yield is quite high (Table 3.1). Next, we investigated
the optimized reaction conditions for the a-alkylation of ketones catalyzed by the synthesized
ruthenium(II) complex. Initial screening with alkali metal hydroxide bases such as NaOH and
KOH resulted in moderate product yields ranging from 50-75% (Table 3.2, Entry 1-4).
However, when t-BuOK was employed in place of NaOH or KOH, a significant improvement
in yield was observed (Table 3.2, Entry 5 & 6). To identify a potentially more effective base, a
series of other bases such as Cs2COs3, K2COs3, and K3PO4 were tested under identical reaction
conditions (Table 3.2, Entry 7-11). None of these alternatives outperformed t-BuOK, which
remained the most effective base. Subsequently, we evaluated the influence of different
solvents to determine whether a better alternative to toluene could be found. Solvents such as
tetrahydrofuran (THF), acetonitrile, N,N-dimethylformamide (DMF), ethanol were tested
(Table 3.2, Entry 12-15). In all cases, the yields were notably lower compared to toluene. This
diminished efficiency is likely due to the coordinating ability of these solvents with the
transition metal center, which may interfere the catalytic cycle. Additionally, lowering the
catalyst loading to 0.001 mol% led to a significant reduction in product yield (Table 3.2, Entry
17). Therefore, the optimized reaction condition for this dehydrogenative synthesis of a-
alkylated ketones is as follows: Ru3 catalyst (0.01 mol%), t-BuOK as base (1.0 equiv.) and
toluene as a solvent. After establishing the optimized reaction conditions, we explored the

substrate scope of the a-alkylation reaction. Acetophenone (1a) and benzyl alcohol (2a)
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underwent smooth coupling to afford the corresponding a-alkylated ketone (3a) in 93%
isolated yield (Table 3.3). Aryl ketones bearing electron-donating substituents at the ortho,
meta, and para positions also reacted efficiently with benzyl alcohol (2a), delivering the
desired products in good yields (3b: 85%, 3¢: 80%, 3d: 86%, 3g: 84%, 3h: 90%). Furthermore,
aromatic primary alcohols featuring either electron-donating or electron-withdrawing groups
coupled successfully with acetophenone (1a), affording the corresponding alkylated products

in yields of up to 92% (3i: 92%, 3j: 83%, 3k: 90%, 31: 83%, 3m: 80%).

Table 3.1: Catalyst screening for a-alkylation of ketone

0 o o]
1. Ru"-CAT (0.01mol%)
Me + 2. t-BuOK (1.0 mmol) O 0
- —mp
Toluene, 120°C, 6 h
1a 2a 3a

Entry Ru''-Catalyst Yield of 3a (%)
1 Rul 78
2 Ru2 83
3 Ru3 90
4 Ru4 65

Table 3.2: Optimization of the Reaction Conditions for a -alkylation of ketones with primary
alcohols via Catalytic Dehydrogenation by using Ru'l-Catalyst

o OH o
1. 3a (0.01mol%)
Me + 2. Base (1.0 mmol) e O 0
Solvent, T°C,6 h
1a 2a 3a
Entry Catalyst (0.01 mol%) Base X Solvent T°C Yield® (%)
1 Ru3 NaOH 0.5 Toluene 120 50
2 Ru3 NaOH 1.0 Toluene 120 75
3 Ru3 KOH 0.5 Toluene 120 50
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4 Ru3 KOH 1.0 Toluene 120 65
5 Ru3 t-BuOK 0.5 Toluene 120 85
6 Ru3 t-BuOK 1.0 Toluene 120 90
7 Ru3 Cs,CO; 0.5 Toluene 120 40
8 Ru3 Cs,CO; 1.0 Toluene 120 45
9 Ru3 K>COs 1.0 Toluene 120 50
10 Ru3 K»COs 0.5 Toluene 120 46
11 Ru3 K5PO4 1.0 Toluene 120 38
12 Ru3 t-BuOK 1.0 THF 80 20
13 Ru3 t-BuOK 1.0 MeCN 80 10
14 Ru3 t-BuOK 1.0 DMF 120 trace
15 Ru3 t-BuOK 1.0 Ethanol 80 NR
16 Ru3 t-BuOK 1.0 Xylene 120 70
17 Ru3 (0.001 mol%) t-BuOK 1.0 Toluene 120 42

“Reaction conditions: la (I mmol), 2a (1.1 mmol), Ru3 (0.01 mol %), base (x equiv.), solvent
(6 mL), 120 °C (oil bath), 6 h. ® Isolated yield
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Table 3.3: Substrate scope of a-alkylation of arylacetophenone

\
0
1. 3a (0.01mol%)
+ / 2. tBuDK (1.0 mmol) R0 -~ I ~
Toluena, 120°C,6 h = -
-
1a-1h 23 -29 Ja-Im
\ v,
(o] o} 0
¢ @
Me
3a (93%) 3b (85%) 3c (80%)
o
/.*" /‘*’\‘ » B _
3d (86%) 3e (89%) 3f (87%)
0 o 0
, e .00 ¢ ¢
OMe
3g (84%) 3h (90%) 3i (92%)
3j (83%) 3k (90%) 31 (83%)
o}

J ¢

3m (80%)  Me
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3.2.2 Catalytic synthesis of 2-substituted quinolines

To initiate our study, we carried out the reaction of o-aminobenzyl alcohol with acetophenone
under a range of defined conditions, including variations in temperature, solvent, and catalyst
loading, to identify the most effective catalyst for the dehydrogenative synthesis of 2-
substituted quinolines. The catalytic performance of four ruthenium complexes (Rul—Ru4)
was systematically evaluated under identical reaction conditions (Table 3.4). Among these,
Ru3 emerged as the most efficient catalyst, affording the highest yield of the desired quinoline
product. The remaining complexes (Rul, Ru2, and Ru4) also facilitated the transformation
with moderately high yields, demonstrating their catalytic competence, albeit to a lesser extent
than Ru3. Following the identification of the most effective catalyst for this transformation,
we turned our attention to optimizing the reaction conditions. The dehydrogenative cyclization
proceeded most efficiently when the reaction was conducted in toluene at 85 °C for 5 h in the
presence of fert-butoxide (t-BuOK) as the base. Under these conditions, high yields of the
desired quinoline derivatives were obtained (Table 3.5). A marked decrease in yield was
observed when the reaction temperature was lowered to 70 °C or when the reaction time was
reduced to 3 h, indicating the critical role of thermal activation and sufficient reaction duration.
Furthermore, increasing the temperature to 120 °C, extending the reaction time beyond 5 h, or
increasing the catalyst loading did not lead to any significant improvement in yield, suggesting
that the reaction conditions were already near optimal under the standard protocol. The scope
of these cyclization reactions of 0o-amino benzyl alcohols with methyl ketones were examined
and detailed in Table 3.6. 2-aminobenzyl alcohol (4a) reacts with series of aryl methyl ketones
containing both electron donating and withdrawing group. Aryl methyl ketone containing
electron donating at ortho, meta and para position successfully coupled with 4a to give the
corresponding 2-substituted quinolines isolated yield up to 94% (5a: 93%, Sb: 90%, Sc: 91%,

5d: 94%, Se: 87%, 5f: 85 %). Aryl methyl ketone containing strong electron withdrawing group
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such as —F, —Br and —-NO: at ortho, meta and para position also annulated with 4a to produce
desired products with good to excellent yield (5g: 85%, Sh: 89%, 5i: 92%, 5j: 88%, Sk: 65%,
51: 60%). Polyaromatic ketone such as 1-(naphthalen-2-yl)ethan-1-one (1m) is also react with
4a to produce corresponding quinoline derivative (Sm) with the isolated yield of 87%.
Similarly, dialkyl ketone like 2-octanone is successfully coupled to form the corresponding 2-

substuted quinoline (5n) with 75% yield.

Table 3.4: Catalyst screening for a-alkylation of ketone

1. Ru"CAT (0.01mol%)
OH e 2. t-BUOK (1.0 equiv.) ™
+ -_ Y -
NH; Toluene, 85°C, 5 h N O

L 4a 1a 5a y
Entry Ru'-Catalyst Yield of 6a (%)®
1 Rul 80
2 Ru2 85
3 Ru3 93
4 Ru4 70

@ Reaction conditions: 4a (1 mmol), 1a (1.1 mmol), Ru"-Catalyst (0.01 mol %), base (1.0
equiv.), toluene (6 mL), 85 °C (oil bath), 5 h reaction time, " Isolated yield.

75| Page



Chapter 3

Table 3.5. Optimization of the Reaction Conditions for synthesis of 2-substituted quinoline
derivatives from 2-amino benzyl alcohol/ 2-amino 5-chloro benzyl alcohol with substituted
acetophenones/ alkyl methyl ketones using Ru-catalyst

0 1. Ru3 (0.01mol%)
OH 2. Base (1.0 equiv.) -~
+ Me - _—
NH, Solvent, T°C, 5 h N/ 0
4a 1a 5a

Entry | Catalyst (0.01 mol%) Base X (equiv.) Solvent T°C Yield® (%)
1 Ru3 NaOH 0.5 Toluene 85 55
2 Ru3 NaOH 1.0 Toluene 85 62
3 Ru3 KOH 0.5 Toluene 85 70
4 Ru3 KOH 1.0 Toluene 85 75
5 Ru3 t-BuOK 1.0 Toluene 85 93
6 Ru3 t-BuOK 0.5 Toluene 85 80
7 Ru3 t-BuOK 0.5 Xylene 85 71
8 Ru3 t-BuOK 0.5 MeCN 85 trace
9 Ru3 Cs2CO; 1.0 Toluene 85 50
10 Ru3 K,COs 0.5 Toluene 85 52
11 Ru3 K,CO; 1.0 Toluene 85 63
11 Ru3 Cs,COs 0.5 Toluene 85 40
12 Ru3 K:PO, 0.5 Toluene 85 45
13 Ru3 K:PO, 1.0 Toluene 85 51
14 Ru3 t-BuOK 1.0 Toluene 100 94
15 Ru3 t-BuOK 1.0 Toluene 120 94

“Reaction conditions: 4a (I mmol), Sa (1.1 mmol), Ru3 (0.01 mol %), base (x equiv.), solvent
(6 mL), 85°C (oil bath), 5 h reaction time. ® Isolated yield.
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Table 3.6: Substrate scope of 2-substituted quinolines

i ™
o]
R 1. Ru3 (0.01mol%)
OH 2. t-BuOK (1.0 equiv.)
Me ~
o ) = -
NH, '\\ Toluene, 85°C,5h
(R
R=H; 4a 1a-1p
Cl; 4b
s o

51 (92%) 5} (88%) 5k (65%) \./ 2 51 (60%)
(l. :: : : '\CGH.“
5n (75%)
5m (87%)
= J
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Ci Cls

Cl Cl

55 (87%) st 5t (92%) 5u (85%) 5v (88%)
cl X cl O N cl
- -

{ B'; cl)
Sw (89%) o 5x (92%) 5y (88%) 5z (81%)
(o]
- x Cl X
- 2,
a -
5aa(91%) 5ab (78%)
L A

Additionally, 5-chloro-2-aminobenzyl alcohol (4b) effectively reacts with a variety of aryl and
alkyl ketones to furnish the corresponding 2-substituted quinoline derivatives in good to
excellent yields (Table 3.6). Aryl methyl ketones bearing electron-donating groups at the ortho,
meta, or para positions underwent smooth annulation with 4b, affording the desired quinoline
products in yields of up to 94% (50: 91%, 5p: 92%, 5q: 90%, Sr: 93%, S5s: 87%, 5t: 92%).
Similarly, aryl methyl ketones containing strong electron-withdrawing substituents such as —
F, —Cl, and —Br at various positions also reacted efficiently with 4a, yielding the corresponding
quinolines in high yields (Su: 85%, 5v: 88%, Sw: 89%, 5x: 92%, Sy: 88%). Notably, a
heteroaryl methyl ketone (1p) successfully coupled with 4b to deliver quinoline derivative 6z
in 81% yield. Furthermore, a polyaromatic ketone such as 1-(naphthalen-2-yl)ethan-1-one

(1m) underwent smooth cyclization with 4a, furnishing product 5aa in 91% yield. In addition,
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an aliphatic dialkyl ketone like 2-octanone also participated in the reaction, producing 2-

substituted quinoline Sab with a yield of 78%.

3.2.3 Mechanistic study

To elucidate the mechanism of these catalytic transformation and to and to have an insight into
the coordinated azo-anion ligand radical intermediates formed during Ru(Il)-catalyzed
synthesis of a-alkylated ketones and 2-substituted quinolines, the following control
experiments were performed under optimized reaction condition. Since the alkylation reactions
were carried out at 120°C, the stability of catalyst was checked under aerobic condition and all
of them viz., Rul, Ru2, Ru3 and Ru4 were found to be stable at 120°C in toluene and other
organic solvent. In order to comprehend the homogeneity of catalytic transformations as well
as the involvement of catalysts, mercury poisoning test was performed. The dehydrogenation
of alcohol and subsequent coupling reactions were unaffected by the presence of mercury. The
basic mechanism of catalytic transformation in both the above type of reactions appear to be

similar.

350 . 3&5 . 31I30 . 3;55 ' 3;1-0 . 3:35 ' 3;')0 ' 3‘55
Field (mT)
Figure 3.1: Experimental (blue) and simulated (red) EPR spectra of [Rus]*~ generated upon

reaction of Ru3 with t-BuOK in toluene. Instrument settings: Microwave frequency 9.458 GHz;
Microwave power 0.998 mW; Modulation frequency, 100 kHz.
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The catalysis has been found to be initiated with the formation anion radical species trans-
[Ru(L™)(CO)CI(PPh3)2]” [Rul]*-[Ru4]|* via one-electron reduction of the catalyst trans-
[RuL(CO)CI(PPh3)2] (Rul-Ru4) in presence of t-BuOK. This conception has been ascertained
by refluxing the catalyst with t-BuOK only for 30 minutes and performing EPR (giso = 1.999)
with the reaction mixture (Figure 3.5). In order to confirm the participation of ligand-centric
coordinated azo-anion radical intermediates/ other organic radical species during catalytic
transformation, dehydrogenation of 2a was carried out in presence of equivalent amount of
radical scavenger, TEMPO (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl), under optimised reaction
condition (Scheme 3.5, Entry 1). Notably, the formation of corresponding aldehyde 2a’ is
drastically reduced. Moreover, when we performed the coupling reaction between 1a and 2a

as well as between 4a and 1a, the yield
1. TEMPO (2.0 equiv.)

©/\0H 2. Ru3 (0.01 mol%) o
18 —-— _amnh
3. t-BuOK (1.0 equiv.)

Toluene, 85°C,6h

2a', 10%

(o]

2a
o}
1. TEMPO (2.0 equiv.)
OH 2. Ru3 {0.01 mol%)
2. + -_— —
3. t-BuOK (1.0 equiv.)
1a 2a

Toluene, 120°C, 6 h
3a,Trace

0
1. TEMPO (2.0 equiv.)
OH 2. Ru3 (0.01 mol%)
s + - - O i
NH, 3. t-BuOK (1.0 equiv.) N/
Toluene, 85°C, 6 h
4a 1a 5a, 12%

Scheme 3.4 Radical scavenging experiment for alcohol dehydrogenation and subsequent
coupling reaction

OH  1.Ru3 (0.01 mol%)
2. t-BuOK (1.0 equiv.)

Multiple Ring
Cleavage Product

Toluene, 85°C,6 h

8a Argon Atmoshphere

Scheme 3.5: Oxidation of radical clock substrate cyclobutanol under optimal condition

80|Page



Chapter 3

o® ©
?@ PPh, I'I\I iPhai_Tl
\' \ 4

N
/ : _tBUOK Gy
E 19 reduction | Ppha
t-BuOK
‘lBl.-I'-OH ArAOH
KCl
S]
0@
|  PPh, _|
N A
©\f \R'u/o\‘/ 5
N.\ /i.\co H HAT
t-BuOK ©*'N =
PPh;
?@ PPh ‘Ie
3
Oe PPh; e N ' 0 Ar
] NN
(o] Ar u
\Ru/ ~— NH\N/:'\CO o
NQ_N/ E\CO PPhy /”\
f BPh, o] H

0
iph3_|
N

z ?@ PPh3_|° ) >.u\
0 Ar WEE R

AN D% \l/ PPh,

u
HNNNH/ =\co H
N/\OH

Scheme 3.6: plausible rection pathway of ruthenium(II) catalysed alcohol dehydrogenation
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Synthesis of a-Alkylated Aromatic Ketone

0 jj\ 0 0

H Ar = Ar Borrowing Ar
-—— ) - ap
t-BuOK Hydrogenation

Synthesis of 2-Substituted Quinoline

O (o] o
H Ar)l\
d @)Lm- Cyclization m\
-_— ) -~
NH; t-BuOK NH, N™ SAr

Scheme 3.7: Schematic depiction final product formation

of corresponding 3a and S5a reduced significantly, thereby demonstrating the active
participation of radical intermediate (Scheme 3.4, Entry 2 & 3). To have further perception
about the radical intermediate we carried out a reaction of 1-phenylethanol (7a) and Ru3 (1
mol%) and 3 equivalents of t-BuOK in toluene under argon atmosphere. IR spectrum of the
reaction mixture reveals that there are N—H stretches at 3032 and 3065 cm™', consistent with
previous reports (See Figure 3.6.A1).2! In order to support azo to hydrazo transformation the
aforesaid reaction was carried out with deuterated 1-phenylethanol (7a-D2) under an argon
atmosphere (See Figure 3.6.A2). Analysis of IR spectrum of the reaction mixture revealed N—
D attributions at 2117 and 2130 cm™'. Therefore, trans-[Ru(L"")(CO)CI(PPhs)2] behaves as the

active catalyst during the process.

In order to identify whether the oxidation of primary alcohol proceeds through a H™ (2¢”) or H-
atom (1e") transfer process, we have oxidised a radical clock substrate cyclobutanol (8a) under
optimal reaction condition (Scheme 3.5).?> The 'H NMR analysis revealed different ring
cleavage products instead of 2e” reduced product cyclobutanone (see Figure 3.6.A3). These
experimental findings suggest that the coordinated azo-oximato ligand is actively participated
in catalysis. The coordinated alkoxide radical is being transformed to corresponding aldehyde

conceivably via removal of electron by molecular oxygen, the latter being converted to
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superoxide. This conception is intuitive owing to lack of experimental evidences.?”>** The
aldehyde so formed possibly reacts with methyl ketone in a single-pot reaction to form a,-
unsaturated carbonyl compound (aldol type condensation) which are further hydrogenated via
“borrowing hydrogen (BH) catalysis” to form the reported organic products.?* For 2-
substituted quinoline synthesis, similar aldol type condensation products are formed which
further cyclized to quinoline moiety owing to greater stabilisation of aromatic ring than acyclic
a,B-unsaturated carbonyl product (see Scheme 3.7). The catalytic cycle is completed by
coordination of the second molecule of the 1° alcohol to the Ru(Il) centre with concomitant
removal of hydrogen peroxide in presence of aerial oxygen.”* We have studied the catalytic
organic synthesis by using four catalysts Rul-Ru4 and in both type of reactions, it has been
found that yield is substantially higher upon using Ru3 and in fact, the order of catalytic yield
is with Ru3 > Ru2 > Rul > Ru4. Thus, the pendant aryl group in the coordinated ligand
framework must have some role during the process since the other portion of the catalysts
remain unaltered. From Scheme 2.1 (Chapter 2), the pendant aryl groups in 1, 2, 3 and 4 are
respectively phenyl, 4-fluorophenyl, 2,6-difluorophenyl and 2-hydroxyphenyl. Therefore, with
decrease in electron withdrawal ability of pendant aryl group from Ru3 — Ru2 — Rula—
Rud, the extent of catalysis decreases, thereby disclosing the role of these groups during the

catalytic process.
3.3 Conclusion

In this work we have explored ruthenium(Il) catalyzed synthesis of two types of reactions (1)
a -alkylation of ketones with primary alcohols and (ii) synthesis of 2-substituted quinoline
derivatives from 2-aminobenzyl alcohols and substituted acetophenones/ alkyl methyl ketone
using alcohol dehydrogenation (AD) and borrowing hydrogenation (BH) strategy. The scope
of catalytic reactions has been investigated at length and probable mechanism of catalysis have

been provided from several experimental findings. The catalytic pathway has been found to be
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practically ligand-centric redox-driven for the dehydrogenation process and the initial step
involves formation of [Ru(L"~)(CO)CI(PPh3)2]", the latter behaving as the active catalyst. This
led to the transformation of starting 1° alcohol to corresponding carbonyl via HAT pathway
with the metal centre behaving as a template and is not involved in redox events. The catalysis
has been found to be affected by the nature of pendant aryl groups within the coordinated
ligand. With increase in electron withdrawal aptitude of the aryls, from Ru4 — Rul — Ru2
— Ru3, yield of products has increased appreciably, conceivably owing to their enhanced

ability to form the corresponding anion radical to initiate the catalytic reaction.
3.4 Experimental Section

3.4.1 General Information

All the reaction mention in this paper were performed under aerobic condition. Required
reagents and solvent was used as soon as they received without any further synthetic
manipulation. The following sources were used for purchase of required chemicals: phenyl
hydrazine, benzaldehyde, 2-hydroxybenzaldehyde, 2,6-difluorobenzaldehyde and 4-
fluorobenzaldehyde were purchased from TCI Chemical (India) Pvt. Ltd. Triphenylphosphine
(PPh3) was obtained from Sigma-Aldrich. Ruthenium trichloride (RuCls. xH20) was taken

from Arora-Matthey (India) Ltd. n-Butyl nitrite was prepared by using literature procedure!’.
3.4.2 Synthesis of a representative anion radical complex [Ru3]*-

To a solution of Ru3 (0.05 mmol, 47.5 mg) in dry toluene (15 ml), t-BuOK (1.0 equiv., 112
mg) was added and refluxed for 30 min. The Purple red coloured solution was gradually turned
into brownish yellow coloured solution. After 30 min the reaction mixture was cooled to room
temperature and filtered through a silica pad to remove excess t-BuOK and other solid
impurities. The solvent was rapidly evaporated to dryness under reduced pressure and extracted

with n-heptane. The n-heptane solution was then evaporated as quickly as possible to obtain

84| Page



Chapter 3

brownish yellow solid compound [Ru3]*". Yield: 30 mg (63%). Anal. Calcd (%) for [Ru3]*~
Cs0H3sN302F2CIP2Ru: C, 63.26; H, 4.03; N, 4.43. Found: C, 63.17; H, 4.06; N, 4.45. FT-IR/cm”

"0 =1947 (vc-0), 1367 (Un=N), 1079 (UN-0).; Amaxnm in CH2Cl2: 459, 303, 264.
3.4.3 Mercury poisoning test

To a mixture of o-aminobenzyl alcohol (4a) (246 mg, 2.0 mmol, 1 equiv.), acetophenone (5a)
(0.26 ml, 2.2 mmol), t-BuOK (224 mg, 2.0 mmol, 1 equiv.), catalyst Ru3 (0.2 mg, 0.01 mol%)
taken in a 20 ml round bottomed flask containing 5 ml toluene along with a magnetic stir bar,
50 equiv. of mercury (738 mg) was added under open air atmosphere. The resulting mixture
was heated at 85°C for 6h under stirring condition. After the completion of reaction organic
part was extracted with EtOAc and purified by column chromatography using hexane/EtOAc
(3:1 v/v). The isolated yield of the desired product (6a) was 89%. The similar procedure was

applied for the reaction of 1a and 2a.
3.4.4 General Method for Synthesis of a-Alkylated Aromatic Ketones:

A mixture of catalyst Ru3 (0.1 mg, 0.01 mol %), t-BuOK (1.0 equiv.), ketone (1.0 mmol), and
2-aromatic primary alcohol (1.1 mmol) was added to a 20 ml flat-bottom flask. To this, 6 mL
of dry toluene was added. The reaction mixture was then placed in an oil bath preheated at
120°C equipped with a reflux condenser. The reaction was continued for 6 h under open air
atmosphere. After completion, distilled water was added to the reaction mixture and organic
part was extracted with EtOAc followed by washing with brine solution. The resulting organic
part was evaporated to dryness under vacuum. The crude organic product was isolated through
column chromatography using silica gel (60-120 mesh) as solid phase and hexane/EtOAc

mixture as eluent.
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3.4.5 General Method for one-pot Cascade Synthesis of Quinolines

A mixture of catalyst Ru3 (0.1 mg, 0.01 mol %), t-BuOK (1.0 equiv.), ketone (1.0 mmol), and
2-aminobenzylalcohol/2-amino 5-chloro benzyl alcohol (1.0 mmol) was added to a 20 ml flat-
bottom flask. To this, 6 mL of dry toluene was added. The whole reaction mixture was then
placed in an oil bath preheated at 85 °C equipped with a reflux condenser. The reaction was
continued for 5 h under aerobic condition. After completion, distilled water was added to the
reaction mixture and organic part was extracted with EtOAc followed by washing with brine
solution. The resulting organic part was evaporated to dryness under vacuum. The crude
organic product was isolated through column chromatography using silica gel (60-120) as

stationary phase and hexane/EtOAc mixture as eluent.
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3.6 Appendix
'
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Figure 3.6.A1: IR spectrum of the reaction mixture involving stoichiometric alcohol

dehydrogenation of deuterated 1-phenylethanol (7a-d2) under argon: involvement of
azo/hydrazo redox couple with catalyst Ru3.
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Figure 3.6.A2: IR spectrum of the reaction mixture involving stoichiometric alcohol
dehydrogenation of deuterated I1-phenylethanol (7a-D2) under argon: involvement of
azo/hydrazo redox couple with catalyst Ru3.
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Figure 3.6.A3: 'H NMR spectrum of reaction mixture of oxidation of cyclobutanol
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3.6.1: NMR data of all synthesized a-alkylated ketones:

1,3-diphenylpropan-1-one(3a): Yield 93%, White solid. 'H NMR (400 MHz, CDCl3): § 7.99
(dt,J=17.1, 1.4 Hz, 2H), 7.63 — 7.54 (m, 1H), 7.48 (dd, J=8.2, 6.7

Hz, 3H), 7.33 (d, J= 1.1 Hz, 1H), 7.32 — 7.28 (m, 3H), 7.28 — 7.25

%
W/

(m, 1H), 7.23 (d, J= 4.7 Hz, 1H), 3.34 (t, J = 7.9 Hz, 2H), 3.15 -
3.06 (m, 2H). 3C{'H} NMR (75 MHz, CDCL): § 199.37, 141.42, 136.99, 133.20, 128.74,

128.66, 128.56, 128.17, 126.27, 40.59, 30.26.

3-phenyl-1-(o-tolyl)propan-1-one(3b): Yield 85%, Colorless oil. 'H NMR (400 MHz, CDCls):
8 7.66 —7.61 (m, 1H), 7.41 — 7.36 (m, 3H), 7.32 (d, J="7.3 Hz, 3H),

7.24 (d, J = 4.2 Hz, 2H), 3.30 — 3.22 (m, 2H), 3.09 (t, J = 7.6 Hz,

%
W,

2H), 2.51 (s, 3H). BC{'H} NMR (100 MHz, CDCL3): & 203.48,
141.30, 138.19, 138.02, 132.07, 131.35, 128.61, 128.53, 128.48, 126.23, 125.77, 43.32, 30.44,

21.35.

3-phenyl-1-(m-tolyl)propan-1-one(3c): Yield 80%, Yellow oil. '"H NMR (400 MHz, CDCl3):
07.83-7.74 (m, 2H), 7.43 = 7.27 (m, 7H), 3.40 — 3.25 (m, 2H), 3.16

—2.92 (m, 2H), 2.43 (s, 3H). BC{'H} NMR (100 MHz, CDCl3) &

%
W,

199.58, 141.52, 138.53, 137.11, 133.93, 128.74, 128.66, 128.61,

128.57, 126.25, 125.40, 40.66, 30.34, 21.48.

3-phenyl-1-(p-tolyl)propan-1-one(3d): Yield 86%, Colorless oil. 'H NMR (400 MHz, CDCl3):

8 7.96 — 7.84 (m, 2H), 7.40 — 7.19 (m, 7H), 3.31 (t, J = 8.1

O O Hz, 2H), 3.15 — 3.03 (m, 2H), 2.4 (s, 3H). *C{'H} NMR

(100 MHz, CDCl3): 6 199.05, 143.97, 141.52, 134.48, 129.40,

}

Me

128.63, 128.55, 128.29, 126.22, 40.47, 30.33, 21.76.
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1-(4-fluorophenyl)-3-phenylpropan-1-one(3e): Yield 89%, White solid. '"H NMR (400 MHz,
0 CDCl): 6 8.11 — 7.91 (m, 2H), 7.39 — 7.21 (m, SH), 7.20 —

7.10 (m, 2H), 3.43 — 3.22 (m, 2H), 3.11 (dd, J = 8.5, 6.8 Hz,

5 2H). BC{'H} NMR (100 MHz, CDCl3): § 197.68, 167.47,
164.10, 141.22, 133.35 (d, J=3.0 Hz), 130.74 (d, J=9.2 Hz), 128.57 (d, /= 10.4 Hz), 126.28,

115.76 (d, J = 21.8 Hz), 40.44, 30.16. '°F NMR (282 MHz, CDCL): & -105.24.

1-(4-bromophenyl)-3-phenylpropan-1-one(3f): Yield 87%, Light yellow solid, 'H NMR (300
0 MHz, CDCls): 6 7.84 (d, J=8.7 Hz, 1H), 7.61 (d, /= 8.7 Hz,

2H), 7.35 — 7.20 (m, 6H), 3.29 (t, /= 7.7 Hz, 2H), 3.08 (t, J

= = 7.6 Hz, 2H). *C{'H} NMR (75 MHz, CDCl3): & 198.30,

141.11, 132.00, 129.66, 129.05, 128.66, 128.57, 128.50, 126.32, 40.50, 30.10.

1-(3-methoxyphenyl)-3-phenylpropan-1-one(3g): Yield 84%, Yellow oil. 'H NMR (300
MHz, CDCI3): 8 7.61 — 7.52 (m, 2H), 7.39 (t, /= 7.9 Hz, 1H), 7.31

(o)
O O (t, J = 5.4 Hz, 3H), 7.25 (d, J = 3.0 Hz, 1H), 7.23 — 7.12 (m, 2H),
3.88 (s, 3H), 3.33 (t, J = 7.9 Hz, 2H), 3.11 (t, J = 7.9 Hz, 2H).

OMe
BC{'H} NMR (75 MHz, CDCl3): § 199.07, 159.88, 141.32, 129.64,

129.07, 128.58, 128.49, 126.19, 120.72, 119.61, 112.30, 55.45, 40.59, 30.21.

1-(4-methoxyphenyl)-3-phenylpropan-I1-one(3h): Yield 90%, Yellow oil. 'H NMR (400
0 MHz, CDCls): § 8.07 — 7.87 (m, 2H), 7.45 — 7.07 (m, 5H),

7.01 — 6.87 (m, 2H), 3.89 (s, 3H), 3.28 (t, J= 8.2 Hz, 2H),

MeO 3.08 (t,J="7.9 Hz, 2H). *C{'H} NMR (100 MHz, CDCl3):

0197.97,163.62, 141.62, 130.46, 130.18, 128.65, 128.57, 126.23, 113.89, 55.60, 40.25, 30.51.
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3-(4-methoxyphenyl)-1-phenylpropan-1-one(3i): Yield 92%, Brown solid. 'H NMR (300
MHz, CDCls): 6 8.05 — 7.91 (m, 2H), 7.58 (ddt, J = 8.3,

6.6, 1.4 Hz, 1H), 7.52 — 7.44 (m, 2H), 7.20 (d, J = 8.5 Hz,

7
\/

2H), 6.87 (d, J = 8.6 Hz, 2H), 3.82 (s, 3H), 3.30 (t, J= 7.3
Hz, 2H), 3.10 — 2.98 (m, 2H). 3C{'H} NMR (101 MHz, CDCls): & 199.48, 158.12, 137.05,

133.41, 133.10, 129.43, 128.68, 128.12, 114.06, 55.36, 40.77, 29.40.

3-(4-fluorophenyl)-1-phenylpropan-1-one(3j): Yield 83%, White solid. 'H NMR (400 MHz,
CDCl3) 6 7.98 (dd, J= 7.6, 1.9 Hz, 1H), 7.63 — 7.54 (m, 1H),

7.48 (td, J=17.8, 1.8 Hz, 1H), 7.23 (ddt, J = 8.7, 5.3, 2.6 Hz,

v
(7

£ 1H), 7.00 (td, J = 8.8, 1.9 Hz, 1H), 3.31 (t, J = 8.4 Hz, 1H),

3.16 — 3.03 (m, 1H). 3C{'H} NMR (101 MHz, CDCL): § 199.16, 162.78, 160.36, 137.06 —
136.99 (m), 133.25, 130.56 (d, J = 7.8 Hz), 129.97 (d, J= 7.9 Hz), 128.77, 128.16, 115.39 (d,

J=21.1 Hz). ’F NMR (377 MHz, CDCl3): § -117.27.

3-(4-chlorophenyl)-1-phenylpropan-1-one(3k): Yield 90%, Pale yellow solid. 'H NMR (300
MHz, CDCI) 6 8.04 — 7.93 (m, 2H), 7.62 — 7.54 (m, 1H),

7.53 —7.43 (m, 2H), 7.30 — 7.17 (m, 4H), 3.31 (t, J= 7.9 Hz,

v
(7

Cl 2H), 3.07 (t, J = 7.5 Hz, 2H). “C{'H} NMR (101 MHz,
CDCls) & 198.99, 139.90, 136.97, 133.29, 132.06, 129.96, 128.79, 128.75, 128.16, 40.27,

29.56.

1-phenyl-3-(o-tolyl)propan-1-one (31): Yield 83%, Yellow oil. 'H NMR (300 MHz, CDCl3):
0 8.04 —7.96 (m, 1H), 7.62 — 7.54 (m, 1H), 7.48 (ddt, /= 8.3, 6.7,

1.3 Hz, 2H), 7.29 — 7.15 (m, 2H), 7.12 — 7.02 (m, 3H), 3.33 (t, J =

%
W,

Me 8.0 Hz, 2H), 3.11 — 3.00 (m, 2H), 2.36 (s, 3H). '*C{'H} NMR (75
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MHz, CDCl): 6 199.21, 139.36, 136.81, 135.92, 133.04, 130.33, 129.23, 128.71, 128.59,
128.01, 126.31, 126.17, 39.04, 27.47, 19.34.

1-phenyl-3-(m-tolyl)propan-1-one(3m): Yield 80%, Yellow oil. 'H NMR (300 MHz, CDCls):

(o]
§8.05—7.97 (m, 1H), 7.60 — 7.55 (m, 1H), 7.48 (ddd, J=8.3, 6.8,

O O 1.0 Hz, 2H), 7.28 — 7.18 (m, 2H), 7.13 — 7.02 (m, 3H), 3.33 (t, J =

| 8.0Hz 2H),3.11-3.00 (m, 2H), 236 (s, 3H). "C{'H} NMR (75
e

MHz, CDCls) & 199.48, 141.37, 138.26, 137.01, 133.19, 129.38,

128.74, 128.58, 128.19, 127.02, 125.53, 40.68, 30.21, 21.54.
3.7.2: NMR data of all synthesized 2-substituted quinoline derivatives:

2-phenylquinoline(5a): Yield 93%, White crystalline solid. '"H NMR (400 MHz, CDCl3): §
S 8.26 —8.13 (m, 4H), 7.92 — 7.80 (m, 2H), 7.74 (ddd, J=8.5, 6.9, 1.5

O N7 Hz, 1H), 7.59-7.43 (m, 4H). BC{'H} NMR (100 MHz, CDCL):
O 157.50, 148.43, 139.82, 136.90, 129.88, 129.79,129.46, 128.97,

127.72, 127.58, 127.34, 126.41, 119.13.

2-(o-tolyl)quinoline(5b): Yield 90%, White crystalline solid. 'H NMR (400 MHz, CDCls): §
AS 8.23 (t,J=9.7 Hz, 2H), 7.89 (d, /= 8.1 Hz, 1H), 7.77 (t, J = 7.7 Hz,

O N/ O 1H), 7.57 (dq, J = 12.8, 7.0, 6.3 Hz, 3H), 7.36 (d, J = 5.5 Hz, 3H),
Me 2.45 (s, 3H). BC{'H} NMR (100 MHz, CDCl3): § 160.38, 147.96,

140.80, 136.21, 136.08, 129.79, 129.74, 129.67, 128.62, 127.62, 126.83, 126.52, 126.12,

122.49, 20.46.
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2-(m-tolyl)quinoline(5c): Yield 91%, Pale yellow solid. '"H NMR (400 MHz, CDCl3): § 8.26—

8.20 (m, 2H), 7.89 (d, J = 8.6 Hz, 1H), 7.85 (dd, J=8.2, 1.5 Hz, 1H),

W
S/

7.77 (dddd, J = 10.1, 8.5, 5.9, 2.1 Hz, 2H), 7.55 (ddd, J = 8.1, 6.9,

O 1.2 Hz, 1H), 7.45 (t, J = 7.6 Hz, 1H), 7.41-7.34 (m, 1H), 7.31 (ddt, J
me =76, 1.9, 0.9 Hz, 1H), 2.51 (s, 3H). *C{'H} NMR (100 MHz,
CDCL): & 157.71, 148.35, 139.73, 138.65, 136.89, 133.99, 130.27, 129.79, 128.86, 128.42,

127.58, 126.37, 125.72, 124.86, 119.30, 21.71.

2-(p-tolyl)quinoline(5d): Yield 94%, Pale yellow solid. 'H NMR (400 MHz, CDClz): & 8.19
A (d, J = 8.5 Hz, 2H), 8.08 (d, J = 8.2 Hz, 2H), 7.89 — 7.78 (m,

O N/ O 2H), 7.73 (ddd, J=8.5,6.9, 1.5 Hz, 1H), 7.52 (ddd, /= 8.1, 6.9,
me 1.2 Hz, 1H), 7.34 (d, J = 7.9 Hz, 2H), 2.45 (s, 3H). PC{'H}

NMR (100 MHz, CDClIs): 157.44, 148.36, 139.52, 136.94, 136.79, 129.72, 129.69, 127.55,

127.20, 126.20, 118.99, 21.46.

2-(3-methoxyphenyl)quinoline(5e): Yield 87%, Pale yellow crystalline solid. 'H NMR (300

AN MHz, CDCl): 6 8.25 — 8.17 (m, 2H), 7.90 — 7.79 (m, 3H), 7.77 —

N7

NZ O 7.69 (m, 2H), 7.55 (d, J = 6.8 Hz, 1H), 7.46 (t, J= 7.9 Hz, 1H), 7.05
(dd, J = 8.2, 2.6 Hz, 1H), 3.95 (s, 3H). 3C{'H} NMR (75 MHz,
OMe  oDClLs): 5 160.15, 157.13, 148.21, 141.15, 136.82, 129.85, 129.73,

129.71, 129.60, 127.51, 126.37, 120.05, 119.13, 115.40, 112.74, 55.43.

2-(4-methoxyphenyl)quinoline(5f): Yield 85%, Light yellow solid. 'H NMR (400 MHz,
O A CDCls): & 8.22 — 8.14 (m, 4H), 7.88 — 7.80 (m, 2H), 7.74
N/ O (ddd, J = 8.5, 6.9, 1.5 Hz, 1H), 7.52 (ddd, J = 8.1, 6.9, 1.2

ome Hz, 1H), 7.12 — 7.04 (m, 2H), 3.91 (s, 3H). *C{'H} NMR
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(100 MHz, CDCl3): 6 160.97, 157.02, 148.35, 136.80, 132.32, 129.72, 129.59, 129.03, 127.55,

127.03, 126.05, 118.68, 114.36, 55.51.

2-(2-fluorophenyl)quinoline(5g): Yield 85%, White crystalline solid. 'H NMR (400 MHz,
CDCIl3): 6 8.31 (d, J= 8.9 Hz, 1H), 8.08 (dd, J = 8.7, 5.0 Hz, 2H),
7.99 (d, J = 8.0 Hz, 1H), 7.86 (d, J = 8.1 Hz, 1H), 7.78 (t, J= 7.7

Hz, 1H), 7.58 (t, J=7.5 Hz, 1H), 7.40 (t,J= 7.7 Hz, 1H), 7.12 (d, J

=8.2 Hz, 1H), 6.99 (t, J= 7.6 Hz, 1H). 3C{'H} NMR (101 MHz, CDCL3): & 158.17, 144.93,
137.76, 136.36, 132.17, 130.99 (d, J = 8.6 Hz), 130.62, 129.82, 127.71 (d, J= 7.1 Hz), 127.63,
124.83 (d, J= 3.6 Hz), 122.61 (d, J= 8.1 Hz), 118.87 (d, J= 6.0 Hz), 116.39 (d, J = 22.8 Hz).

F NMR (282 MHz, CDCls): § -117.26.

2-(4-fluorophenyl)quinoline(5h): Yield 89%, White crystalline solid. '"H NMR (400 MHz,
A CDCl): 6 8.34—-28.11 (m, 4H), 7.83 (dd, /= 8.5, 2.7 Hz, 2H),

O N/ 7.75 (t, J="7.7 Hz, 1H), 7.55 (t, J= 7.5 Hz, 1H), 7.23 (t,J =
O F 8.7 Hz, 2H). C{'H} NMR (101 MHz, CDCl3): § 165.17,

162.69, 156.29, 148.32, 136.99, 135.89 (d, J = 3.2 Hz), 131.82 (d, /= 8.3 Hz), 129.81 (d, J =
15.6 Hz), 129.52 (d, J = 8.4 Hz), 127.57, 126.45, 118.68, 115.85 (d, J = 21.6 Hz). 'F NMR

(377 MHz, CDCL3): & -112.50.

2-(3-bromophenyl)quinoline(5i): Yield 92%, Yellow crystalline solid. '"H NMR (400 MHz,
S CDCls): 6 8.39 (s, 1H), 8.23 — 8.15 (m, 2H), 8.07 (d, /= 7.4 Hz, 1H),

O N/ O 7.84 — 7.71 (m, 3H), 7.64-7.50 (m, 2H), 7.38 (t, J = 7.9 Hz, 1H).
BC{'H} NMR (100 MHz, CDCl3): § 155.52, 148.21, 141.64, 137.01,

132.24, 130.64, 130.33, 129.91, 129.79, 127.53, 127.36, 126.67,

126.07, 123.19, 118.62.
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2-(4-bromophenyl)quinoline(5j): Yield 88%, Yellow crystalline solid. 'H NMR (400 MHz,
O N CDCl): 6 8.25 (dd, J = 8.6, 0.9 Hz, 1H), 8.12 — 8.05 (m, 2H),
N/ O 7.90-7.80 (m, 4H), 7.71 — 7.60 (m, 4H). *C{'H} NMR (100

Brr MHz, CDCl3): & 197.10, 156.17, 148.36, 138.60, 137.14,

132.03, 129.96, 129.83, 129.24, 127.62, 127.39, 126.67, 124.09, 118.63.

2-(3-nitrophenyl)quinoline(5k): Yield 65%, Yellow crystalline solid. 'H NMR (300 MHz,

CDCL): 6 8.40 (s, 3H), 8.37 — 8.32 (m, 1H), 8.25 (d, J= 8.5 Hz, 1H),

\ 7
N/

O 7.99 — 7.88 (m, 2H), 7.82 (ddd, J= 8.5, 6.9, 1.5 Hz, 1H), 7.63 (ddd,
J=8.1,6.9, 1.2 Hz, 1H). 3C{'H} NMR (75 MHz, CDCL): 5 154.55,
NO2' 141.28, 137.71, 135.87, 135.34, 133.53, 130.43, 129.97, 129.88,

127.71, 127.67, 127.29, 124.10, 122.62, 118.54.

2-(4-nitrophenyl)quinoline(51): Yield 60%, Yellow crystalline solid. 'H NMR (300 MHz,
A CDCI): & 8.40 (s, 3H), 8.37 — 8.32 (m, 1H), 8.25 (d, J= 8.5

O N/ O Hz, 1H), 7.99 — 7.88 (m, 2H), 7.82 (ddd, J = 8.5, 6.9, 1.5 Hz,
No, 1H),7.63(ddd,J=28.1,6.9, 1.2 Hz, 1H). BC{'H} NMR (100

MHz, CDCl): & 154.69, 148.60, 148.21, 145.35, 137.75, 130.55, 129.93, 128.59, 127.73,

127.54,124.22, 118.98.
2-(naphthalen-2-yl)quinoline(5m): Yield 87%, Yellow crystalline solid. 'H NMR (400 MHz,
A CDCl): 6 8.65 (d, /= 1.8 Hz, 1H), 8.41 (dd, J = 8.6, 1.8 Hz,
O N/ OO 1H), 8.27 (dd, J = 8.6, 4.3 Hz, 2H), 8.04 (dd, J = 10.8, 8.6 Hz,
3H), 7.93 (dt, J= 7.1, 3.6 Hz, 1H), 7.90 — 7.75 (m, 4H), 7.57
(td, J=6.4,2.2 Hz, 3H). *C{'H} NMR (101 MHz, CDCls): § 157.32, 148.53, 137.12, 136.94,

134.02, 133.66, 129.89, 129.86, 128.97, 128.71, 127.86, 127.63, 127.38, 127.30, 126.85,

126.48, 126.47, 125.22, 119.30.
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2-hexylquinoline(5n): Yield 75%, Yellow oil. '"H NMR (400 MHz, CDCl3): & 8.06 (dd, J =

NS 10.1, 8.4 Hz, 2H), 7.76 (dd, J = 8.0, 1.5 Hz, 1H), 7.68 (ddd, J = 8.4,
CEN)\CGHm 6.9, 1.5 Hz, 1H), 7.47 (ddd, J=8.1, 6.9, 1.2 Hz, 1H), 7.29 (d, /= 8.4
Hz, 1H), 3.13 — 2.84 (m, 2H), 1.82 (q, J = 7.6 Hz, 2H), 1.38 — 1.29 (m, 5H), 0.94 — 0.85 (m,

4H). 3C{'H} NMR (100 MHz, CDCls): § 163.17, 147.92, 136.25, 129.37, 128.83, 127.53,

126.76, 125.68, 121.42,39.42, 31.80, 30.13, 29.31, 22.64, 14.15.

6-chloro-2-phenylquinoline(50): Yield 91%, White crystalline solid. 'H NMR (300 MHz,

CDCLs): & 8.27 — 8.18 (m, 4H), 7.92 — 7.85 (m, 2H), 7.76

cl
A
O _ (ddd, J=8.5, 6.9, 1.5 Hz, 1H), 7.59 — 7.49 (m, 3H). 3C{'H}

N
O NMR (75 MHz, CDCl3): 6 157.52, 148.38, 139.79, 136.96,

129.84, 129.82, 129.47, 128.99, 127.73, 127.60, 127.32,

126.44, 119.18.

6-chloro-2-(o-tolyl)quinoline(5p): Yield 92%, White crystalline solid. '"H NMR (300 MHz,
cl CDCl3): 6 8.13 (dd, J = 8.8, 6.5 Hz, 2H), 7.86 (d, J = 2.3 Hz,
1H), 7.69 (dd, /= 9.0, 2.3 Hz, 1H), 7.59 (d, J = 8.6 Hz, 1H),

7.52(dd,J=17.3,2.5 Hz, 1H), 7.38-7.34 (m, 3H), 2.44 (s, 3H).

N\ /
W,

Me
13C{lH} NMR (75 MHz, CDCI3): 6 160.63, 146.36, 140.37,

136.10, 135.25, 132.18, 131.31, 131.07, 130.63, 129.76, 128.81, 127.39 126.26, 126.19,

123.33, 20.46.

6-chloro-2-(m-tolyl)quinoline(5q): Yield 90%, White crystalline solid. "H NMR (400 MHz,

cl CDCl3): 6 8.13 (dd, J = 8.8, 2.8 Hz, 2H), 8.02 (d, /= 1.9 Hz,

1H), 7.92 (dd, J = 11.4, 8.3 Hz, 2H), 7.82 (d, J = 2.4 Hz, 1H),

A/

O 7.68 (dd, J=9.0, 2.4 Hz, 1H), 7.44 (t, J = 7.6 Hz, 1H), 7.32
M

(ddt, J = 7.5, 1.8, 0.9 Hz, 1H), 2.51 (s, 3H). '*C{'H} NMR
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(101 MHz, CDCl3): 6 157.71, 148.35, 136.89, 130.27, 129.78, 128.92, 128.86, 128.57, 128.42,

127.58, 127.32, 126.37, 125.72, 124.86, 119.30, 26.78.

6-chloro-2-(p-tolyl)quinoline(5r): Yield 93%, Yellow crystalline solid. '"H NMR (300 MHz,
cl CDCl3): 6 8.13 (d,J=2.6 Hz, 1H), 8.09 (q, /=2.4 Hz,
O : 2H), 8.07 (d,J=1.9 Hz, 1H), 7.89 (d, /= 8.7 Hz, 1H),

N O 7.81(d,J=2.4 Hz, 1H), 7.67 (dd, J=9.0, 2.4 Hz, 1H),

! 7.36 (d, J = 7.9 Hz, 2H), 2.46 (s, 3H). *C{'H} NMR
(75 MHz, CDCls): 6 157.65, 146.78, 139.85, 136.51, 135.85, 131.79, 131.35, 130.59, 129.76,

127.75, 127.51, 126.24, 119.77, 21.49.

6-chloro-2-(3-methoxyphenyl)quinoline(5s): Yield 87%, Yellow crystalline solid. 'H NMR
cl (300 MHz, CDCls): 6 8.17 — 8.07 (m, 2H), 7.88 (dd, J = 8.6,
O : 0.9 Hz, 1H), 7.84 — 7.76 (m, 2H), 7.74 — 7.64 (m, 2H), 7.45

N O (t,J=7.9 Hz, 1H), 7.05 (ddd, J = 8.3, 2.6, 1.0 Hz, 1H), 3.95

(s, 3H). *C{'H} NMR (75 MHz, CDCl3): § 160.27, 157.39,

146.66, 140.74, 13591, 131.42, 130.66, 132.04, 129.98,

127.90, 126.23, 120.04, 119.98, 115.68, 112.79, 55.53.

6-chloro-2-(4-methoxyphenyl)quinoline(5t): Yield 92%, Yellow crystalline solid. '"H NMR
cl (300 MHz, CDCls): 6 8.19 — 8.04 (m, 4H), 7.87 (d,
J=28.7Hz, 1H), 7.80 (d, J = 2.4 Hz, 1H), 7.66 (dd,

J=9.0, 2.4 Hz, 1H), 7.12 — 7.01 (m, 2H), 3.91 (s,

OMe 35, 13C{'H} NMR (75 MHz, CDCls): 5 161.14,

157.25, 146.81, 135.83, 131.90, 131.60, 131.23, 130.59, 129.00, 127.58, 126.25, 119.48,

114.43, 55.55.
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6-chloro-2-(2-fluorophenyl)quinoline(5u): Yield 85%, White crystalline solid. "H NMR (300
cl MHz, CDCl3): 6 8.13 (td, J = 8.3, 6.4 Hz, 3H), 7.94 (dd, J =
O t 8.7, 2.7 Hz, 1H), 7.86 (d, J = 2.4 Hz, 1H), 7.69 (dd, J = 9.0,

" 2.4 Hz, 1H), 7.47 (dddd, J = 8.2, 7.1, 5.0, 1.9 Hz, 1H), 7.35

(td,J=7.5,1.2 Hz, 1H), 7.23 (ddd, /= 11.3, 8.2, 1.3 Hz, 1H).

BC{'H} NMR (75 MHz, CDCl3): § 162.58, 159.27, 154.43 (d, J = 2.0 Hz), 146.82, 135.41,
132.48, 131.61 — 131.41 (m), 131.24 (d, J= 8.6 Hz), 130.73, 127.90, 127.64 (d, /= 11.8 Hz),
126.29, 124.89 (d, J = 3.5 Hz), 123.45 (d, J = 8.5 Hz), 116.46 (d, J = 22.9 Hz). "°F NMR (377

MHz, CDCLs): & -117.02.

6-chloro-2-(4-fluorophenyl)quinoline(5v): Yield 88%, White crystalline solid. 'H NMR (300
Cl N MHz, CDCl3): 6 8.23 — 8.06 (m, 4H), 7.92 — 7.81 (m, 2H),
O P 7.68 (dd, J = 9.0, 2.4 Hz, 1H), 7.29 — 7.18 (m, 2H).

" O BC{!H} NMR (75 MHz, CDCl3): § 165.73, 162.42,
: 156.59, 146.74, 136.13, 135.49 (d, J = 3.2 Hz), 132.14,

131.11 (d, J = 38.1 Hz), 129.53 (d, J = 8.5 Hz), 127.76, 126.30, 119.58, 116.01 (d, J = 21.6

Hz). 'F NMR (282 MHz, CDCls): 5 -111.98.

2-(3-bromophenyl)-6-chloroquinoline(5w): Yield 89%, Yellow crystalline solid. 'H NMR
cl N (400 MHz, CDCl3): 6 8.35 (q, /= 1.9 Hz, 1H), 8.19 — 8.04 (m,
O N/ 3H), 7.90 — 7.80 (m, 2H), 7.68 (dt, J=9.0, 2.0 Hz, 1H), 7.60 (d,
O J =82 Hz, 1H), 7.40 (td, J = 7.9, 1.6 Hz, 1H). *C{'H} NMR

Br) (101 MHz, CDCl3): 8 156.01, 146.79, 141.38, 136.23, 132.63,

132.54, 131.56, 131.00, 130.77, 130.52, 128.07, 126.32, 126.14, 123.38, 119.64.
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2-(4-bromophenyl)-6-chloroquinoline(5x): Yield 92%, Yellow crystalline solid. 'H NMR

cl X (300 MHz, CDCl3): § 8.20 — 8.03 (m, 4H), 7.88 (d, J =
O Nz 8.7 Hz, 1H), 7.84 (d, J = 2.4 Hz, 1H), 7.74 — 7.63 (m,
O 3H). *C{'H} NMR (75 MHz, CDCl3): § 156.41, 146.75,

Br

138.17, 136.21, 132.33, 132.20, 131.43, 130.94, 129.17,

127.92, 126.32, 124.36, 119.48.
2-(4-chlorophenyl)-6-chloroquinoline(5y): Yield 88%, Yellow crystalline solid. 'H NMR
cl (300 MHz, CDCl3): & 8.19 — 8.07 (m, 4H), 7.88 (d, J
O : = 8.6 Hz, 1H), 7.83 (d, J=2.3 Hz, 1H), 7.69 (dd, J =
N O 9.0, 2.3 Hz, 1H), 7.56 — 7.48 (m, 2H). 3C{'H} NMR
S (75 MHz, CDCl3): & 156.35, 146.73, 137.70, 136.18,

135.96, 132.29, 131.40, 130.91, 129.23, 128.89, 127.88, 126.30, 119.51.
6-chloro-2-(pyridin-4-yl)quinoline(5z): Yield 81%, Brownish yellow crystalline solid. 'H
cl NMR (300 MHz, CDCls): 6 8.84 — 8.76 (m, 2H), 8.22 (dt,
: J=28.5,1.3 Hz, 1H), 8.14 (d, /=9.0 Hz, 1H), 8.10 — 8.02
N | :N (m, 2H), 7.94 (d, J=8.7 Hz, 1H), 7.86 (d, J = 2.4 Hz, 1H),
7.72 (dd, J = 9.0, 2.4 Hz, 1H). *C{'H} NMR (75 MHz,

CDCl3): 6 154.82, 150.66, 146.82, 146.34, 136.47, 133.18, 131.73, 131.23, 128.51, 126.35,

121.66, 119.38.

6-chloro-2-(naphthalen-2-yl)quinoline(5aa): Yield 91%, Yellow crystalline solid. 'H NMR

(300 MHz, CDCL:): § 8.61 (d, J = 1.8 Hz, 1H), 8.37

Cl
N
_ (dd, J = 8.6, 1.8 Hz, 1H), 8.16 (dd, J = 8.8, 4.1 Hz,
N
OO 2H), 8.09 — 7.96 (m, 3H), 7.96 — 7.88 (m, 1H), 7.83

(d, J=2.4 Hz, 1H), 7.70 (dd, J = 9.0, 2.4 Hz, 1H),
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7.57 (dt, J = 6.3, 3.5 Hz, 2H). 3C{'H} NMR (75 MHz, CDCL3): § 157.46, 146.85, 136.58,
135.97, 134.07, 133.57, 132.07, 131.43, 130.74, 128.96, 128.78, 127.86, 127.32, 127.00,

126.55, 126.29, 124.98, 120.04.

6-chloro-2-hexylquinoline(5ab): Yield 78%, Yellow oil. 'H NMR (300 MHz, CDCls): & 8.04

. ~7.90 (m, 1H), 7.79 — 7.69 (m, 1H), 7.65 — 7.53 (m, 1H),

AN
7.33 (dd, J = 8.4, 1.6 Hz, OH), 2.97 (dd, J = 8.6, 7.2 Hz,

s
N ©CeH13> 11) 1.89-1.75 (m, 1H), 1.49 — 1.33 (m, 2H), 0.99 — 0.84
(m, 1H). BC{'H} NMR (75 MHz, CDCls): 3 163.47, 146.29, 135.20, 131.26, 130.46, 130.14,

127.30, 126.12, 122.23,39.25, 31.69, 29.82, 29.18, 22.54, 14.02.
3.6.2 Copies of NMR spectra of all synthesized compounds
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4.1 Introduction:

N-heterocycles have been found to be in plenitude in natural products due to their intimate
biological relevance. This leads to extensive research towards the development of innovative,
sustainable and greener methods for synthesis of aza-heterocycles.! The quinazolinone moiety
is present as a building block in a wide range of naturally occurring alkaloids that have been
sequestered from natural resources like microorganisms, plants, and animals.>* Quinazolin-
4(3H)-ones and their substituted analogues have gained significant attention owing to various
pharmacological activities, such as anti-inflammatory,* antimicrobial,’® anticancer,®’

 and Tyrosine Kinase inhibition!®.

antihypertensive,® dihydrofolate reductase inhibition,
Despite significant progress in this area, it has been found that in most cases multi-step
synthesis is required. This creates unwanted byproducts and often needed hazardous chemicals
for catalytic transformation. Furthermore, the precursor molecules are often expensive and less
available.'!? Accordingly, it is always challenging to develop cost-effective and atom efficient
production of substituted quinazolin-4(3H)-ones. There have been some reports of transition
metal catalysed synthesis of substituted quinazolin-4(3H)-ones via dehydrogenative
functionalization of aliphatic and aromatic alcohols and this strategy is quite promising since
it is a single-step, economical, environment friendly synthesis starting from readily available
precursors and generates hydrogen or water as the only byproducts (Scheme 4.1).13"15 We were
inquisitive regarding the electron trapping aptitude of coordinated azooximes'® for the past few
years and this led us to explore their ability to bring about dehydrogenative functionalization
of aliphatic and aromatic primary alcohols to form value added products.'’!® As a continuation
of our previous work, in this study we have utilized phenyl-azo-naphthaldoxime NpLH, 1 to
synthesize a ruthenium(Il) complex trans-[Ru(NpL)(CO)CI(PPh3)2], 2 (Scheme 4.2). The

structural, electrochemical, and theoretical studies of 2 have been performed in order to have a

comprehension of their competence to bring about electron transfer catalysis.
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Scheme 4.1: Different transition metal catalysed dehydrogenative synthesis of Quinazolin-
4(3H)-ones using o-aminobenzamides and benzyl alcohols

The ruthenium(Il) complex have been successfully employed to catalyse the single-pot
synthesis of 2-substituted quinazolinones in excellent yields (up to 93%) starting from o-
aminobenzamides and substituted benzyl alcohols. Furthermore, it acts as an efficient catalyst
for one-step transformation of N-substituted benzamides and primary alcohols to 2,3-
disubstituted quinazolinones in very good yields (Scheme 4.2). The major advantage of this
catalyst lies in its air- and moisture-insensitivity, thereby tolerating the catalytic transformation
under aerobic conditions. In addition, it requires low catalyst loading (0.01%) and time-
economic synthesis of a wide range of quinazolin-4(3H)-ones. To gain deeper insights of
catalytic transformation by dehydrogenation pathway, we have investigated the plausible
mechanism by using density functional theory (DFT) calculations. Both experimental data and
theoretical analysis have provided a detailed interpretation of the reaction pathway along with

a reaction free energy profile diagram.
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[Ru(NpL™)(CO)CI(PPh,).], 2

/Me

N OH
:
R

R=H;6a i,

R=Me;6b 4a-4u i 7aa-8ap

/’\ 0
(5 ]
N/Me
-
AN

Scheme 4.2: Schematic representation of catalyst (complex 2) synthesis and the catalytic
synthesis of substituted quinazolin-4(3H)-ones via dehydrogenative functionalization of
primary alcohols

4.2 Results and discussion

4.2.1 Synthesis and characterization of the catalyst

The ligand NpLH, 1 has been prepared starting from phenyl hydrazine and 1-naphthaldehyde
and characterised by spectroscopically (See Experimental Section, Figure 4.6.A1-4.6.A4).2° It
possesses two donor centres viz., Noximato and Nazo which typically act as electron deficient
moiety during coordination. When metal precursor [RuH(CO)CI(PPhs)s] is added to the ligand
solution in toluene in 1:1 molar ratio at room temperature and stirred for about 7 h, a dark
brownish-red solution was formed. Upon subsequent chromatographic separation it gave trans-
[Ru(NpL)(CO)CI(PPh3)2], 2 in very high yield (66%). The "TH-NMR spectrum of ruthenium(II)
complex gave signals within the region of 6.23-7.80 (Figure 4.6.A5). Two magnetically
equivalent triphenylphosphine moieties are oriented in trans position in the complex which can

be substantiated by *'P{1H} NMR (Figure 4.6.A7).
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Figure 4.1 ORTEP diagram of 2 (CCDC No. 2370526) with partial atom numbering scheme
(Thermal Ellipsoids are set at 40%). Only one orientation of the disordered ligand L is shown
and hydrogen atoms are omitted for clarity

Orientation 1 Orientation 2

Figure 4.2: Two different of positional orientation of disordered ligand

The complex trans-[Ru(NpL)(CO)CI(PPhs)2] 2 crystallizes in monoclinic P2; space group and
its ORTEP diagram is depicted in Figure 4.1. Details of crystallographic parameters are
presented in Table 4.1 and Table 4.2. The NpL ligand moiety is disordered over two positions
[(C12°—C22°/C25°—C30’/N2/N3/N1/01) and (C2-C12/C13—C18/N2’/N3’/N1°/O1’) with
equal occupancies (Figure 4.2). In the complex, chelation occurs through Nazo and Noximato

donor atoms from the ligand 1 and two PPhs groups are positioned trans to each other. The
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ligand 1 acts as a bi-dentate uninegative ligand, forming a distorted octahedral complex with
ruthenium(II). Analysis of the six coordinated geometry around the ruthenium center by the
continuous-shape measures (CShMs) method of SHAPE software supports the same (Table

4.3). Due to the disorder involving the ligand atoms, the N—N length spans a range of

Table 4.1 Crystallographic details of 2

2
Empirical formula Cs4H42CIN3O2P2Ru
T/K 273.15K
fw 963.419
Crystal system Monoclinic
Space Group P2,
a/A 11.039(4)
b/A 16.981(6)
c/ A 12.791(4)
o/deg 90
pldeg 112.626(4)
y/deg 90
V) A3 2213.1(13)
Z 2
Dc/Mgm™ 1.446
p/mm! 0.534
F(000) 986.7
cryst size/mm’ 0.31 x0.25%0.13
6/deg 3.44 - 50.66
Index ranges -13<h<13,-20<k<20,-15<1<15
Measured reflns 19418
Unique reflns 7687
“GOF on F? 1.055
R1°, wR2[I>20(1)] 0.0457, 0.0961
R1, wR2 0.0585, 0.1023
Largest diff. peak/hole / e A~ 0.76/-0.74
Flack parameter 0.13(2)
“GOF = {Z[w(Fo 2-F*)2)/(n-p)} 2. PR1 = Z [|Fo|-|Fc|]/ Z |Fo|.
‘WR2 = [Z [W(Fo?-Fc?)?]/ E [w(Fo?)?]]"> where w = 1/[
6%(Fo?)+(aP)*+bP], P = (Fo*+2F)/3.
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Table 4.2 Selected Bond Lengths (A) and Bond Angles (degree) for complex 2

Metrical Expt. Metrical Expt.
Parameters Parameters

Rul-N1 2.138(10) Cl1-Rul-P2 90.45(5)

Rul-N3 2.217(9) P1-Rul-P2 174.53(4)

Rul-NT1' 2.067(10) P1-Rul-Cl1 86.52(5)

Rul-N3' 1.855(10) Cl1-Rul-P2 90.34(14)

Rul-PI 2.4272(14) | Cl1-Rul-Cl1 87.55(17)

Rul-P2 2.4147(13) Cl1-Rul-P1 94.08(14)

Rul-Cl1 2.4349(16) N1-Rul-P2 84.6(3)

Rul-C1 1.877(5) N1-Rul-Cll1 105.2(2)

N2-N3 1.226(13) N1-Rul-Pl 91.8(3)

N2'-N3' 1.392(16) N1-Rul-Cl1 166.3(3)

N1-01 1.246(11) N3-Rul-P2 91.6(3)

N1-OT' 1.230(13) N3-Rul-Cll1 176.7(3)
C12'-N1 1.399(14) N3—-Rul-Pl 91.3(3)
C12'-N2 1.326(14) N3-Rul-Nl1 72.4(4)
CI2—-NT' 1.405(15) N1'-Rul-P2 87.0(3)
C12—-N2' 1.324(16) N1'-Rul-Cl1 89.7(3)
C13—-N3' 1.480(12) NI1'-Rul-P1 88.5(3)

Table 4.3 Summary of Shape analysis of complex 2
Hexagon Pentago.n al Trigonal pggglgs(?:al
Complex Metal HP-6 pyramid | Octahedron prism pyramid J2
centre (Den) PPY-6 OC-6 (Oh) TPR-6 JPPY-6 (Csy)
(Csv) (D3n)
2 Ru 30.146 23.380 1.745 13.685 25.493

1.226(13) - 1.392(16) A. Weak C-H~X (X= O, N and Cl) interactions are found to be operative
in the crystal lattice. Selected bond lengths and bond angles are summarized in Table 4.2.
Electrochemical experiments of 2 were performed in dichloromethane/acetonitrile (1:9 v/v) at
room temperature using saturated Ag/AgCl was used as reference electrode. Multiple
irreversible reductive couples within the potential range of -0.73 to -1.07V (Figure 4.3, Table

4.4) were observed and these are primarily attributed to reduction of the coordinated ligand,
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with very high contribution from both oxime as well as azo functions (Table 4.5). This driven
us to believe that the azo-oxime group of coordinated ligand may be exploited in electron
transfer catalysis. The optimised geometry of complex 2 and some calculated bond length as
well as bond angle are given in Figure 4.4a. We also obtain calculated absorption spectrum of

complex 2 from DFT studies which is plotted along with the experimental absorption spectrum

(Figure 4.4b).

Tow

I 1 r 1 L 1 i 1 ¥ 1 1 1 o
20 15 1.0 05 00 -05 -1.0 -1.5
E/V vs Ag/AgCl

Figure 4.3: Cyclic Voltammogram of complex 2

Table 4.4: Electrochemical data of Ru(Il)-complex 2 with respect to Ag/AgCl

Complex Ein/V (AE/mV)
Oxidation Reduction
2 +1.22 (Ep'/V) -0.72 (Ep*/V), -1.07 (E*/V)

Ev2="(Epa + Epa), Epa= anodic peak potential; Epc = cathodic peak potential, AE
= peak-to-peak separation
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Table 4.5: Frontier Molecular Orbital Composition (%) in the ground state for complex 2

Contribution (%)
MO MO E(eV Contributi
No. @V) | Ru | C1| CO | Azo | Oxime | Nap | Ph | PPhs ontribution
239 | L+5 -1.02 3 1 2 0 2 0 1 92 | d-? + n*(Oxime +Ph + PPh;)
238 | L+4 -1.09 1 0 0 0 0 0 1 98 w*(PPhs)
237 | L+3 -1.09 2 0 1 0 1 3 2 91 *(PPhs)
236 | L+2 -1.32 2 0 0 3 2 87 4 2 7*(PPhs)
235 L+1 | <168 |32 |4 1 | 2| 2 0 | o | 60 d,2+7* (PPhs)
234 |[LUMO | -2.61 6 0 2 33 40 2 13 4 n*(Azo + Oxime + Ph)
233 |HOMO | -5.50 11 | 4 0 9 34 30 11 2 dx,+ m (Azo + Oxime + Naph)
232 | H-1 | 595 | 21 |26] 1 | 3 6 37 | 1 | 4 | dy+n(Cl+Oxime + Naph)
231 H2 | 609 | 25 [35] 4 | 1 | 24 9 | 0| 2 | dy+nr(Cl+Oxime + Naph)
+ Oxime + +Ph +
230 | H3 | -624 | 2 |20 0 | 5| 11 | 21 | 14| 1g | ®(CIFOxime* Naph+Ph
PPhs)
229 | H-4 -6.34 8 [28| 5 3 50 4 1 2 dyy + @ (Cl + Oxime)
228 | H-5 -6.58 12 | 0 0 2 2 3 5 76 dy, + 7 (PPhs)
29 1.00
¥ \ @
@ 1 1 tea, ® .,
oy ¢ ! %
@ \ % o J/‘\o :,E 0.50
e ‘%/" °_» %
2N %
g ey @ 0.25+
s d?
' ’ . oy 0.00 r - v ?
o 300 400 500 600
~9
Anm
F¥)
(c) (d) o ht el
"*"'”“”\g’*‘;‘ _
" b 4 ?

Figure 4.4: (a) The optimized geometry of complex 2 at B3LYP/6311+G(d,p) level of theory
and Selected bond lengths (A) and bond angles (degrees): Rul-N1 2.136, Rul-N3 2.097, Rul—
CI1 2.515, Rul-P1 2.527, Rul-P2 2.505, N2-N3 1.287, N1-02 1.253, N1-Rul-N3 75.26,
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N3—Rul-C1 99.18, N1-Rul-P1 91.93 (b) Experimental (blue) and calculated (black)
absorption spectra of 2, (¢) HOMO & (d) LUMO of 2

Table 4.6: Main Optical Transition at the TD-DFT/B3LYP/6-311+G(d,p) Level for the 2 with
composition in terms of Molecular Orbital Contribution of the Transition, Computed Vertical
Excitation Energies, and Oscillator Strength in Dichloromethane

E Oscillator P
Transition CI Composition strength theo
(eV) (nm)
)
So— S> 0.59780 HOMO — LUMO (71%) | 2.4652 0.0535 502.93
So — Ss 0.64955 H—3 — LUMO (84%) 3.0984 0.0884 400.15
L))
So— S7 0.62377 2= = LU (770 3.1989 0.1194 387.58
So— Su 0.66728 HOMO — L+2 (89%) 3.5954 0.1446 344 .84
So — S31 0.38812 HOMO — L+4 (30%) 4.1305 0.0220 300.16
= o

So—Sn | 0.34435 H=3 = L4 4%) | 47053 0.0167 258.55
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Table 4.7: Natural transition orbitals (NTOs) for complex 2 illustrating the nature of singlet
excited states in the absorption bands in the range 200-800 nm. For each state, the respective
number of the state, transition energy (eV), and the oscillator strength (in parentheses) are
listed. Shown are only occupied (holes) and unoccupied (electrons) NTO pairs that contribute

more than 20% to each excited state

Hole Electron
528 hY)
am w=0.7147 - o
2.4652 (0.0535) s, o8 A, o8
¥ b la’
502.93 nm | o9 ‘ | ew
SN *9 N i
tN ) LN
ILCT & d-d ® ’2? "‘r"\’ ¢ M NN
m (Azo + Oxime + L4 @ 9 ‘ Q9
& N # >
Naph + Ph) — &* ~ .a,&* ,ta 2 P ﬁ ’
(Azo + Oxime + ¥ 5 e X ut % . -
Ph) & dy — dy, o % L °
425 Ss
am w =0.8438 .
3.0984 (0.0884) o0 o8
400.15 nm 5_\‘_;\%3,‘, > T
GO !
ILCT, LLCT & d-d ° “&\'J o
n(Cl+Ph).—> T %ﬂ > LN
(Azo + Oxime + o 2y
Ph) & 22 — dy b 0o 2,
S7
w=0.7781 i 2
3 \‘ 2 'J “a
3.1989 (0.1194) ¥ 1 & P
| |
387.58 nm N - frf: 2o 2
. .-
e A A s
LLCT & d-d ;_’, ,3," i o 'l N
7 (Cl+ Ph + PPhy) £ T8 N ¥ ﬂ s JNE
R B 2 2 =
Oxime + Ph) & dy, i Oy L 9 @,
— dy, ¢

157 |Page



Chapter 4

352 S
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4.2.2 Catalytic activity

The classical approaches for synthesis of quinazolin-4(3H)-ones require strong oxidants and
are usually multi-step, time-consuming processes. They generally require expensive catalysts
and generate unwanted by products.''"'> Consequently, synthesis of substituted quinazolin-
4(3H)-ones via the functionalization of sustainable alcohols and o-aminobenzamides using less
expensive and abundantly obtainable catalysts under aerobic conditions is of paramount

significance.’*!> The ruthenium(Il) complex of phenyl-azo-naththaldoxime, trans-
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[Ru(NpL)(CO)CI(PPhs3)2], 2 has been used as an efficient catalyst to synthesize a wide variety

of substituted quinazolin-4(3H)-ones as depicted in Scheme 4.3.

-
i. 2 (0.01 mol%)
R ii. t-BuOK (1 equiv.)
Toluene 85°C, 6 h )\O
R=H; 3a 4a-4q
=Cl; 5aa-5aq
R=CIl; 3b
R=Br; 3c Yield upto 91%
o o
_Me i. 2 (0.01 mol%) /Me
u A~ ii. -BuOK (1 equiv.) N
+ R' oH ) /)\
NH, Toluene, 80°C, 5 h N R
R
R=H;6a 4a-4u R 7aa-8ap
R = Me ; 6b Yield upto 93%
- y,

Scheme 4.3: The schematic representation catalytic synthesis of substituted quinazolin-4(3H)-
ones

4.2.3 Optimization of reaction conditions

We initiated our investigation to find out the optimum reaction condition for synthesis of
quinazolin-4(3H)-one by reacting o-aminobenzamide (3a) with benzyl alcohol (4a) in
the presence of catalyst 2. Various control experiments were conducted by adjusting different
reaction parameters such as solvents, bases, temperature, etc. to determine the optimal reaction

condition. The details of optimized conditions are summarized in Table 3.8.

The reaction between 3a and 4a proceeded quite efficiently in the presence of 0.01 mol% of 2
and inorganic bases like NaOH and KOH in toluene. When the amount of base is increased
from 0.5 equiv. to 1.0 equiv., no significant improvement in yield of Saa was observed (Table
4.8, Entry 1-4). A similar outcome was found in the case of coupling between 6a and 4a
resulting in 7aa. The yields of both Saa and 7aa increase significantly when t-BuOK (Table

4.8, Entry 5) was used as the base, instead of NaOH or KOH, in toluene at 85°C and 80°C,
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respectively. However, reducing the amount of t-BuOK led to a lower yield of the desired

product (Table 4.8, Entry 6).

We have performed the coupling reactions in various solvents including xylene, acetonitrile
(MeCN), N,N-dimethylformamide (DMF) and tetrahydrofuran (THF) (Table 4.8, Entry 7—12).
However, none of them outperformed toluene. In addition, bases other than t-BuOK, like Et3N,
i-Pr2NEt along with alkali metal carbonates and phosphate such as K2CO3, Cs2CO3, & K3PO4
were used. Unfortunately, these alternative bases led to a substantial reduction in the yields of

both 5aa and 7aa (Table 4.8, Entry 13—-20).

Upon carrying out the reaction at elevated temperature (100—110°C), the yields of both Saa
and 7aa slightly decreased (Table 3.8, Entry 21-22). At the same time, a significant reduction
in yield was observed at lower temperatures (60°C) and reaction is practically insignificant at
room temperature (Table 4.8, Entry 23—24). In absence of catalyst 2, 5aa and 7aa are produced

in a trace amount while no reaction took place in absence of bases (Table 4.8, Entry 25-26).

Table 4.8: Optimization of the reaction conditions for the synthesis of 2-substituted and 2,3-

disubstituted quinazolinones via catalytic dehydrogenation using catalyst 235¢4

( )
o OH o

R i. 2 (0.01 mol%) _R
N~ ii. Base (x equiv.) I = N
H + - =) / N/
NH

N Solvent, T°C, th

R=H;3 R=H;5
R=Me;a6a 4a R=Me;§2a
J
For S5aa For 7aa
Catalyst X Time | Yield® Time | Yield®
Ent B Solvent | T°C T°C
Y 0.01 mot%) | "¢ | (equivy | 0T ) | (%) ) | (%)
1 2 NaOH 0.5 Toluene | 85 6 73 80 5 78
2 2 NaOH 1.0 Toluene | 85 6 79 80 5 82
3 2 KOH 0.5 Toluene | 85 6 58 80 5 60
4 2 KOH 1.0 Toluene | 85 6 62 80 5 62
5 2 t-BuOK 1.0 Toluene | 85 6 91 80 5 93
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6 2 t-BuOK 1.0 Toluene | 85 6 87 80 5 80

7 2 t-BuOK 0.5 Xylene 85 6 75 80 5 79

8 2 t-BuOK 0.5 MeCN 82 6 Trace | 80 5 Trace
9 2 t-BuOK 0.5 DMF 85 6 Trace | 80 5 Trace
10 2 t-BuOK 1.0 DMF 85 6 Trace | 80 5 Trace
11 2 t-BuOK 0.5 THF 85 6 35 80 5 30
12 2 t-BuOK 1.0 THF 85 6 45 80 5 40
13 2 Et:N 1.0 Toluene | 85 6 NR 80 5 NR
14 2 i-ProNEt 1.0 Toluene | 85 6 NR 80 5 NR
15 2 Cs2CO3 0.5 Toluene | 85 6 38 80 5 48
16 2 Cs,CO3 1.0 Toluene | 85 6 46 80 5 55
17 2 K>CO; 0.5 Toluene | 85 6 55 80 5 62
18 2 K>COs3 1.0 Toluene | 85 6 60 80 5 67
19 2 K3PO4 0.5 Toluene | 85 6 25 80 5 30
20 2 K3PO4 1.0 Toluene | 85 6 30 80 5 35
21 2 t-BuOK 1.0 Toluene | 100 6 90 100 5 91
22 2 t-BuOK 1.0 Toluene | 110 6 88 110 5 90
23 2 t-BuOK 1.0 Toluene | 60 6 20 60 5 28
24 2 t-BuOK 1.0 Toluene rt 6 NR rt 5 NR
25 - t-BuOK 1.0 Toluene | 80 6 Trace | 80 5 Trace
26 2 - - Toluene | 80 6 NR 80 5 NR

“Reaction conditions: 3a (I mmol), 4a (1.1 mmol), Catalyst 2 (0.01 mol %), base (x equiv.),
solvent (5 mL), 85 °C (oil bath), 6 h. “Isolated yield after column chromatography, ‘Under air.

PReaction conditions: 6a (I mmol), 4a (1.1 mmol), Catalyst 2 (0.01 mol %), base (x equiv.),
solvent (5 mL), 80 °C (oil bath), 5 h. “Isolated yield after column chromatography, ‘Under air.

4.2.4 Substrate Scope

In order to evaluate the breadth of this synthetic approach, we investigated its applicability
across various alcohols and o-aminobenzamides (Table 4.9). We have used a wide array of
benzyl alcohols with substituents at ortho, meta, and para positions. Benzyl alcohols with
electron-donating groups reacted efficiently under the current catalytic protocol, yielding the
corresponding 2-substituted quinazolinones in high yields (Table 4.9, Sab: 89%, Sad: 88%.,

Sag: 90%, Sah: 85%, Sai: 87%). Also, benzyl alcohols with moderate (—Cl, —Br) to strong
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electron-withdrawing groups (—F, —CF3) reacted quite effectively with o-aminobenzamides to
afford the desired quinazolinones in good to excellent yields (Table 4.9, 5ae: 79%, Saf: 76%,
5aj: 81%, 5ak: 77%, 5al: 74%, Sam: 80%). Furthermore, an aromatic polycyclic alcohol such
as naphthalen-1-ylmethanol was found to undergo smooth conversion under same catalytic
conditions, producing the corresponding quinazolinone in excellent yield (Table 4.9, Sap:
86%). Heteroaryl alcohols including pyridin-2-ylmethanol, thiophen-2-ylmethanol, and furan-
3-ylmethanol also reacted successfully to give the desired 2-substituted quinazolinones (Table
4.9, 5ar: 68%, Sas: 70%, Sat: 73%). The substrate compatibility was further expanded to
different substituted o-aminobenzamides as coupling partners. We have successfully able to
couple substituted benzamides such as 2-amino-5-chlorobenzamide (3b) and 2-amino-5-
bromobenzamide (3c¢) with benzyl alcohol and 4-methylbenzyl alcohol, yielding the

corresponding quinazolinones (Table 4.9, Sac: 74%, San: 72%, Sao: 70%).

The compatibility of substrate is also evaluated with N-substituted-2-aminobenzamide. Benzyl
alcohols with both electron-donating and withdrawing groups successfully reacted with N-
methyl-2-aminobenzamide (6a) to produce corresponding N-substituted quinazolinones (Table
4.10). Notably, the benzyl alcohols with electron-withdrawing substituents acted as a superior
coupling partners compared to those with electron-donating groups to form the corresponding
2,3-disubstituted quinazolinones in excellent yields (Table 4.10, 7ad: 92%, 7ae: 89%, 7aj:
94%, Tak: 86%, 7al: 81%, 7am: 90%). Analogous outcomes were also observed for 2-amino-
N,3-dimethylbenzamide (6b) (Table 4.10). This protocol is effective for heteroaryl alcohols,
yielding the corresponding products 7ao and 7ap with isolated yields of 75% and 76%
respectively (Table 4.10). In addition, polyaromatic alcohol like naphthalen-1-ylmethanol
coupled proficiently with both N-methyl-2-aminobenzamide (6a) and 2-amino-N,3-
dimethylbenzamide (6b), resulting in the corresponding products with good yields, specifically

87% for 7an and 82% for 8an, as presented in Table 4.10. It is worth mentioning that benzyl
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alcohols containing —NO2 group at ortho, meta, and para positions failed to couple with any

of the o-aminobenzamides under this optimized reaction conditions.

We have also extended our investigation with aliphatic primary alcohols to assess their
suitability for this reaction. It is possibly owing to their enhanced stability and robustness that
these are a bit more demanding to activate than their aryl and heteroaryl counterparts under the
present standardized protocol. To obtain higher product yields, we have modified the reaction
conditions by increasing the temperature to 100°C and extending the reaction time to 16 h to
achieve the corresponding 2-alkylated quinazolinones in appreciable yields. By using this
approach, we were fruitfully able to couple between N-methyl-2-aminobenzamide (6a)/ 2-
amino-N,3-dimethylbenzamide (6b) with suitable aliphatic alcohols like n-propanol, n-
butanol, n-hexanol and n-octanol under the above modified reaction conditions (Table 4.10,

Tar: 45%, Tas: 48%, Tat: 57%, Tau: 60%, 8ao: 46%, 8ap: 55%).

Table 4.9: Substrate scope with different alcohols
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-
i. 2 (0.01 mol%)
R ii. t-BuOK (1 equiv.)
Toluene, 85°C, 6 h
2 : gll;s:iab 4a—4q 5aa-5aq
R=Br; 3c
\ J
e ™
o (0] (0]
R! R! !
NH NH NH
- - R? ~
N N N
R2 R?
R'=-H, R? = -H, 5aa (91%) R'=-H, R? = -Me, 5ad (88%) R'= -H, R2 = -Me, 5ag (90%)
R2? = -Me, 5ab (89%) Rz = .-F, 5ae (79%) = -OMe, 5ah (85%)
= -Cl, R? = -H, 5ac (74%) = -CF3, 5af (76%) R2 = -iPr, 5ai (87%)
R2 = -F, 5aj (81%)
= -Cl, 5ak (77%)
R2 = -Br, 5al (74%)
R? = -CF;, 5am (80%)
R'=-Cl, R? = -Me, 5an (72%)
l : R' = -Br, R? = -Me, 5a0 (70%)
5ap (86%) 5aq (82%)
0
NH
~ S
"
5ar (68%) 5as (70%) 5at (73%)
\. y,

Table 4.10: Substrate scope with various benzamides and benzyl alcohols
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e o o N
H 0,
_Me .|-. 2 (0.01 mol%) . /Me
H ii. t-BuOK (1 equiv.) N
+ R'/\OH fa— S /)\
NH, Toluene, 80°C,5h N R’
R 4 R
R=H;6a a-4u aa-8aq
R =Me ; 6b
- J
( N
o] o) o
Me Me /Me
N~ N~ N
Z - R? P
N N N
R’ R? R' R’ R?
R'=-H, R = -H, 7aa (93%) R'=-H, R? = -Me, 7ac (88%) R'=-H, R? = -Me, 7af (91%) R'=-Me, R? = -Me, 8af (90%)
R2 = -Me, 7ab (85%) R? = -F, 7ad (92%) R2 = -OMe, 7ag (84%) R? = -OMe, 8ag (87%)
R'=-Me, R? = -H, 8aa (85%) R? = -CF;, 7ae (89%) R? = -iPr, 7ah (86%) R? = -iPr, 8ah (86%)
R2=-Me, 8ab (83%) R'=-Me, R? = -Me, 8ac (85%) R? = -Ph, 7ai (87%) R? = -Ph, 8ai (84%)
R? = .F, 8ad (92%) R? = -F, 7aj (94%) R? = -F, 8aj (95%)
R? = -CF,, 8ae (90%) R? = -Cl, 7ak (86%) R? = -Cl, 8ak (88%)
R? = -Br, 7al (81%) R? = -Br, 8al (85%)
R? = -CF3, 7am (90%) R? = -.CF3, 8am (92%)
o] o} o) o]
Me Me Me
N/ N/ N/
7 7 ~ S o
N N = o N ‘ N
L9 — /
R'=-H, 7an (87%) 7ao (75%) 7ap (76%) 7aq (79%)
R = -Me, 8an (82%)
o) o) o] o
Me Me Me Me
N/ N/ N/ N/
N N N N
7ar (45%)* 7as (48%)* 7at (57%)* 7au (60%)*
o} o) o
Me Me Me
N/ N/ N/
N N N
Me Me Me
8ao (46%)* 8ap (55%)* 8aq (61%)* *Temperature: 100°C, Reaction Time: 16 h
\. y,

4.2.5 Mechanistic investigation

165|Page




Chapter 4

In order to have a perception of the catalytic reaction pathway for synthesis of quinazolinone-
4(3H)-ones and its N-methyl derivatives, few control experiments were undertaken under
standard and optimised reaction condition. The ruthenium catalyst is indeed robust since the
transformations were accomplished at relatively high temperatures. Furthermore, it is stable
even at 110 °C in toluene and in other common organic solvents under both aerobic and inert
conditions. We have scrutinized the homogeneity of the catalytic reaction and active
involvement of 2 through mercury poisoning test. Oxidation of primary alcohols as well as
dehydrogenative coupling reaction between primary alcohols and benzamides were found to

progress efficiently under the above-mentioned conditions.

The dehydrogenative coupling between 3a and 4a as well as 6a and 4a result in Saa and 7aa
with 89% and 91% yield respectively (See Experimental section for details). The above
experimental findings clearly indicate the non-involvement of ruthenium nano particle and
active participation of molecular ruthenium catalyst 2 during the course of reaction. In order to
check the possible involvement of any organic radical species during the reaction, the
dehydrogenation of 4a was conducted in presence of radical scavenger TEMPO (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl), under optimised condition. It was observed that ruthenium
catalysed dehydrogenation of alcohols remains unchanged in presence of TEMPO (Scheme
4.5). The corresponding aldehyde 4a' was obtained in 90% as dehydrogenation product.
Furthermore, the coupling reaction between 3a and 4a progresses efficiently even in presence
of TEMPO with > 90% yield. For further validation, we have carried out the dehydrogenation
of a radical clock substrate, cyclobutanol(12a) under optimised condition. The formation of
cyclobutanone(12a') as solitary product (Scheme 4.6) clearly supports the non-involvement of
ketyl radical species during the dehydrogenation of primary alcohol catalysed by ruthenium(II).
Therefore, this dehydrogenation reaction possibly proceeds via two-electron hydride transfer

pathway.
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Subsequently, we carried out the sub-stoichiometric dehydrogenation of 1-phenylethanol (10a)
under nitrogen atmosphere in presence 1 equiv. t-BuOK and 0.1 equiv. of 2. The reaction was
analysed by IR spectroscopy (Figure 4.6.A10). Surprisingly, instead of N=N stretches
(expected at around 1433 cm™!) for catalyst 2, the reaction mixture showed N—H stretch at 3029
and 3063 cm™!, suggesting the probable conversion of azo-chromophore to its two-electron
reduced hydrazido analog.?! Also, when the same sub-stoichiometric reaction was performed
by using deuterated 1-phenylethanol (10a-D3), the corresponding N-D stretching frequencies
were observed at 2160 and 2169 cm™ (Figure 4.6.A11).2! These observations are in keeping
with the probable participation of azo/hydrazo redox couple during dehydrogenation of
alcohols. It is worth mentioning that upon performing the same reaction under aerobic
condition, N—H stretch was not observed. Instead, it was found that hydrogen peroxide was
formed and this is clear evidence in favour of formation of hydrazido intermediate during
dehydrogenation process. The latter further reacts with dioxygen to form hydrogen peroxide?!,
thereby regenerating the active catalyst. Possibly Additionally, the dynamic involvement of
azo functionality is further substantiated by the fact that the above alcohol dehydrogenation
reactions did not proceed effectively in presence of [RuH(CO)CI(PPh3)s] under optimal

reaction condition.

Finally, to inspect the prospect of transfer hydrogenation, the dehydrogenation of 10a was
performed in presence of easily reducible substrate like 4-methoxybenzaldehyde. Under inert
atmosphere, dehydrogenation of 10a did not occur and only traces of acetophenone were
obtained (confirmed by TLC, Scheme 4.7) whereas in aerobic condition, corresponding
dehydrogenated product acetophenone was obtained in good yield (91%) (Scheme 4.7).
Nonetheless, in both cases we did not find transfer hydrogenated product i.e., 4-

methoxybenzylalcohol.
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In order to have an insight into the probable mechanistic path for formation of 2-
phenylquinazolin-4(1H)-one (5aa) from pre-formed 2,3-dihydro-2-phenylquinazolin-4(1H)-
one (5aa'), dehydrogenation of Saa' was performed under analogous reaction condition as in
the case of dehydrogenation of alcohols. 5aa’ is efficiently transformed to Saa with about 89%
yield (Scheme 4.4) along with the formation of hydrogen peroxide via hydrogenation of
dioxygen (Scheme 4.8). Upon performing the dehydrogenation reaction under inert condition,
the reaction practically does not occur and only trace amount of 5aa' was observed in TLC
plate. It is worthy to mention here that dehydrogenation of Saa' in presence of TEMPO,

proceeds smoothly?!.

OH /O
i. 2 (0.01 mol%)
ii. t-BuOK (1 equiv.)
Toluene, o
85°C, 6 h
4a 4a', 87%
(0] (0] (o}
e
NH, Toluene NH
+ Reflux, Argon
NH, N
H
3a 4a’ 5aa’, 82%
lo) (0]
i. 2 (0.01 mol%)
NH ii. t-BuOK (1 equiv.) NH
Toluene, - Z
N 85°C,6 h N
H
Saa 5aa, 90%

Scheme 4.4: Control experiment for oxidation of alcohol and dehydrogenation amine
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o}
i. 2 (0.01 mol%) z
ii. t-BuOK (1 equiv.)
iii. TEMPO (2 equiv.) _
Toluene, -
85°C,6 h
4a 4a', 90%
OH
o] i. 2 (0.01 mol%) o]
ii. t-BuOK (1 equiv.)
n NH, ii. TEMPO (2 equiv.) NH
Toluene, o Z
NH, 85°C,6h N
4a 3a 5aa, 92%
0 i. 2 (0.01 mol%) o
ii. t-BuOK (1 equiv.)
| N NH iii. TEMPO (2 equiv.) _ NH
= Toluene, N/
N 85°C, 6 h
5aa’ 5aa, 90%

Scheme 4.5: Progress of the reaction in presence of radical scavenger

OH i. 2 (0.01 mol%) o}

E( ii. t-BuOK (1 equiv.) I:/I/
Toluene, o

12a 85°C,5h 12a', 75%

Scheme 4.6: Dehydrogenation of radical clock substrate cyclobutanone
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Scheme 4.7: Transfer hydrogenation reaction to prove evolution of H2 production

e [s]
i. 2 (0.01 mol%)
ii. -BuOK {1 equiv.) H
Toluene, 1504
85°C,6 h
da 4a
H0; + K —— = Iy &
o
Aomax at 350 nm s
o -
i 2
i. 2 {0.01 mol%)
NH iil. +-BuOK {1 equiv.) NH +  H0,
N Toluene, -~
H 85°C, 6 h N
Saa' Saa
Hx02 4+ K —0 7 — 3

Amax at 350 nm

Scheme 4.8: Detection of H202 and identification of Amax of triiodide (I3) anion at 350 nm
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4.2.6 Theoretical investigation of dehydrogenative functionalization

To substantiate the experimental findings as well as to gain deeper perceptions of the
mechanistic pathway of dehydrogenation reaction, we have performed density functional
theory (DFT) calculations. By applying experimental outcomes and DFT calculations, we
intend to comprehend the detailed reaction along with the corresponding reaction free energy

changes of the elementary steps that occur during dehydrogenation.

To gain mechanistic insights of the dehydrogenation using trans-[Ru(NpL)(CO)CI(PPhs):] 2,
all plausible mechanistic pathways of the dehydrogenation reaction. Specifically, we studied
the dehydrogenation of benzyl alcohol (PhCH20H) to benzaldehyde (PhCHO). The catalytic
cycle and reaction free energy of all elementary steps are provided in Scheme 4.9 and Figure
3.5. Initially, the active catalyst (intermediate 2, formed via rupture of Ru—Cl bond) interacts
with the reactant Ph\CH20H, forming intermediate 2 with a reaction energy of -2.35 eV. This
step is exergonic due to stronger interactions between Ru and the oxygen atom of PhCH20OH.
Thereafter, the hydrogen atom from the hydroxyl group (OH) of PhCH20H can be transferred
to a nitrogen atom in the ligand sphere. There are two types of nitrogen atoms present: in
intermediate 3, the hydrogen is transferred to the NH group directly attached to Ru, while in
intermediate 4, the hydrogen is transferred to another nitrogen atom in the ligand sphere. The
calculated reaction free energies indicate that both steps are endergonic, but the formation of
intermediate 4 from intermediate 2 is 0.85 eV more favourable than the formation of
intermediate 3 from intermediate 2. Therefore, the reaction will proceed via intermediate 4
rather than intermediate 3. Once intermediate 4 is formed, the other nitrogen becomes reactive
and abstracts the hydrogen from the CH2 group of PhCH20OH. This step is highly exergonic,
driving the reaction forward. In the next step, the removal of the product PA\CHO from
intermediate 5 leads to the formation of intermediate 6. This step is highly endergonic,

necessitating specific experimental conditions for the reaction. The highly endergonic nature
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of this step is due to the strong Ru—O interaction that must be broken to release PhCHO from
intermediate 5 and form intermediate 6. The breaking of energy demanding M—O bond has
been observed earlier also.?? Besides, there can be other possibility of formation of intermediate
1 and H202 from intermediate S. The presence of O: leads to the formation of H202 from
intermediate 6, regenerating intermediate 1 and allowing the reaction to proceed in the next

cycle of the catalytic process.

Ar N ph |t Ar 0
= <] =~ ~
NG APe &
N N N
H/ \NH co AF\F_ \R /O = \CO
PPh, Y PPh,
N
AN |\C0
6 PPh;
/ :
o] 4 +
\W ’\ 0 Ph | & Ph
B | PPh; “/ | PPhy |/
Ar N | 0 Ar N\ 0
7 \Ru/ \l/ /Ru<
N Ar = 1-Naphthyl
H/"\NH/ \co i co
PPh; s RS f PFhy Oe
5 3

Scheme 4.9: Plausible mechanistic pathways for dehydrogenation of benzyl alcohol
(PhCH20H) to benzaldehyde (PhCHO) using Ru(Il)-based catalyst
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Figure 4.5: The reaction free energy profile diagram of every elementary step for
dehydrogenation of benzyl alcohol (PhCH20H) to benzaldehyde (PhCHO) using Ru-based
catalyst. All the reaction free energies are in eV

The benzaldehydes formed via the above process possibly undergoes condensation with o-
amino benzamides/ N-substituted benzamides under aerobic conditions in presence of t-BuOK
to form 2,3-dihydro-2-arylquinazolin-4(1H)-one, that binds to the Ru(II) centre of the catalyst
through N1. Thereafter, the H atom of N1 is transferred to the coordinated azo-N, followed by
walking of second H from adjacent C2 to the other N of the azo moiety of the ligand skeleton.
The substituted quinazolin-4(3H)-ones formed via catalytic dehydrogenation is then released
and the coordinated hydrazido moiety is converted back to azo to regenerate the active catalyst

and the catalytic cycle continues (Scheme 4.10).
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1 0

Scheme 4.10: Plausible mechanism of final product formation
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4.3 Conclusion

In this work, an air- and moisture-stable ruthenium(Il) complex trans-
[Ru(NpL)(CO)CI(PPh3)2], 2 has been synthesized and characterized by spectral,
electrochemical, X-ray diffraction studies and the results have further been supplemented by
theoretical scrutiny. It serves as a good pre-catalyst for dehydrogenative functionalization of a
wide range of benzyl alcohols to quinazolin-4(3H)-ones via condensation with diverse o-amino
benzamides as well as N-substituted benzamides under aerobic conditions. We have explored
the underlying catalytic pathway where the azo moiety in the coordinated ligand skeleton plays
a crucial role in dehydrogenative coupling although the metal centre remains redox inert during
the entire course. The mechanism has been further substantiated by theoretical study, where
dehydrogenation of benzyl alcohols to benzaldehydes have been ascertained by considering all
the possible pathways. The calculated reaction free energies point towards the HAT from
alcoholic-OH to the coordinated azo-N linked to phenyl group, followed by transfer of
benzylic-H to the other N centre of azo moiety. Therefore, the more favourable
dehydrogenation reaction pathway isvial -2 —4 — 5 — 6 ratherthan1 -2 -3 -5 —
6. Subsequently, the aldehydes undergo condensation with o-amino benzamides/ N-substituted
benzamides under aerobic conditions to form 2,3-dihydro-2-arylquinazolin-4(1H)-one in the
presence of t-BuOK which further catalytically transformed into wide varieties of quinazolin-
4(3H)-ones. Notably, this methodology is promising since it has the following advantages over

earlier catalytic protocols: low catalyst loading, short duration and low reaction temperature.

4.4 Experimental Section

4.4.1 General Information

All the reactions reported in this work were performed in aerobic condition. All the necessary

reagents and solvents were used immediately without any further manipulation. Phenyl
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hydrazine, 1-naphthaldehyde were purchased from TCI Chemical (India) Pvt. Ltd.
Triphenylphosphine (PPh3) was taken from Sigma-Aldrich. Silica gel (60—120 mesh) taken
from Merck was used for column chromatographic separation of the products. Ruthenium
trichloride (RuCls. xH20) was received from Arora-Matthey (India) Ltd. n-Butyl nitrite was

synthesised according to literature procedure.?’
4.4.2 Synthesis of ligands
The ligand 1 was synthesized according to previously described method.?’

(E)-naphthalen-1-yl((E)-phenyldiazenyl)methanone oxime: Orange solid, Yield: 850 mg
(77%). HRMS; [M + H] m/z = 276.1158 (caled 276.1137); FT-IR/cm™ v =, 3165 (vo-u), 1450
(uN=N), 1048 (un-0); '"H NMR (400 MHz, DMSO): § 12.70 (s, 1H), 8.00 (t, J = 8.4 Hz, 2H),
7.67 — 7.56 (m, 3H), 7.56 — 7.43 (m, 5H), 7.37 — 7.29 (m, 2H). 3C{'H} NMR (101 MHz,
DMSO): & 166.89, 151.98, 132.80, 131.80, 129.93, 129.35, 128.88, 128.33, 128.24, 126.97,

126.50, 125.96, 125.22, 125.11, 122.39.
4.4.3 Synthesis of complex trans-[Ru(NpL)(CO)CI(PPhs):] (2)

The diarylazooxime ligand (1) (28 mg, 0.1 mmol, lequiv.) was dissolved in 25 ml of reagent
grade toluene in 100 ml round bottom flask which is equipped with a magnetic stir bar. The
ruthenium complex, [RuH(CO)CI(PPh3)3] (95 mg, 0.1 mmol, lequiv.) was added to the above
solution and kept in stirring condition for 7 h at room temperature. The dark purple red coloured
solution was then evaporated to dryness under reduced pressure. The obtained residue was
purified by column chromatography using silica gel (60-120 mesh) and toluene/acetonitrile
mixture was used as eluent. The desired single crystals of complex 2 for X-Ray diffraction

study were obtained through solvent diffusion method.

trans-|Ru(NpL)(CO)CI(PPhs3);] (2): Dark purple red coloured crystalline solid. Yield: 62 mg

(66%). HRMS: [M]" m/z = 964.1989 (calcd 964.1563); FT-IR/cm™ v = 1964 (vc-o0), 1433
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(un=x), 1090 (un-0), 511 (vra-p) ; 'H NMR (300 MHz, CDCls): § 7.78 (dd, J = 8.2, 5.3 Hz, 2H),
7.63 —7.45 (m, 12H), 7.41 — 7.18 (m, 21H), 7.11 — 6.95 (m, 3H), 6.94 — 6.77 (m, 3H), 6.24 (d,
J=7.1 Hz, 1H). BC{'H} NMR (101 MHz, CDCls): 5 168.06, 154.94, 134.63, 134.57, 134.52,
134.16, 133.70, 131.56, 131.04, 130.82, 130.59, 130.31, 130.02, 129.02, 128.84, 128.72,
128.64, 128.31, 128.22, 128.18, 128.13, 127.80, 127.32, 126.12, 126.03, 125.37, 124.96,

122.86.3'P{'H} NMR (121 MHz, CDCls): 5 21.34.

4.4.4 Mercury Poisoning Test

To a mixture of o-aminobenzamide (3a) (272 mg, 2.0 mmol, 1 equiv.), benzyl alcohol (4a)
(238 mg, 2.2 mmol), t-BuOK (224 mg, 2.0 mmol, 1 equiv.), catalyst 2 (0.2 mg, 0.01 mol%)
taken in a 20 ml round bottomed flask containing 5 ml toluene along with a magnetic stir bar,
50 equiv. of mercury (738 mg) was added under open air atmosphere. The resulting mixture
was heated at 85°C for 6h under stirring condition. After the completion of reaction organic
part was extracted with EtOAc and purified by column chromatography using hexane/EtOAc
(3:1 v/v). The isolated yield of the desired product (5aa) was 89%. The similar procedure was

applied for the reaction of 6a and 4a.

4.4.5 Detection of hydrogen peroxide (H202) during Ru catalysed dehydrogenation of
benzyl alcohol

During the dehydrogenation of benzyl alcohol, the formation of H202 was detected by means
of spectrophotometrically following the steady growth of the characteristic absorption band for
I3™ at 350 nm. The reaction between benzyl alcohol (4a) and catalyst 2 was carried out under
open air condition in 25 mL oven-dried round bottom flask containing 2 mmol of 4a and 0.01
mol% (0.2 mg) Catalyst 2, 2 mmol (112 mg) of t-BuOK in 5 mL of dry toluene. Then reaction
mixture was heated under stirring condition at 85°C for 6 h. After the completion of reaction
15 mL of water was added to the reaction mixture, and the whole solution was extracted two

times with CH2Cla. The aqueous part was then acidified with dilute H2SO4 up to pH 2 to prevent
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further oxidation. Thereafter, 1 mL of a 10% KI solution and few drops of 3% solution of
(NH4)2Mo004 were added. As a result, H2O2 oxidizes I to I2, which reacts with excess I to

produce I3 in accordance with the following chemical steps:

A. H202 + 21+ 2H" — 2H20 + Iz;
B. (aq) + - —I5".

4.4.6 General Method for Synthesis of 2-substituted and 2,3-disubstituted quinazolinone
derivatives

A mixture of catalyst 2 (0.01 mol %), t-BuOK (1 equiv.), substituted 2-aminobenzamide/
disubstituted 2-aminobenzamide (1.0 mmol, 1 equiv.), and primary alcohol (1.1 mmol) and 5
mL of dry toluene was added to the oven dried 25 ml round bottom flask. Then the reaction
mixture was placed in a preheated oil bath at required temperature along with a reflux
condenser. The reaction was continued for designated time under open air atmosphere. After
completion, the reaction mixture was evaporated to dryness under vacuum in order to remove
solvent and volatile impurities. The residue was subjected to column chromatography using
silica gel (60-120 mesh) and Hexane/EtOAc (3:1 v/v) mixture as eluent.

4.4.7 General Method for Synthesis of 2-substituted and 2,3-disubstituted quinazolinone
derivatives:

A mixture of catalyst 2 (0.01 mol %), t-BuOK (1 equiv.), N-substituted 2-aminobenzamide
(1.0 mmol, 1 equiv.), and primary alcohol (1.1 mmol) and 5 mL of dry toluene was added to
the oven dried 25 ml round bottom flask. Then the reaction mixture was placed in a preheated
oil bath at 80°C along with a reflux condenser. The reaction was continued for 5 h under open
air atmosphere. After completion, the reaction mixture was evaporated to dryness under
vacuum in order to remove solvent and volatile impurities. The residue was subjected to
column chromatography using silica gel (60-120 mesh) and Hexane/EtOAc (3:1 v/v) mixture

as eluent.
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4.6 Appendix
4.6.1 NMR data of all synthesized compounds

2-phenylquinazolin-4(3H)-one (5aa)’: Yield: 202 mg (91%), White solid. 'H NMR (300
(o]

MHz, DMSO): § 12.55 (s, 1H), 8.25 — 8.12 (m, 3H), 7.90 — 7.81 (m,
NH
P 1H), 7.75 (dd, J = 8.3, 1.3 Hz, 1H), 7.61 — 7.50 (m, 4H). 3C{'H} NMR
(75 MHz, DMSO): § 162.24, 152.32, 148.73, 134.59, 132.72, 131.39,
128.60, 127.76, 127.50, 126.58, 125.86, 120.98.

2-(o-tolyl)quinazolin-4(3H)-one (5ab)’: Yield: 210 mg (89%), White solid. 'H NMR (300

(0]
MHz, DMSO): § 12.48 (brs, 1H), 8.18 (dd, J=7.9, 1.5 Hz, 1H), 7.85
NH
_ (ddd, J = 8.5, 7.1, 1.6 Hz, 1H), 7.70 (dd, J = 8.2, 1.2 Hz, 1H), 7.54
N
(ddd, J=15.1, 7.1, 1.4 Hz, 2H), 7.48 — 7.41 (m, 1H), 7.39 — 7.30 (m,
Me

2H), 2.39 (s, 3H). *C{'H} NMR (75 MHz, DMSO): § 161.78, 154.51, 136.12, 134.51, 134.06,

130.54, 129.96, 129.14, 127.10, 126.69, 125.81, 125.70, 120.93, 19.54.

6-chloro-2-phenylquinazolin-4(3H)-one (5ac)’: Yield: 190 mg (74%), White crystalline solid.
0 'H NMR (300 MHz, DMSO): § 12.69 (s, 1H), 8.23 — 8.13 (m, 2H),

“ NH 8.09 (d, J=2.5Hz, 1H), 7.87 (dd, J= 8.7, 2.5 Hz, 1H), 7.77 (d, J =
8.7 Hz, 1H), 7.67 — 7.50 (m, 3H). '*C{'H} NMR (75 MHz, DMSO):

0 161.44, 152.97, 147.46, 134.73, 132.52, 131.63, 130.78, 129.71, 128.67, 127.88, 124.91,

122.25.
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2-(m-tolyl)quinazolin-4(3H)-one (5ad)’: Yield: 208 mg (88%), White solid. "H NMR (300

i MHz, DMSO): § 12.47 (s, 1H), 8.16 (dd, J = 8.0, 1.5 Hz, 1H), 8.07 —

NH
7.93 (m, 2H), 7.84 (ddd, J = 8.5, 7.0, 1.6 Hz, 1H), 7.75 (dd, J=8.2, 1.3
Hz, 1H), 7.52 (ddd, J = 8.2, 7.0, 1.3 Hz, 1H), 7.47 — 7.38 (m, 2H), 2.41
Me (s, 3H). BC{'H} NMR (75 MHz, DMSO): § 162.21, 152.38, 148.79,

137.92,134.59,132.65,132.01, 128.51, 128.30, 127.50, 126.53, 125.85, 124.90, 121.00, 20.98.

2-(3-fluorophenyl)quinazolin-4(3H)-one (5ae)®: Yield: 190 mg (79%), White crystalline

0 solid. 'H NMR (300 MHz, DMSO): & 12.61 (s, 1H), 8.17 (dd, J="7.9,
NH 1.4 Hz, 1H), 8.09 — 7.98 (m, 2H), 7.86 (ddd, J=8.5, 7.0, 1.6 Hz, 1H),

p
N 7.79 — 7.74 (m, 1H), 7.66 — 7.51 (m, 2H), 7.45 (tdd, J= 8.5, 2.6, 1.0

Hz, 1H). 3C{'H} NMR (75 MHz, DMSO): § 163.75, 162.19, 151.10,
148.51, 135.05 (d, J= 8.0 Hz), 134.78, 130.82 (d, J= 8.2 Hz), 127.67,
127.00, 125.94, 123.99 (d, J = 2.8 Hz), 121.16, 118.33 (d, J = 21.1 Hz), 114.59 (d, J = 23.8

Hz). F NMR (282 MHz, DMSO): & -112.44.

2-(3-(trifluoromethyl)phenyl)quinazolin-4(3H)-one (5af)’: Yield: 220 mg (76%), White

0 crystalline solid. "TH NMR (300 MHz, DMSO): § 12.78 (s, 1H), 8.58

NH
— 8.45 (m, 2H), 8.18 (dd, J = 7.9, 1.5 Hz, 1H), 7.97 (d, J= 7.9 Hz,

N
1H), 7.91 — 7.76 (m, 3H), 7.56 (ddd, J = 8.1, 6.9, 1.4 Hz, 1H).
L. PC{'H} NMR (101 MHz, DMSO): 5 162.66, 151.51, 1487,
3

135.17,134.20,132.23, 130.32, 129.92 (d, /= 32.2 Hz), 128.30 (d, /= 3.9 Hz), 127.47, 126.36,

124.95 (d, J=4.0 Hz), 123.10, 121.64. ’F NMR (377 MHz, DMSO):  -61.18.
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2-(p-tolyl)quinazolin-4(3H)-one (5ag)’: Yield: 212 mg (90%), White solid. '"H NMR (300

i MHz, DMSO): § 12.48 (s, 1H), 8.20 — 8.06 (m, 3H), 7.83 (ddd, J =

L N/)\©\ 8.5,7.0, 1.6 Hz, 1H), 7.73 (dd, J = 8.3, 1.2 Hz, 1H), 7.51 (ddd, J =

we 8.1,7.0,1.3 Hz, 1H), 7.36 (d, J = 8.0 Hz, 2H), 2.40 (s, 3H). 3C{'H}

NMR (101 MHz, DMSO): § 162.24, 152.21, 148.82, 141.43, 134.56, 129.88, 129.18, 128.59,
127.41, 126.38, 125.82, 120.90, 20.98.

2-(4-methoxyphenyl)quinazolin-4(3H)-one (5ah) : Yield: 214 mg (85%), White crystalline

o solid. 'H NMR (300 MHz, DMSO): § 12.42 (s, 1H), 8.25 —

NH
8.09 (m, 3H), 7.82 (ddd, J = 8.4, 7.0, 1.6 Hz, 1H), 7.70 (ddd,

N
J=8.2,69,1.5Hz 1H), 7.49 (ddd, J= 8.1, 7.0, 1.3 Hz, 1H),

OMe
7.15 — 7.04 (m, 2H), 3.85 (s, 3H). *C{'H} NMR (75 MHz,
DMSO): 6 161.92, 151.92, 148.98, 134.63, 131.20, 129.51, 127.97, 127.34, 126.21, 125.88,

124.84, 120.73, 114.06, 55.52.

2-(4-isopropylphenyl)quinazolin-4(3H)-one (5ai)’: Yield: 230 mg (87%), White solid. 'H
Q NMR (300 MHz, DMSO): 6 12.49 (s, 1H), 8.15 (td, J=7.4, 1.6

" Hz, 3H), 7.83 (t, J = 8.4 Hz, OH), 7.73 (d, /= 8.1 Hz, 1H), 7.55 —

7.47 (m, 1H), 7.41 (d, J=8.2 Hz, 2H), 2.97 (hept, /= 6.9 Hz, 1H),

1.24 (d, J = 6.9 Hz, 6H). *C{'H} NMR (75 MHz, DMSO): §

162.29, 152.24, 152.13, 148.87, 134.59, 130.33, 127.85, 127.46, 126.59, 126.42, 125.86,

120.93, 33.40, 23.62.

2-(4-fluorophenyl)quinazolin-4(3H)-one (5aj)’: Yield: 194 mg (81%), White solid. 'H NMR

0 (400 MHz, DMSO): & 12.58 (s, 1H), 8.31 — 8.21 (m, 2H), 8.16
NH (dd, J = 8.0, 1.6 Hz, 1H), 7.85 (ddd, J = 8.5, 7.1, 1.6 Hz, 1H),

p
N 7.74 (dd, J = 8.3, 1.2 Hz, 1H), 7.53 (ddd, J = 8.1, 7.1, 1.2 Hz,
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1H), 7.44 —7.35 (m, 2H). 3C{'H} NMR (75 MHz, DMSO): & 162.27, 151.45, 148.61, 134.64,
130.38 (d, J= 9.1 Hz), 129.25 (d, J = 3.1 Hz), 128.28, 127.40, 126.61, 125.86, 120.87, 115.64

(d, J=21.9 Hz). °’F NMR (282 MHz, DMSO): § -109.07.

2-(4-chlorophenyl)quinazolin-4(3H)-one (5ak)’: Yield: 198 mg (77%), White crystalline
0 solid. "H NMR (300 MHz, DMSO): 5 12.63 (s, 1H), 8.27 — 8.13 (m,
©f€"“ 3H), 7.90 — 7.81 (m, 1H), 7.75 (d, J = 8.1 Hz, 1H), 7.68 — 7.60 (m,
N)\©\ 2H), 7.58 — 7.50 (m, 1H). C{'H} NMR (75 MHz, DMSO): &

Cl

162.19, 151.36, 148.60, 136.32, 134.70, 131.57, 129.64, 128.71, 127.55, 126.80, 125.89,

121.03.

2-(4-bromophenyl)quinazolin-4(3H)-one (5al)’: Yield: 223 mg (74%), White solid. 'H NMR
® (300 MHz, DMSO): 6 12.60 (s, 1H), 8.21 — 8.08 (m, 3H), 7.85 (ddd,
©\)J:NH J=8.5,7.0, 1.6 Hz, 1H), 7.79 — 7.71 (m, 3H), 7.57 — 7.45 (m, 1H).
’ BC{'H} NMR (75 MHz, DMSO): § 162.24, 151.55, 148.63, 134.78,

131.70, 129.87, 128.63, 127.59, 126.89, 125.94, 125.30, 121.06.

2-(4-(trifluoromethyl)phenyl)quinazolin-4(3H)-one (5am)’: Yield: 232 mg (80%), White
0 solid. "TH NMR (300 MHz, DMSO): § 12.76 (s, 1H), 8.38 (d, J =
H 8.0 Hz, 2H), 8.18 (d, J = 7.9 Hz, 1H), 7.93 (d, J = 8.0 Hz, 2H),

N
7.86 (d, J=7.5 Hz, 1H), 7.78 (d, J= 8.2 Hz, 1H), 7.57 (t, J = 7.4

CF
* Hz, 1H). BC{'H} NMR (75 MHz, DMSO): 5 162.16, 151.20,
148.42, 136.62, 134.75, 131.33, 130.90, 128.74, 127.67, 127.13, 125.91, 125.61 — 125.40 (m),

121.21. F NMR (282 MHz, DMSO): § -61.34.
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6-chloro-2-(p-tolyl)quinazolin-4(3H)-one (5an)’: Yield: 195 mg (72%), White crystalline

o solid. "H NMR (300 MHz, DMSO): & 12.64 (s, 1H), 8.10

¢l NH (d, J = 8.8 Hz, 3H), 7.86 (dd, J = 8.7, 2.5 Hz, 1H), 7.75 (d,
~

N J = 8.7 Hz, H), 7.37 (d, J = 8.0 Hz, 2H), 2.40 (s, 3H).

Me BBC{'H} NMR (75 MHz, DMSO): & 161.37, 152.79,

141.75, 134.68, 130.56, 129.63, 129.24, 128.58, 127.78, 126.48, 124.86, 122.13, 21.01.

6-bromo-2-(p-tolyl)quinazolin-4(3H)-one (5a0)’: Yield: 221 mg (70%), White crystalline
o solid. 'TH NMR (300 MHz, DMSO): § 12.64 (s, 1H), 8.22 (d,

Br.
NH J=2.4Hz, 1H), 8.09 (d, J = 8.2 Hz, 2H), 7.97 (dd, J = 8.7,

N 2.4 Hz, 1H), 7.68 (d, J= 8.7 Hz, 1H), 7.36 (d, J = 8.1 Hz,

M
 2H), 2.40 (s, 3H). BC{'H} NMR (75 MHz, DMSO): &
161.35, 153.01, 141.88, 137.49, 134.70, 129.81, 129.33, 128.05, 127.86, 126.52, 125.93,

118.80, 21.08.

2-(naphthalen-1-yl)quinazolin-4(3H)-one (5ap)’: Yield: 234 mg (86%), White crystalline
o) solid. "H NMR (300 MHz, DMSO): § 12.69 (s, 1H), 8.23 (dd, J =

NH ‘ 7.9, 1.5 Hz, 1H), 8.20 — 8.10 (m, 2H), 8.09 — 8.03 (m, 1H), 7.88

N7 O (ddd, J=8.5,7.1, 1.6 Hz, 1H), 7.80 (dd, J= 7.1, 1.3 Hz, 1H), 7.74
(dd,J=8.3,1.2 Hz, 1H), 7.67 (d, J= 8.2 Hz, 1H), 7.64 — 7.55 (m,

3H). *C{'H} NMR (75 MHz, DMSO): § 161.95, 153.72, 148.76, 134.59, 133.16, 131.75,
130.43, 130.28, 128.38, 127.72, 127.50, 127.12, 126.85, 126.42, 125.90, 125.24, 125.12,

121.26.

187 |Page



Chapter 4

2-cyclohexylquinazolin-4(3H)-one (5aq)’: Yield: 187 mg (82%), White solid. '"H NMR (300

o MHz, DMSO): § 12.10 (s, 1H), 8.11 — 8.03 (m, 1H), 7.77 (ddd, J =
NH 8.6, 7.1, 1.6 Hz, 1H), 7.63 — 7.55 (m, 1H), 7.46 (ddd, J= 8.1, 7.1, 1.2

Z
N Hz, 1H), 2.58 (ddd, J=11.7, 8.3, 3.4 Hz, 1H), 1.85 (dd, J=32.4, 12.3

Hz, 4H), 1.73 — 1.50 (m, 3H), 1.40 — 1.24 (m, 3H). 3C{'"H} NMR (101
MHz, DMSO): § 162.37, 161.23, 149.41, 134.71, 129.08, 127.44, 126.38, 126.13, 121.42,

43.30, 30.67, 25.97.

2-(pyridin-2-yl)quinazolin-4(3H)-one (5ar)’: Yield: 152 mg (68%), White crystalline solid.
Q '"H NMR (300 MHz, DMSO): § 11.85 (s, 1H), 8.77 (ddd, J = 4.9, 1.7,

NH
0.9 Hz, 1H), 8.47 (dt, J=8.0, 1.1 Hz, 1H), 8.19 (dd, J=7.9, 1.5 Hz, 1H),

N N
| ) 809 (td, J=7.8, 1.7 Hz, 1H), 7.92 — 7.79 (m, 2H), 7.67 (ddd, J = 7.6,
4.8, 1.2 Hz, 1H), 7.58 (ddd, J = 8.1, 6.9, 1.5 Hz, 1H). 3C{'H} NMR (101 MHz, DMSO): &
160.82, 150.00, 148.99, 148.71, 148.39, 138.01, 134.69, 127.67, 127.25, 126.60, 126.11,

122.19, 121.97.

2-(furan-3-yl)quinazolin-4(3H)-one (5as )’: Yield: 148 mg (70%), White crystalline solid. 'H
0 NMR (300 MHz, DMSO): § 12.43 (s, 1H), 8.63 (s, 1H), 8.13 (dd, J =

NH 7.8, 1.6 Hz, 1H), 7.90 — 7.76 (m, 2H), 7.67 (dd, J = 8.2, 1.2 Hz, 1H),

. 0 7.50 (ddd, J = 8.2, 7.1, 1.2 Hz, 1H), 7.17 (dd, J = 1.9, 0.8 Hz, 1H).

BC{'H} NMR (75 MHz, DMSO): & 161.95, 148.89, 147.25, 145.10, 144.82, 134.65, 127.12,

126.35, 125.92,121.49, 121.01, 109.10.

2-(thiophen-2-yl)quinazolin-4(3H)-one (5at)’: Yield: 167 mg (73%), White crystalline solid.

0 'H NMR (400 MHz, DMSO): § 12.64 (s, 1H), 8.24 (dd, J = 3.8, 1.1
NH Hz, 1H), 8.13 (dd, J="7.9, 1.6 Hz, 1H), 7.87 (dd, J= 5.0, 1.1 Hz, 1H),

~ S
N | ) 7.81 (ddd, J = 8.5, 7.2, 1.6 Hz, 1H), 7.66 (dd, J = 8.3, 1.2 Hz, 1H),
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7.49 (ddd, J = 8.1, 7.1, 1.2 Hz, 1H), 7.24 (dd, J = 5.0, 3.8 Hz, 1H). *C{'H} NMR (75 MHz,
DMSO): § 161.84, 148.66, 147.86, 137.39, 134.73, 132.21, 129.43, 128.55, 126.97, 126.37,

126.02, 120.89.

3-methyl-2-phenylquinazolin-4(3H)-one (7aa)’’: Yield: 220 mg (93%), White crystalline

Q solid. "TH NMR (300 MHz, CDCl3): § 8.40 — 8.31 (m, 1H), 7.77 (dt, J
=3.9, 1.3 Hz, 2H), 7.65 — 7.45 (m, 6H), 3.52 (s, 3H). *C{'H} NMR
(75 MHz, CDCls): 6 162.86, 156.27, 147.43, 135.51, 134.45, 130.21,

129.02, 128.12, 127.62, 127.14, 126.82, 120.66, 34.39.

3-methyl-2-(o-tolyl)quinazolin-4(3H)-one (7ab): Yield: 213 mg (85%), Colourless crystalline

(o}
_wme  solid. "H NMR (400 MHz, CDCL3): 8 8.36 (d, J = 8.5 Hz, 1H), 7.82 -
N
P 7.71 (m, 2H), 7.52 (ddd, J = 8.3, 6.3, 2.1 Hz, 1H), 7.44 — 7.38 (m, 1H),
N
e 7.33 (d,J= 3.1 Hz, 3H), 3.35 (s, 3H), 2.26 (s, 3H). 13C{'H} NMR (75

MHz, CDCl): & 162.53, 156.05, 147.41, 135.31, 135.12, 134.41, 130.83, 129.95, 127.54,
127.12, 126.75, 126.59, 120.73, 32.79, 19.17.

3-methyl-2-(m-tolyl)quinazolin-4(3H)-one (7ac): Yield: 220 mg (88%), White crystalline

(o]
solid."H NMR (300 MHz, CDCl3): & 8.38 — 8.29 (m, 1H), 7.82 — 7.72

Me

_ (m, 2H), 7.50 (dq, J = 10.1, 3.6 Hz, 1H), 7.45 — 7.25 (m, 4H), 3.50 (d,
J = 1.4 Hz, 3H), 2.45 (s, 3H). *C{'H} NMR (75 MHz, CDCl): &

Me 162.80, 156.44, 147.41, 138.96, 135.39, 134.36, 130.87, 128.79,

128.60, 127.55, 127.01, 126.75, 125.04, 120.60, 34.32, 21.53.
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2-(3-fluorophenyl)-3-methylquinazolin-4(3H)-one (7ad): Yield: 234 mg (92%), White
o crystalline solid. '"H NMR (300 MHz, CDCI3): § 8.35 (ddd, J= 8.0, 1.5,

Me
N 0.7 Hz, 1H), 7.85 — 7.70 (m, 2H), 7.60 — 7.47 (m, 2H), 7.42 — 7.19 (m,

N

3H), 3.52 (s, 3H). *C{'H} NMR (75 MHz, CDCl3): § 164.45, 162.65,
L 161.15, 154.83 (d, J=2.6 Hz), 147.21, 137.29 (d, J = 7.7 Hz), 134.58,
130.86 (d, J = 8.3 Hz), 127.54 (d, J=15.9 Hz), 126.87, 123.96 (d, /= 3.3 Hz), 120.72, 117.36
(d, J=21.0 Hz), 115.65 (d, J = 23.2 Hz), 34.30. ’F NMR (282 MHz, CDCIl3): § -110.97.
3-methyl-2-(3-(trifluoromethyl)phenyl)quinazolin-4(3H)-one (7ae): Yield: 271 mg (89%),

o White crystalline solid. 'H NMR (400 MHz, CDCl3): § 8.39 — 8.32 (m,

Me
1H), 7.91 (td, J = 1.7, 0.8 Hz, 1H), 7.86 — 7.72 (m, 4H), 7.72 — 7.66
(m, 1H), 7.55 (ddd, J = 8.1, 6.8, 1.5 Hz, 1H), 3.51 (s, 3H). *C{'H}
¢k, NMR (101 MHz, CDCLy): 8 162.57, 154.68, 147.17, 136.21, 134.64,
131.84, 131.53 (d, J= 1.6 Hz), 129.62, 127.64, 127.57, 127.02 (q, J = 3.7 Hz), 126.90, 125.34

(q,J=3.9 Hz), 122.36, 120.72. 34.29. ’F NMR (377 MHz, CDCl3): § -62.77.

3-methyl-2-(p-tolyl)quinazolin-4(3H)-one (7af): Yield: 228 mg (91%), White crystalline
0 solid. '"H NMR (300 MHz, CDCl3): & 8.34 (dt,J= 8.0, 1.1 Hz, 1H),
N " 7.83 -7.71 (m, 2H), 7.59 — 7.44 (m, 3H), 7.35 (d, /= 8.0 Hz, 2H),
3.53 (s, 3H), 2.46 (s, 3H). “C{'H} NMR (75 MHz, CDCl): §
162.93, 156.44, 147.42, 140.44, 134.40, 132.58, 129.60, 128.10,

127.54, 127.00, 126.78, 120.56, 34.44, 21.57.
2-(4-methoxyphenyl)-3-methylquinazolin-4(3H)-one (7ag): Yield: 224 mg (84%), White
" solid. "H NMR (300 MHz, CDCls): § 8.33 (dt, J = 8.0, 1.2 Hz,
1H), 7.78 — 7.74 (m, 2H), 7.59 — 7.46 (m, 3H), 7.08 — 7.01 (m,

2H), 3.89 (s, 3H), 3.55 (s, 3H). BC{'H} NMR (75 MHz,
OMe
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CDCl): 6 163.02, 161.07, 156.16, 147.41, 134.37, 129.88, 127.77, 127.46, 126.90, 126.76,

120.45, 114.31, 55.58, 34.57.

2-(4-isopropylphenyl)-3-methylquinazolin-4(3H)-one (7ah): Yield: 239 mg (86%), White

o " crystalline solid. "H NMR (300 MHz, CDCl3): § 8.39 — 8.30 (m,
e
AN NT
P 1H), 7.80 — 7.72 (m, 2H), 7.58 — 7.43 (m, 3H), 7.43 — 7.35 (m,
N

2H), 3.54 (s, 3H), 3.01 (hept, J = 6.8 Hz, 1H), 1.31 (d, J= 6.9
Hz, 6H). 3C{'H} NMR (75 MHz, CDCls): § 162.94, 156.46,
151.27, 147.46, 134.38, 132.92, 128.16, 127.56, 127.08, 126.97, 126.76, 120.55, 34.47, 34.25,

23.96.

2-({1,1'-biphenyl[-4-yl)-3-methylquinazolin-4(3H)-one (7ai): Yield: 272 mg (87%), White
0 crystalline solid. "TH NMR (300 MHz, CDCl3): § 8.37 (d, J=17.9

_ Hz, 1H), 7.81 -7.75 (m, 3H), 7.66 (dd, /= 6.0, 2.0 Hz, 3H), 7.60
" O (ddt,J=5.5,3.7,1.6 Hz, 1H), 7.55 — 7.41 (m, 5H), 3.59 (s, 3H).
BC{'H} NMR (101 MHz, CDCl3): § 162.91, 156.09, 147.47,

143.17, 140.17, 134.46, 134.23, 129.08, 128.68, 127.68, 127.62, 127.32, 127.17, 127.14,

126.81, 120.62, 34.48.

2-(4-fluorophenyl)-3-methylquinazolin-4(3H)-one (7aj): Yield: 239 mg (94%), White

0 crystalline solid. 'H NMR (300 MHz, CDCl3): & 8.34 (ddd, J =
Me
-
N 8.0, 1.5, 0.7 Hz, 1H), 7.82 — 7.72 (m, 2H), 7.65 — 7.57 (m, 2H),
Z
N 7.53 (ddd, J=8.2, 6.6, 1.7 Hz, 1H), 7.29 — 7.20 (m, 2H), 3.52 (s,

F3H). BC{'H} NMR (101 MHz, CDCls): 8 164.99, 162.64 (d, J =
30.3 Hz), 155.29, 147.29, 134.52, 131.65 (d, /= 3.5 Hz), 130.42 (d, /= 8.5 Hz), 127.57, 127.27,

126.85, 120.63, 116.19 (d, J = 22.2 Hz), 34.40. '°F NMR (282 MHz, CDCl3): § -109.62.
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2-(4-chlorophenyl)-3-methylquinazolin-4(3H)-one (7ak): Yield: 232 mg 86%, White solid.
"H NMR (300 MHz, CDCl3): § 8.34 (dd, J=17.9, 1.5 Hz, 1H), 7.84
~7.69 (m, 2H), 7.60 — 7.47 (m, 5H), 3.51 (s, 3H). °C NMR (75
MHz, CDCl): 8 162.70, 155.16, 147.21, 136.50, 134.56, 133.79,

Cl
129.68, 129.30, 127.56, 127.35, 126.84, 120.61, 34.39.

2-(4-bromophenyl)-3-methylquinazolin-4(3H)-one (7al): Yield: 255 mg (81%), Colourless
o solid. "H NMR (300 MHz, CDCl3): 6 8.34 (dt,J= 8.1, 1.2 Hz, 1H),
7.76 (dt,J=4.8, 1.5 Hz, 2H), 7.71 — 7.63 (m, 1H), 7.57 — 7.49 (m,
4H), 3.50 (s, 3H). *C NMR (75 MHz, CDCl3): § 162.78, 156.21,
Br

147.34, 134.39, 131.75, 130.15, 129.76, 128.94, 128.07, 127.08,

126.73, 120.56, 34.32.

3-methyl-2-(4-(trifluoromethyl)phenyl)quinazolin-4(3H)-one (7am): Yield: 274 mg (90%),

o] White crystalline solid. '"H NMR (300 MHz, CDCl3): & 8.37 (ddd,
Me
N7 J=28.0,1.5,0.7 Hz, 1H), 7.83 (td, J = 6.6, 1.1 Hz, 3H), 7.79 —
=
N

7.72 (m, 3H), 7.56 (ddd, J = 8.2, 6.8, 1.6 Hz, 1H), 3.52 (s, 3H).
CFs 13¢ NMR (75 MHz, CDCLs): § 162.56, 154.81, 147.17, 138.81,
134.68, 132.31 (d, J=32.9 Hz), 128.77, 127.64 (d, J = 4.4 Hz), 126.92, 126.13 (q, J = 3.7 Hz),

121.97, 120.75, 34.30. ’F NMR (282 MHz, CDCl3): § -62.93.

3-methyl-2-(naphthalen-1-yl)quinazolin-4(3H)-one (7an): Yield: 249 mg (87%), White
crystalline solid. "TH NMR (300 MHz, CDCl:): § 8.48 — 8.39 (m,

1H), 8.08 — 8.00 (m, 1H), 8.00 — 7.95 (m, 1H), 7.84 — 7.78 (m, 2H),

7.66 — 7.49 (m, 6H), 3.34 (s, 3H). 3C NMR (101 MHz, CDCL): &
162.58, 155.58, 147.53, 134.56, 133.71, 132.83, 130.42, 130.40, 128.87, 127.76, 127.74,

127.38, 126.92, 126.87, 126.27, 125.56, 124.38, 120.96, 33.23.
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2-(furan-3-yl)-3-methylquinazolin-4(3H)-one (7a0): Yield: 169 mg (75%) , White crystalline

o] solid. 'TH NMR (400 MHz, CDCI3): § 8.31 (ddd, J = 8.0, 1.5, 0.7 Hz,
Me
N 1H), 7.97 (dd, J = 1.6, 0.9 Hz, 1H), 7.80 — 7.68 (m, 2H), 7.58 (t, J =
~
N =

o 1.7Hz, 1H),7.49 (ddd, J=38.1, 6.7, 1.6 Hz, 1H), 6.83 (s, 1H), 3.71 (s,
—

3H). BC{'H} NMR (75 MHz, CDCls): 5 162.71, 149.75, 147.43, 143.90, 143.60, 134.44,

127.38, 127.05, 126.84, 121.73, 120.36, 110.84, 33.53.

3-methyl-2-(thiophen-2-yl)quinazolin-4(3H)-one (7ap): Yield: 184 mg (76%), White solid.
'"H NMR (300 MHz, CDCl3): § 8.36 —8.27 (m, 1H), 7.80 — 7.69 (m,
2H), 7.62 —7.42 (m, 3H), 7.18 (dd, J= 5.1, 3.7 Hz, 1H), 3.79 (s, 3H).
\ / BC{'H} NMR (75 MHz, CDCl3): § 162.86, 150.20, 147.30, 137.14,

134.49, 129.93, 129.57, 127.58, 127.54, 127.16, 126.87, 120.24, 34.25.

2-cyclohexyl-3-methylquinazolin-4(3H)-one (7aq): Yield: 191 mg (79%), White solid. 'H
Q NMR (300 MHz, CDCL): § 8.26 (dd, J = 8.0, 1.6 Hz, 1H), 7.75 — 7.61

(m, 2H), 7.42 (ddd, J= 8.2, 6.8, 1.5 Hz, 1H), 3.68 (s, 3H), 2.83 (tt, J =

11.4,3.1 Hz, 1H), 2.04 — 1.69 (m, 8H), 1.41 (ddd, J=11.5, 8.2, 3.5 Hz,

2H). BC{'H} NMR (75 MHz, CDCl): § 162.96, 160.34, 147.53, 134.02, 127.19, 126.76,

126.26, 120.32, 42.48, 31.16, 30.15, 26.29, 25.91.

2-ethyl-3-methylquinazolin-4(3H)-one (7ar): Yield: 85 mg (45%), White solid. "H NMR (300

ve MHz, CDCl3): 6 8.32 —8.23 (m, 1H), 7.80 — 7.63 (m, 2H), 7.45 (ddd, J =
-

N
8.2, 6.8, 1.5 Hz, 1H), 3.66 (s, 3H), 2.90 (q, J = 7.4 Hz, 2H), 1.43 (t, J =

N/)\/
7.4 Hz, 3H). BC{'H} NMR (101 MHz, CDCl3): & 162.68, 158.08, 147.31, 134.24, 126.95,

126.87, 126.50, 120.31, 30.45, 29.03, 11.22.
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3-methyl-2-propylquinazolin-4(3H)-one (7as): Yield: 97 mg (48%), White solid. 'H NMR
(0]
1] Me (300 MHz, CDCl3): 6 8.30 — 8.21 (m, 1H), 7.72 (t, J = 7.6 Hz, 1H),
7
N
7.63 (d, J=6.9 Hz, 1H), 7.43 (t,J = 8.2 Hz, 1H), 3.64 (s, 3H), 2.87 —
N/)\/\
2.76 (m, 2H), 1.88 (h, J = 7.4 Hz, 2H), 1.10 (t, J = 7.4 Hz, 3H). *C{'H} NMR (101 MHz,

CDCl3):6162.67,157.14, 147.30,134.17,126.91, 126.80, 126.41, 120.28, 37.69, 30.63, 20.41,

14.00.

3-methyl-2-pentylquinazolin-4(3H)-one (7at): Yield: 131 mg (57%), White solid. 'H NMR

(300 MHz, CDCls): & 8.31 — 8.21 (m, 1H), 7.79 — 7.60 (m, 2H),

(o)
N N/Me
I P /)\/\/\ 7.44 (ddd, J= 8.1, 6.9, 1.4 Hz, 1H), 3.64 (s, 3H), 2.89 —2.78 (m,
N

2H), 1.91 — 1.79 (m, 2H), 1.56 — 1.32 (m, 4H), 0.95 (t, J = 7.0 Hz, 3H). 3C{'H} NMR (101
MHz, CDCL): § 162.71, 157.40, 147.37, 134.17, 126.93, 126.82, 126.40, 120.29, 35.88, 31.69,

30.67, 26.73, 22.56, 14.10.

2-heptyl-3-methylquinazolin-4(3H)-one (7au): Yield: 155 mg (60%), White solid. 'H NMR

(o)

e (300 MHz, CDCL3): & 8.26 (dd, J = 8.0, 1.5 Hz, 1H), 7.72
7
N

/)\/\/\/\ (ddd, J = 8.4, 6.9, 1.6 Hz, 1H), 7.64 (dd, J = 8.3, 1.4 Hz,
N

1H), 7.43 (ddd, J=8.1, 6.9, 1.4 Hz, 1H), 3.64 (s, 3H), 2.91 — 2.74 (m, 2H), 1.84 (p, J= 7.5 Hz,
2H), 1.51 — 1.42 (m, 2H), 1.32 (tt, J = 9.0, 5.3 Hz, 6H), 0.97 — 0.84 (m, 3H). 3C{'H} NMR
(75 MHz, CDCL): § 162.71, 157.41, 147.35, 134.17, 126.91, 126.80, 126.39, 120.27, 35.91,
31.81, 30.66, 29.48, 29.14, 27.03, 22.71, 14.17.

3,8-dimethyl-2-phenylquinazolin-4(3H)-one (8aa): Yield: 213 mg (85%), White crystalline

Q solid. "H NMR (300 MHz, CDCls): & 8.23 — 8.16 (m, 1H), 7.65 — 7.59

Me
(m, 3H), 7.54 (dp, J = 5.3, 2.0 Hz, 3H), 7.40 (t, J = 7.6 Hz, 1H), 3.53

(s, 3H), 2.62 (s, 3H). BC{'H} NMR (75 MHz, CDCL): & 163.39,
Me
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154.69, 146.13,136.20, 135.90, 134.89, 130.05, 128.75, 128.54, 126.61, 124.39, 120.56, 34.51,

17.43.

3,8-dimethyl-2-(o-tolyl)quinazolin-4(3H)-one (8ab) : Yield: 219 mg (83%), White solid. 'H

(0]
e NMR (300 MHz, CDCl3): § 8.27 — 8.18 (m, 1H), 7.68 — 7.58 (m, 1H),
e
N
P 7.49 — 7.30 (m, 5H), 3.36 (s, 3H), 2.61 (s, 3H), 2.29 (s, 3H). *C{'H}
N
Me NMR (75 MHz, CDCls): ¢ 163.09, 154.42, 146.23, 136.26, 135.67,
Me

134.92, 130.84, 129.76, 127.92, 126.64, 126.41, 124.43, 120.77, 32.92, 19.39, 17.62.

3,8-dimethyl-2-(m-tolyl)quinazolin-4(3H)-one (8ac): Yield: 225 mg (85%), White crystalline

(o)
we  solid. 'H NMR (300 MHz, CDCls): § 8.20 (dt, J = 8.0, 1.0 Hz, 1H),
7
N
P 7.66 — 7.57 (m, 1H), 7.49 — 7.30 (m, 5H), 3.52 (s, 3H), 2.63 (s, 3H),
N
Mo 2.48 (s, 3H). BC{'H} NMR (75 MHz, CDCL): § 163.41, 154.93,

me 146.20, 138.69, 136.20, 135.88, 134.89, 130.81, 129.06, 128.66,
126.57, 125.55, 124.42, 120.60, 34.50, 21.62, 17.50.

2-(3-fluorophenyl)-3,8-dimethylquinazolin-4(3H)-one (8ad): Yield: 247 mg (92%), White

(0]
crystalline solid. 'TH NMR (300 MHz, CDCl3): & 8.22 — 8.17 (m, 1H),

Me

7.63 (ddd, J=7.4,1.7,0.9 Hz, 1H), 7.53 (td, J = 8.0, 5.6 Hz, 1H), 7.46
b —~7.33 (m, 3H), 7.30 — 7.21 (m, 1H), 3.53 (s, 3H), 2.62 (s, 3H). '*C{'H}
£ NMR (101 MHz, CDCL:): & 163.99, 163.22, 161.53, 153.33 (d, J=2.6
Hz), 145.97, 137.79 (d, J = 7.8 Hz), 136.33, 135.06, 130.54 (d, J = 8.3 Hz), 126.95, 124.49,
124.32 (d, J = 3.2 Hz), 120.69, 117.19 (d, J = 21.0 Hz), 116.03 (d, J = 23.0 Hz), 34.44, 17.42.

F NMR (282 MHz, CDCls): § -111.42.
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3,8-dimethyl-2-(3-(trifluoromethyl)phenyl)quinazolin-4(3H)-one (8ae): Yield: 286 mg
0 (90%), White crystalline solid. '"H NMR (300 MHz, CDCl3): § 8.24 —

N/Me 8.15 (m, 1H), 7.93 (t, /= 1.7 Hz, 1H), 7.88 — 7.77 (m, 2H), 7.75 — 7.58
(m, 2H), 7.42 (t, J= 7.6 Hz, 1H), 3.53 (s, 3H), 2.62 (s, 3H). BC{'H}

L NMR (101 MHz, CDCIl3): & 163.11, 153.17, 145.88, 136.49 (d, J =

26.5 Hz), 135.12, 1331.89 (d,J=1.5Hz), 131.43 (d, J=32.9 Hz), 129.39, 127.07, 126.82 (d, J
=3.8 Hz), 125.64 (d,J=3.9 Hz), 125.16, 124.48, 122.45, 120.67, 34.40, 17.36. '°’F NMR (282

MHz, CDCL): § -62.72.

3,8-dimethyl-2-(p-tolyl)quinazolin-4(3H)-one (8af): Yield: 238 mg (90%), White crystalline

(o)
_Me solid. "H NMR (400 MHz, CDCL3): & 8.19 (dd, J = 8.0, 1.6 Hz,
N
7 1H), 7.61 (dt, J= 7.3, 1.3 Hz, 1H), 7.56 — 7.50 (m, 2H), 7.43 —
Me Lo 731 (m, 3H), 3.54 (s, 3H), 2.62 (s, 3H), 247 (s, 3H). "CNMR
e

(101 MHz, CDClIs): 6 163.52, 154.86, 146.24, 140.30, 136.19, 134.85, 133.15, 129.41, 128.55,

126.49, 124.41, 120.54, 34.56, 21.56, 17.45.

2-(4-methoxyphenyl)-3,8-dimethylquinazolin-4(3H)-one (8ag): Yield: 244 mg (87%),
0 Colourless solid. '"H NMR (300 MHz, CDCl3): § 8.18 (dd, J =

N 8.0, 1.6 Hz, 1H), 7.65 — 7.57 (m, 3H), 7.38 (t, J = 7.6 Hz, 1H),

7.09 — 7.01 (m, 2H), 3.91 (s, 3H), 3.57 (s, 3H), 2.63 (s, 3H).

oWe BC{'H} NMR (75 MHz, CDCl3): § 163.63, 161.06, 154.60,
146.23, 136.07, 134.84, 130.31, 128.31, 126.40, 124.40, 120.41, 114.11, 55.58, 34.73, 17.44.

2-(4-isopropylphenyl)-3,8-dimethylquinazolin-4(3H)-one (8ah): Yield: 251 mg (86%), White

o solid. "H NMR (300 MHz, CDCl3): § 8.24 — 8.15 (m, 1H), 7.66

Me
—7.52 (m, 3H), 7.45 — 7.34 (m, 3H), 3.55 (s, 3H), 3.02 (hept, J

= 6.9 Hz, 1H), 2.63 (s, 3H), 1.33 (d, J = 6.9 Hz, 6H). 3C{'H}
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NMR (75 MHz, CDCls): 8 163.53, 154.91, 151.12, 146.23, 136.15, 134.85, 133.37, 128.65,

126.85, 126.48, 124.40, 120.52, 34.65, 34.23, 23.98, 17.48.

2-([1,1'-biphenyl]-4-yl)-3,8-dimethylquinazolin-4(3H)-one (8ai): Yield: 274 mg (84%),

o " White crystalline solid. 'H NMR (300 MHz, CDCl3): § 8.22
~ e
N
_ (ddd, /=8.0, 1.6, 0.7 Hz, 1H), 7.80 — 7.72 (m, 3H), 7.72 — 7.61
N
Ve O (m, 4H), 7.55 - 7.49 (m, 2H), 7.46 — 7.38 (m, 2H), 3.61 (s, 3H),

O 2.66 (s, 3H). BC{'H} NMR (75 MHz, CDCL): & 163.44,
154.53, 146.18, 143.03, 140.24, 136.22, 134.92, 134.66, 129.11, 129.08, 128.06, 127.47,

127.32, 126.64, 124.43, 120.57, 34.63, 17.48.

2-(4-fluorophenyl)-3,8-dimethylquinazolin-4(3H)-one (8aj): Yield: 255 mg (95%), White

(o)

Ve crystalline solid. '"H NMR (300 MHz, CDCl3): § 8.22 — 8.17 (m,

N

~
N

1H), 7.68 — 7.60 (m, 3H), 7.41 (t, J = 7.6 Hz, 1H), 7.28 — 7.20 (m,

I 2H). 3.54 (s, 3H), 2.63 (s, 3H). 3C{'H} NMR (101 MHz, CDCL:):
F

0 165.01, 163.40, 162.52, 153.79, 146.05, 136.23, 135.04, 132.09,
132.06, 130.84, 130.75, 126.80, 124.49, 120.59, 116.09, 115.87, 34.59, 17.43. 'F NMR (282

MHz, CDCI3): 6 -109.99.

2-(4-chlorophenyl)-3,8-dimethylquinazolin-4(3H)-one (8ak): Yield: 250 mg (88%), White
Q solid. "H NMR (400 MHz, CDCLs): & 8.19 (dd, J = 8.3, 1.6 Hz,
1H), 7.66 — 7.49 (m, 5H), 7.41 (t, J= 7.6 Hz, 1H), 3.53 (s, 3H),

2.62 (s, 3H). 3C{'H} NMR (75 MHz, CDCL): § 163.30, 153.65,

Me
¢! 146.01, 136.38, 136.27, 135.04, 134.29, 130.06, 129.11, 126.87,

124.48, 120.60, 34.52, 17.41.
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2-(4-bromophenyl)-3,8-dimethylquinazolin-4(3H)-one (8al): Yield: 280 mg (85%), White
0 solid. "TH NMR (300 MHz, CDCl3): § 8.24 — 8.15 (m, 1H), 7.73 —
7.66 (m, 2H), 7.65 — 7.59 (m, 1H), 7.56 — 7.49 (m, 2H), 7.41 (t, J

=7.6 Hz, 1H), 3.53 (s, 3H), 2.61 (s, 3H). 3C{'H} NMR (75 MHz,
Me
Br

CDCl): 6 163.31, 153.71, 146.02, 136.29, 135.07, 134.76,
132.08, 130.26, 126.90, 124.65, 124.49, 120.61, 34.51, 17.42.

3,8-dimethyl-2-(4-(trifluoromethyl)phenyl)quinazolin-4(3H)-one (8am): Yield: 293 mg

o

(92%), White crystalline solid. 'H NMR (300 MHz, CDCls): §

/Me

8.25 —8.16 (m, 1H), 7.80 (q, J= 8.3 Hz, 4H), 7.64 (ddd, J = 7.4,
1.8, 1.0 Hz, 1H), 7.43 (t, J = 7.6 Hz, 1H), 3.53 (s, 3H), 2.62 (s,
o 3H). BC{'H} NMR (75 MHz, CDCL): & 163.13 153.30, 145.93,
139.24 (d, J= 1.5 Hz), 136.39, 135.15, 132.11 (d, J= 32.8 Hz), 129.09, 127.13, 125.91 (d, J =

3.8 Hz), 124.52, 122.06, 120.72, 34.41, 17.41. '°F NMR (282 MHz, CDCl3): § -62.89.

3,8-dimethyl-2-(naphthalen-1-yl)quinazolin-4(3H)-one (8an): Yield: 246 mg (82%), White
crystalline solid. 'H NMR (300 MHz, CDCls): § 8.34 — 8.24 (m,

1H), 8.09 — 7.93 (m, 2H), 7.71 — 7.60 (m, 4H), 7.60 — 7.41 (m, 3H),

3.31 (s, 3H), 2.61 (s, 3H). BC{'H! NMR (75 MHz, CDCL): &
163.06, 153.94, 146.34, 136.40, 135.02, 133.66, 133.41, 130.64, 130.15, 128.80, 127.56,

126.84, 126.74, 126.49, 125.53, 124.65, 124.51, 120.93, 33.26, 17.63.

3,8-dimethyl-2-propylquinazolin-4(3H)-one (8ao): Yield: 99 mg (46%), White crystalline

(0]
e solid. '"H NMR (300 MHz, CDCl3): 6 8.12 (dd, J= 7.9, 1.3 Hz, 1H),
7
N
@f:\/\ 7.58 (dt, J = 7.2, 1.2 Hz, 1H), 7.33 (t, J = 7.6 Hz, 1H), 3.64 (s, 3H),
N
Me

2.86 —2.78 (m, 2H), 2.62 (s, 3H), 1.96 (h, J = 7.4 Hz, 2H), 1.13 (t, J
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= 7.4 Hz, 3H). *C NMR (75 MHz, CDCl3): § 163.05, 155.17, 145.81, 135.52, 134.47, 125.79,

124.32,120.11, 37.29, 30.23, 19.71, 17.15, 13.83.

3,8-dimethyl-2-pentylquinazolin-4(3H)-one (8ap): Yield: 134 mg (55%), White crystalline

(o]
solid. '"H NMR (300 MHz, CDCl3) & 8.12 (dd, J = 8.0, 1.6 Hz,

Me
N/

/)\/\/\ 1H), 7.57 (d, J= 7.2 Hz, 1H), 7.33 (t, J = 7.6 Hz, 2H), 3.64 (s,
N

Ve 3H), 2.84 (t, J= 7.5 Hz, 2H), 2.62 (s, 3H), 1.91 (p, J= 7.1 Hz,
2H), 1.48 (ddt, J = 12.5, 9.3, 4.7 Hz, 4H), 0.97 (t, J = 6.9 Hz, 3H). '3C{'H} NMR (75 MHz,

CDCl3): 6 163.14, 155.61, 145.86, 135.58, 134.63, 125.93, 124.46, 120.21, 35.44, 31.54,30.43,

26.13,22.69, 17.35, 14.16.

4.7.2 Copies of NMR spectra of all synthesized compounds
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Figure 4.6.A1: 'H NMR spectrum of ligand 1
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Figure 4.6.A2: >C{'H} NMR spectrum of ligand 1
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Figure 4.6.A3: IR spectrum of ligand 1
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Figure 4.6.A5: 'H NMR spectrum of 2
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Figure 4.6.A6: *C{'H} NMR spectrum of 2
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Figure 4.6.A7: *'P{'H} NMR spectrum of 2
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Figure 4.6.A8: IR spectrum of 2
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Figure 4.6.A9: 'H NMR spectrum of cyclobutanone
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Figure 4.6.A10: IR spectrum of the reaction mixture obtained from stoichiometric alcohol
dehydrogenation of 1-phenylethanol (10a) under argon: involvement of azo/hydrazo redox
conversion with catalyst 2.
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Figure 4.6.A11: IR spectrum of the reaction mixture obtained from stoichiometric alcohol
dehydrogenation of 1-phenylethanol (10a-D;) under argon: involvement of azo/hydrazo redox
conversion with catalyst 2.
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4.6.2 Copies of 'H, 13C and '°F NMR spectra all synthesized Quinazolin-4(3H)-ones

i

b

o |

i A
|
1

b A

3 nnes

L=] [ 3

16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1

Chemical Shift (ppm)

Figure 4.6.A12: 'H NMR spectrum of Saa
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Figure 4.6.A13: *C{'H} NMR spectrum of 5aa
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Figure 4.6.A22: '°F NMR spectrum of 5ae
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Chapter 5

5.1 Introduction

The urgent challenge of climate change necessitates the development of innovative and
sustainable technologies.! Among these, the electrocatalytic conversion of carbon dioxide
(CO2) into value-added chemicals stands out for its potential to simultaneously reduce
atmospheric CO2 levels and contribute to renewable energy generation.” While significant
advancements have been made in this field, most efforts have centered on producing one-
carbon (C1) products like formate® and formaldehyde,* or two-carbon (C2) compounds such as
ethanol and acetic acid.’ In contrast, the electrosynthesis of three-carbon (C3) products remains
relatively underexplored, despite its promising potential. While the production of C1 and C2
compounds from COz2 is valuable, it primarily serves as a foundation for advancing toward
higher-carbon products (C3),® which are of significant interest for renewable fuel and chemical
applications.” The direct electrosynthesis of C3 products from CO2 marks a critical milestone
in achieving efficient carbon utilization and advancing a circular carbon economy. However,
this transformation involves a complex interplay of mechanistic, thermodynamic, and kinetic
factors,® making the C3 pathway particularly challenging and demanding innovative catalytic
strategies to overcome these hurdles.” In this work, we report the direct electrocatalytic
conversion of CO: into C2 and Cs products, along with a detailed mechanistic elucidation of
the complex reaction pathways involved in this transformation. While most electrocatalytic

CO:> reduction studies have relied on metal-ligand complexes as catalysts,>!°

our approach is
entirely metal-free. We achieve this using a rationally designed organic pre-electrocatalyst,
2,2'-((1E,1'E)-1,2-phenylenebis(diazene-2,1-diyl))dianiline (H4L, referred to as 1), which
integrates several key features: The molecule contains two electron-deficient azo groups
capable of reversible electron acceptance, allowing the ligand to act as an electron reservoir.'!

This electron flow induces coordinative flexibility, enabling dynamic topological changes in

the ligand framework. The intrinsic fluxionality of the ligand skeleton mimics the adaptive
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coordination behaviour typically offered by transition metal centers, thus fulfilling structural
rearrangements required during catalysis. The terminal aromatic amine groups, stabilized by
extended conjugation, provide weakly acidic protons, facilitating proton-coupled electron
transfer (PCET) events.!?> Upon activation, the organic scaffold transitions into a triplet
diradical state, serving as the active catalyst. In this form, it functions both as an electron-
proton reservoir and as a topologically adaptive platform for CO2 binding allowing both end-
on and side-on coordination, akin to transition metal complexes. This system represents a rare
example of a transition metal-free electrocatalyst that offers: built-in stereoelectronic flexibility
for dynamic coordination, efficient electron-proton storage and transfer capabilities, an
electronic relay mechanism via ligand twisting, and structurally tunable docking sites for CO2
binding and product release. Collectively, these properties enable 1 to replicate and even
expand upon the catalytic roles typically assigned to transition metal complexes in sustainable
CO:z2 reduction frameworks. The ligand’s ability to (1) accept electrons, (2) form a metastable
reactive platform with substrates, and (3) modulate substrate binding and release in response
to external electric fields, has been effectively harnessed to drive a cascade reaction sequence
converting CO2 to CH3COOH, then to CH3COCH3, with glyoxal as a key intermediate. In the
following section, we delve deeper into the electro-reactive design principles that underpin the

functionality of the H4L catalyst.
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5.2 Results and discussion

5.2.1 Synthesis of electrocatalyst

@NHZ

Wiz PbO,
-_— 'd'.
NH, Dry Toluene, reflux, 4 h j@

H,N
2,2-diaminoazobenzene
NH, Q
@N o AcOH (8 equiv.)
N Dry Toluene
:@ AcHN 65°C, 72 h MHN_@
H,N 2-nitrosoacetanilide

—

=z

HoN N=N N=N KOH-EtOH (56 equiv.) N=N N=N
-_— ﬂ'
H,0
AcHN Reflux, 1.5 h NHz HzN
Hal, 1

Scheme 5.1 Detailed synthetic procedure for synthesis of catalyst

Figure 5.1: ORTEP diagram of 1 (Thermal ellipsoids are set at 50% probability)
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Table 5.1: Crystallographic details of 1

1
Empirical formula CisH16Ne
T/K 273.15
fw 316.37
Crystal system Orthorhombic
Space Group Fdd2
alA 24.098(2)
blA 45.696(5)
c 4 5.8407(5)
o/deg 90
pldeg 90
y/deg 90
V| 4 6431.8(10)
Z 16
Do/Mgm 1.307
wmm'! 0.083
F(000) 2656
cryst size/mm? 0.3x0.2x0.2
O/deg 2.46—24.38
Measured reflns 46691
Unique reflns 2226
*GOF on F? 1.134
R1°%, wR2°[I>20(1)] 0.0580, 0.1092
R1, wR2 0.0830, 0.1196
“GOF = {X[w(Fo >-FD2)/(n-p)} . "R1 = £ [[Fo[-[Fe]}/ T [Fol.
‘WR2 = [ [W(Fo>-F2)?/ = [W(Fo2)?]]"? where w = 1/[
62(F,?)+(aP)*+bP], P = (F,>+2F2)/3.

The ligand H4L (1), serving as the pre-electrocatalyst, has been strategically designed to
incorporate inherent coordinative fluxionality. This design involves the introduction of two azo
groups at the ortho-positions of a central phenyl ring, creating adjacent electron-accepting sites
capable of accommodating an electron pair. Upon reduction, these sites are transformed into a
triplet azo-anion diradical species, [1"]?>, which constitutes the catalytically active form.!* The

ability of the ligand to access a diradical state is of significant electronic importance. Each azo-
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anion radical'* center serves not only as an electron reservoir but also as a metastable platform
for the activation of kinetically inert CO2 molecules. The close spatial proximity of the two azo
groups facilitates the simultaneous binding of two CO2 molecules—one in an end-on and the
other in a side-on orientation—minimizing steric hindrance while enabling asynchronous,
stepwise electron transfer from the ligand’s redox-active pockets. Additionally, the ligand
features terminal amino groups at both ends, which can become protonated under mildly acidic
conditions. These —NH: functionalities can act as localized proton sources, enabling proton-
coupled electron transfer (PCET) steps during CO:2 activation and subsequent transformation

into value-added products.

The ligand H4L was synthesized following a previously reported method with slight

modifications. !

The synthetic route began with the oxidative homocoupling of o-
phenylenediamine using lead dioxide in refluxing toluene, yielding 2,2'-diaminoazobenzene.
This intermediate was then reacted with preformed 2-nitrosoacetanilide under modified
Baeyer—Mills conditions to afford the monoprotected bis-azo-diamine ligand. Subsequent
alkaline hydrolysis provided the desired ligand H4L in good yield (see Experimental section
for details). The ligand was thoroughly characterized using various analytical and
spectroscopic techniques, as well as single-crystal X-ray diffraction. The crystal structure
reveals that the molecule adopts a slightly distorted planar conformation, likely due to steric
interactions between the two pendant amine (—NH2) groups. The ligand was found to crystallize
in the orthorhombic 'dd2 space group. The molecular structure is shown in Figure 5.1, while
detailed crystallographic data and selected bond parameters both experimental and calculated
are presented in Table 5.1 and Table 5.2. Intramolecular hydrogen bonding between the
pendant amine groups and adjacent azo moieties may play a key role in stabilizing the structure,

with donor—acceptor distances of 2.629(6) A and 2.702(5) A, respectively (Figure 5.2, Table

5.3). The azo (-N=N-) bond lengths were measured to be 1.273(4) A and 1.274(4) A, which
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are slightly longer than typical values reported for free azo groups.'® This elongation is likely
attributed to extensive delocalization of electron density from the pendant amine groups toward
the azo moieties. The 'H-NMR spectrum of the ligand displays two types of signals: aromatic protons

and also for protons from aromatic primary amine group (—-NH,). The aromatic proton signals are

observed in the range of 6.76—6.92 ppm, while the signal corresponds to the protons of —NH, group

appears at 6.26 ppm. (Figure 5.6.A1).

Figure 5.2: The intramolecular H-bonding in 1

Table 5.2: Crystallographic and theoretical metrical theoretical metrical parameters for 1

Metrical Bond length Metrical Bond angle
Parameters Expt. Theo. Parameters Expt. Theo.
N2-N3 1.273(5) 1.267 N1-C1-C6 122.2(4) 121.75
N4-N5 1.274(4) 1.268 C1-C6-N2 127.3(4) 126.75
C1-N1 1.376(5) 1.360 C6-N2-N3 117.9(4) 117.91
CoN2 1406(5) | 1359 N2-N3-C7 1123 11453
C7-N3 1.430(5) 1.413 C12-N4-N5 113.2(4) 114.62
C12-N4 1.412(5) 1.413 C13-N5-N4 116.0(4) 117.86
C13-N5 1.412(6) 1.389 C13-C18-N6 121.3(4) 121.73
C18-N6 1.368(5) 1.359 N4-C12-C7 118.2(4) 117.65
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Table 5.3: Hydrogen bonding parameter of 1

Type of H-Bonding Donor (D) Acceptor (A) D-AA) D-H.....A(deg)
Intra-molecular N1 N3 2.702(5) 119
Intra-molecular N6 N4 2.629(6) 126

5.2.2 Electrochemistry

The electrochemical properties of compound 1 were investigated using cyclic voltammetry in
an anhydrous, deoxygenated mixture of acetonitrile and dichloromethane (9:1 v/v), with 0.2 M
tetrabutylammonium hexafluorophosphate (TBAF) serving as the supporting electrolyte. The
measurements were carried out using a conventional three-electrode configuration comprising
a platinum disk as the working electrode, a platinum wire as the counter electrode, and a
saturated Ag/AgCl electrode as the reference electrode. The cyclic voltammogram of 1 reveals
a series of reversible one-electron reduction processes occurring at —0.70 V, -1.05 V, —1.36 V,
and —1.77 V, with corresponding peak-to-peak separations of 99 mV, 116 mV, 134 mV, and
93 mV, respectively. Additionally, an irreversible oxidation event is observed at +1.45 V
(Figure 5.3, Table 5.4). Density Functional Theory (DFT) calculations of neutral ligand 1
indicate that the first reduction wave predominantly involves the azo group within the ligand
framework of 1, accounting for approximately 45% of the electronic contribution (Table 5.5).
The subsequent reduction steps are proposed to arise from overlapping electronic contributions
originating from both the azo unit and the phenyl rings embedded in the molecular structure

of 1.
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Figure 5.3: Cyclic voltammogram of 1
Table 5.4: Electrochemical data of 1
E1n/V (AE/mV)
Compound
Oxidation Reduction
2 +1.45 —0.70 (99), —1.05 (116), —1.36(134), —1.77(93)

separation

E1p - V2(Epa + Epa), Epa= anodic peak potential; E,. = cathodic peak potential, AE = peak-to-peak

Table 5.5: Molecular Orbital Contribution of 1

. Energy Contribution N
Orbital MO V) Composition
Azo Amine Ph

89 L+5 0.27 3 4 93 * (Ph)

88 L+4 0.18 2 7 91 n* (Azo + Amine)

87 L+3 -0.03 2 3 95 * (Ph)

86 L+2 -0.11 2 1 97 w* (Ph)

85 L+1 -1.91 44 4 52 n* (Azo + Ph)

84 LUMO -2.46 45 5 50 n* (Azo + Ph)

83 HOMO -5.47 10 24 66 n (Azo + Amine + Ph)

82 H-1 -5.81 7 26 67 n (Azo + Amine + Ph)

81 H-2 -5.94 71 4 25 Lone Pair (Azo)

80 H-3 -6.45 22 6 72 Lone Pair (Azo) + « (Ph)

79 H-4 -6.50 62 4 33 Lone Pair (Azo)

78 H-5 -6.67 13 2 85 n (Azo + Ph)
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5.2.3 Electrocatalytic reduction of CO>

The electron-accepting nature of the neutral ligand 1 arises from its low-lying ©* orbital, which
is capable of accepting electrons to generate reduced azo species. Upon accepting one electron,
precatalyst 1 forms a monoradical [-N=N-]*", while a two-electron reduction yields a diradical
[-N-N—]%", as depicted in Scheme 5.2. These reduced species exhibit nucleophilic character,
enabling them to react with electron deficient substrates such as carbon dioxide. Due to its
limited solubility in water, ligand 1 can be employed as a heterogeneous electrocatalyst. For
electrochemical studies, it is dissolved in acetonitrile (MeCN) and immobilized on a carbon
paper electrode via drop-casting method, which enhances its operational stability in aqueous
environments. Initial electrochemical activation was investigated using cyclic voltammetry
with a 10 mM solution of the pre-catalyst in MeCN. The measurements were conducted using
carbon paper as the working electrode, a platinum wire as the counter electrode, and a non-
aqueous Ag reference electrode filled with 0.1 M NaClO4.H20 as supportive electrolyte, Pt,
and the scan rate was set at 0.05 mV/s. The cyclic voltammogram (black trace, Figure 5.4)
reveals two distinct reduction peaks at Ei2 = —0.26 V and Eix = —1.40 V vs Ag/AgCl,
corresponding to successive one-electron reductions of the azo moiety. The first reduction,
forming the monoradical, is electrochemically reversible. In contrast, the second reduction
process is irreversible under this condition, indicating instability of the two-electron reduced
species and suggesting subsequent chemical transformation, likely via immediate nucleophilic
attack to regain stability. To probe this concept further, a comparative cyclic voltammetry
experiment was performed under a COz-saturated atmosphere using identical conditions (Red
trace, Figure 5.4). Notably, the second reduction peak disappears in the presence of COa2,
implying that the diradical may react with CO2 to form a stable adduct. This observation

signifies the onset of pre-catalyst activation through direct interaction with CO2. In the
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following sections, we delve into the theoretical aspects of the pre-catalyst to gain deeper

insights into its activation mechanism and its role in CO2 reduction to value added products.

1. 273A 1274A 1370A 1. 3?0A

N=N N=N N=N N=—N
Pt-Elecfrode
NH, HoN

[t

Scheme 5.2: Schematic representation of formation of two electron reduced species [1°°]*
from 1

20

wee VIeCN in Ar
164 === MeCN in CO,

Current (mA)

2 -1 0 1 2
Potential (V)vs Ag/AgCl

Figure 5.4: Homogeneous cyclic voltammetry Azo-based ligand dissolved in dry and degassed
acetonitrile in Ar (black) and after saturating with CO: (red) at scan rate 50 mV/s

The single crystal X-ray diffraction study as discussed earlier reveals that the -N=N- lengths
are 1.273(5) A and 1.274(4) A respectively which is typical for free azo.'® Theoretical
exploration reveals that the HOMO is essentially of n—character having 66% contribution from
phenyl rings, 24% from —NH:2 and only 10% from the azo moieties (Table 5.5). The feature is
in keeping with the role of the amino group during the electrocatalytic process. The n* LUMO
is low-lying with significant contribution from the azo groups (45%) (Table 5.4), thereby
vindicating our strategy to employ the azo centers as electron receptors to effectuate the

electrocatalysis via a PCET pathway (Figure 5.5).
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Figure 5.5: DFT optimized structures of catalyst forming an adduct with COx.

The optimized geometry of the pre-catalyst 1 is shown in Figure 5.6a and it is practically planar
owing to extensive n—cloud delocalization. Upon injection of electrons, during the initial step
of pre-catalyst activation, theoretical investigations further reveal that the reduction of azo
moieties takes place with some involvement from each of the phenyl rings. This is a further
indicator that the azo skeletons of the reported ligand can be elegantly exploited as electron
sinks to generate the meta-stable triplet diradical. This is the active catalyst for CO2RR that
may further behave as an electron reservoir. In the course of activation, the triplet diradical
transfers electrons to COz from the azo electron reservoirs to convert COz to further valorized
products as we will see later. In order to have a further insight in the initial steps of the
electrocatalytic process, we have optimized the structure of triplet diradical [1°°]*~ (Figure
5.6b) and the spin density plot (Figure 5.6d) reveals that odd electrons reside primarily over
the two azo moieties, thereby leading to increase in N-N lengths (Scheme 5.2).!” The species
[1°°]*, which is in turn is believed to have been formed during electrocatalytic CO2RR, provide
two azo anion radical centres that can behave as docking site for CO:z activation with
subsequent electron relay. We substantiate this theoretical conceptualization by performing
spectroelectrochemistry with 1-based modified electrode (under argon) and comparing the

spectral data of [1°*]>~ with the one calculated from TD-DFT (Figure 5.7).
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Figure 5.6: (a) Optimised geometry of precatalyst 1 (b) Optimised geometry of triplet diradical
[1°°]>~ (c) LUMO of precatalyst 1 (d) Mulliken spin density plot of triplet diradical [1°®]*

To evaluate the CO: reduction products, controlled potential electrolysis (CPE) was carried out
in a COz-saturated phosphate buffer solution, with continuous bubbling of CO2 throughout the
experiment. The electrolysis was performed at potentials ranging from —0.6 V to —1.0 V vs
Ag/AgCl over a period of 5 h. Post electrolysis analysis of the reaction mixture was conducted
using 'H NMR spectroscopy. The formation of acetic acid and acetone was confirmed by
comparing the spectra with standard reference samples. The characteristic 'H NMR signals for
acetic acid and acetone were observed at 2.00 ppm and 2.15 ppm, respectively. To investigate
the activation of the pre-catalyst through diradical formation, additional electrochemical
experiments were conducted. Following the electrochemical reduction of the pre-catalyst and
subsequent purging with CO2 at room temperature, an EPR spectrum was recorded. The
resulting spectrum displays a characteristic S = 1 signal at g = 2 (Figure 5.8), consistent with

the presence of a triplet diradical.'® Given that the pre-catalyst features a low-lying n* LUMO
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with significant contribution from the azo moieties (as supported by DFT calculations, Table
5.4)," the observed diradical signal can be attributed to the formation of [1"*]*, in which the
two unpaired electrons are delocalized over the two azo moieties. This result provides
compelling evidence for the generation of a ligand-centered triplet diradical species during the
activation of the pre-catalyst. These results point toward the role of diradical in pre-catalyst
activation that are further verified from the electronic absorption spectra that have been
monitored during the constant potential electrolysis (CPE) of the pre-catalyst and its conversion
to active catalyst. These experimental spectra are in good agreement with the theoretical spectra
of the triplet diradical (Figure 5.4). Comprehensive electrochemical analysis and product
quantification revealed that at an applied potential of —0.26 V and pH 5.5, the Faradaic
efficiencies (FE) for the formation of acetic acid and acetone were 19.6% and 24.2%,
respectively. The experimental details of the electrocatalysis including controlled potential
electrolysis (CPE) and post-electrolysis analysis have been excluded in this thesis and reported
earlier.?’ These results demonstrate efficient electron utilization for the conversion of CO2 into
value-added Cz and Cs products. The observed product distribution supports the involvement
of the azo centers in electron uptake, leading to the formation of ligand-centered diradical

species that serve as the active catalyst during the electrocatalytic CO2 reduction process.

=—TD-DFT of Triplet
——SEC

Absorbance

I ] ) = L) = ] = 1 =
300 400 500 600 700 800

Alnm

280 | Page



Chapter 5

Figure 5.7: Combine plot of SEC with free ligand 1 without CO2 dosage at interval of 10 min
(other colours) and calculated UV-Vis spectrum of [1°°]>~ (red)
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Figure 5.8: Low temperature EPR spectra of the analyte after CPE for 1 hr

5.2.4 Mechanism of electrocatalytic CO:RR

The proposed mechanism for the electrochemical reduction of CO2 (CO2RR) mediated by the
bis-azo-diamino ligand 1 appears to share mechanistic similarities with the pathway reported
by Koper et al.,?! as illustrated in Figure 5.9. Upon accepting a pair of electrons, the pre-catalyst
1 undergoes a transformation wherein the azo groups are reduced to generate a triplet diradical
species [1°*]*", which functions as the catalytically active form. In the subsequent step, CO2
molecules are anchored onto the electron-rich azo sites of the ligand. Density Functional
Theory (DFT) calculations suggest that these CO2 molecules are reduced to the radical anion
CO2* via intramolecular electron transfer from the azo centers. The approach of CO:2 occurs
in both end-on and side-on geometries, minimizing steric hindrance and resulting in
asynchronous electron transfer events. Initially, one of the CO2 molecules undergoes one-
electron reduction to generate CO2°*", which is then protonated to yield HCO:®. In the very next

step HCO»® is converted to formyl radical (CHO®) through accepting of two proton and two
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electrons followed by immediate elimination of water molecule. Theoretical modelling
indicates a significant conformational twist in the ligand framework during this transformation,
likely facilitating this proton coupled electron transfer from the terminal -NH2 groups to the
CO:°*" intermediate. Similarly, the second azo moiety also donates an electron to a second CO2
molecule, forming another HCO:* radical and finally converted to CHO® following the above-
mentioned pathway. The newly generated two formyl radicals now couple to generate glyoxal
as a key intermediate. The formation of glyoxal was experimentally verified by performing
electrolysis in the presence of formic acid and glyoxal, which led to the detection of acetic acid
and acetone by 'H NMR spectroscopy (Figures 5.6.A6 and 5.6.A7). This supports the
hypothesis that glyoxal acts as a precursor to these C2 and C3 products. It is proposed that
glyoxal undergoes further reduction by the ligand-based electron reservoir (azo diradical
centers) in the presence of protons to form acetic acid, which can be further reduced to acetone,

thereby regenerating
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Figure 5.9: Proposed mechanism of electrocatalytic formation of Acetic Acid and Acetone

the active catalyst [1°*]* and completing the catalytic cycle. Further mechanistic insights were

obtained from electrocatalysis experiments carried out in the presence of formic acid and acetyl

chloride, which predominantly yielded a

that acetone formation during CO2RR

(derived from acetic acid) and a formyl radical, facilitated by a proton-coupled electron transfer
(PCET) mechanism, as outlined in Figure 5.10. Together, these findings provide compelling

evidence for a multi-step, ligand-mediated CO2 reduction pathway that proceeds via radical

cetone as the final product. This observation suggests

likely proceeds via coupling of the acetyl radical
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intermediates and culminates in the formation of value-added C: and C3 products such as acetic

acid and acetone.
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5.3 Conclusion

This study presents a novel and efficient strategy for the direct conversion of CO: into valuable
Cs products using a coordinatively fluxional, redox active precatalyst 1. The catalyst undergoes
transformation into a triplet diradical state, which initiates a cascade of steps leading to the
formation of glyoxal and its subsequent conversion into acetic acid. Internal electron transfer
enables catalyst regeneration and further transformation of intermediates, with in situ generated
acetic acid reacting with formyl units to yield Cs products. This dual role of product formation
and catalyst recycling underscores the efficiency of the system. Overall, the work highlights
the promise of metal-free, fluxional electrocatalysts in carbon capture and utilization (CCU)),
advancing beyond conventional Ci1 and Cz products and offering a path toward sustainable

carbon recycling.

5.4 Experimental section

5.4.1 Reagents and materials

All the reagents and solvents used in this investigation are commercially available and were
used without further purification. o-Phenylenediamine, PbO2, KOH were purchased from SRL.
Water and Acetonitrile were from HPLC grade, NaClO4.H20 used was from Loba Chemie.
Sodium dihydrogen phosphate dihydrate (NaH2PO4.2H20) and Disodium hydrogen phosphate
dihydrate (Na2HPO4.2H20) used for buffer solution were from Merck and Potassium Chloride
(KCI) in reference electrode are from Merck. NMR solvent DO was purchased from
Cambridge Isotopic Laboratory. Toray Carbon paper, TGP-H-60, 19*19 cm was from Alfa
Aesar. Pure methanol, acetone, and acetic acid were used as NMR reference standards from
Merck, and formic acid, acetyl chloride, and glyoxal used as intermediates are from Merck,

Loba Chemie, and SRL respectively. All the glassware was washed with an Acid bath, and
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base bath and rinsed with isopropanol or acetone. Dried them in the oven before use. All the

electrodes were washed with distilled water.

5.4.2 Synthesis of Catalyst

A solution of o-phenylenediamine (3 g, 1.00 equiv.) in dry toluene (15 ml/g) was degassed
with argon steam for 20 min. Then PbO2 (12.0 g, 4.00 equiv.) was added in portion (1.00
equiv/hr) and solution was refluxed for 4 h. After the completion of reaction, the dark red
coloured solution was filtered through a Celite 545 bed in order to remove excess PbO2. The
filtrate was collected and solvent was removed under reduced pressure. The residue was
subjected to column chromatography using silica gel (100-200 mesh) and toluene as eluent to

obtain red shiny crystals of 2,2'-diaminoazobenzene.

The solution of 2,2'-diaminoazobenzene (500mg, 2.35 mmol, 1.00 equiv.) in dry toluene (10
mL/mmol) was degassed with an argon stream for 15 min. Then, the 2-nitrosoacetanilide (386
mg, 2.35 mmol, 1.00 equiv.) and acetic acid (12.00 equiv.) were added. The reaction mixture
was stirred at 65°C for 72 h, and the solvent was removed under reduced pressure. The resultant
dark red coloured oily residue was purified by column chromatography using silica gel (100-
200 mesh) and 2:1 Hexane/EtOAc (v/v) as eluent to get red coloured crystalline monoprotected

bis-azo-diamine.

The obtained monoprotected bis-azo-diamine (1.0 equiv) in ethanol (65 mL) was then treated
with a solution of KOH (56.0 equiv) in ethanol (20 mL) and water (15 mL). The mixture was
refluxed for about 1.5 h, the mixture was poured onto crushed ice (300 g), extracted with
CH:2Cl2, dried over Na2SOs, and concentrated to produce a red oil, which is kept in refrigerator
for overnight to get solid product. The suitable crystals were grown from warmed solution of

hexane through slow evaporation.
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5.4.3 Analytical Data of 1

2,2'-((1E,1'E)-1,2-phenylenebis(diazene-2, 1-diyl))dianiline (1): Dark red coloured crystalline
solid; Yield: 65%; HRMS [M+H]+: m/z 317.1533 (Calcd. for CisH17Ns 317.1515); 'H NMR
(400 MHz, CDCl3): 6 7.91 (dd, J=8.1, 1.6 Hz, 2H), 7.80 (dd, J= 6.1, 3.4 Hz, 2H), 7.52 (dd, J
=6.1, 3.4 Hz, 2H), 7.28 — 7.20 (m, 2H), 6.86 (t, /= 7.6 Hz, 2H), 6.77 (dd, /= 8.3, 1.3 Hz, 2H),
6.29 (s, 4H). *C{'H} NMR (75 MHz, CDCl3): § 116.71, 117.20, 117.33, 130.24, 130.51,

132.51, 137.97, 142.27, 148.04.
5.4.4 Product Detection and quantification by 'H-NMR

The CO:2 reduction products obtained after controlled potential electrolysis (CPE) were
detected and quantified using a Neo Advance Bruker 500 MHz NMR spectrometer. A 6 mL
aqueous solution containing 20 mM phenol and 10 mM DMSO was used as the internal
standard. For NMR analysis, the sample was prepared by mixing 350 pL of the analyte, 50 uL
of the internal standard solution, and 200 pL of D20 in an NMR tube (7 inches in height, 5 mm
in diameter). To enhance the signal intensity, the water peak was suppressed in the 'H NMR
spectrum. Characteristic peaks for acetic acid and acetone were observed at 2.00 ppm and 2.17
ppm, respectively. Product quantification was performed by integrating these signals relative

to the DMSO reference peak at 2.60 ppm.
5.4.5 EPR Spectroscopy

Electron paramagnetic resonance spectroscopic measurements were performed on a Bruker
EMX CW-microX-band EPR spectrometer equipped with an ER4119HS high-sensitivity
resonator, with a microwave power of Ca 6.9 mW and modulation frequency and amplitude of
100 kHz and 5 G, respectively. 2 hours after CPE, the analyte from the cell is taken in a
capillary tube, kept in an EPR tube, and dipped in liquid Nitrogen to maintain a low

temperature. The EPR spectra were recorded for the CPE analyte at low temperatures.
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Figure 5.6.A3: HRMS spectrum of 1
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Figure 5.6.A4: 'H NMR spectrum of the analyte after 5 h of CPE at potential —0.28 V vs
Ag/AgCl in COz saturated buffer solution and phenol and DMSO used as internal standard
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Figure 5.6.A5: 'H-NMR spectrum of liquid product formed after CPE at -0.6 V loading 1
mg/cm?pH 6.7 in 500 MHz instrument

2.1

HCC)PH

)

9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0
Chemical Shift (ppm)

Figure 5.6.A6: 'H NMR spectra of the analyte after CPE by adding Formic acid.
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Figure 5.6.A7: 'H NMR spectra of the analyte after CPE by adding glyoxal

Table 5.6.A1: Molecular Orbital Contribution of Triplet Diradical (a-MOs)

. Energy Contribution »
Orbital a-MO (V) Composition
Azo | Amine Ph
91 L+5 7.54 27 0 73 7* (Azo + Ph)
90 L+4 7.38 19 0 81 n* (Azo + Ph)
89 L+3 6.67 6 3 91 7* (Azo + Ph + Amine)
88 L+2 6.57 2 5 93 7* (Ph + Amine)
87 L+l 6.31 4 5 91 ©* (Ph + Amine)
86 LUMO 6.26 5 3 92 n* (Ph)
85 HOMO 3.43 44 4 52 7 (Azo + Ph)
84 H-1 2.82 45 7 48 7 (Azo + Amine + Ph)
83 H-2 1.39 64 7 29 Lone Pair (Azo + Amine)
82 H-3 1.14 27 18 55 Lone Pair (Azo) + © (Amine + Ph)
81 H-4 0.91 70 7 23 Lone Pair (Azo + Amine)
80 H-5 0.67 17 25 58 Lone Pair (Azo) + 7 (Azo + Amine)
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Table 5.6.A2: Molecular orbital Contribution of Triplet Diradical (B-MOs)

. Energy Contribution -
Orbital | B-MO (V) Composition
Azo | Amine | Ph
89 L+5 6.96 9 2 89 * (Azo + Amine + Ph)
88 L+4 6.83 5 3 92 n* (Azo + Amine + Ph)
87 L+3 6.54 2 7 91 n* (Amine + Ph)
86 L+2 6.53 3 6 91 n* (Amine + Ph)
85 L+1 5.19 33 2 64 n* (Azo + Ph)
84 LUMO 4.58 36 4 60 n* (Azo + Ph)
83 HOMO 1.71 44 10 46 Lone Pair (Azo + Amine) + « (Ph)
82 H-1 1.48 59 8 34 Lone Pair (Azo + Amine)
81 H-2 1.14 53 10 36 Lone Pair (Azo + Amine)
80 H-3 1.00 38 15 47 Lone Pair (Azo + Amine) + « (Ph)
79 H-4 0.42 9 25 65 n (Azo + Amine + Ph)
78 H-5 0.36 8 18 75 n (Azo + Amine + Ph)
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Figure 5.6.A6: Partial FMO (Frontier molecular orbital) diagram and isodensity surface plots
(isovalue = 0.06) for selected FMOs of 1. The arrows are used to highlight the HOMO-LUMO
energy gap. All the DFT energy values are given in eV
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Figure 5.6.A7: Partial FMO (Frontier molecular orbital) diagram and isodensity surface plots
(isovalue = 0.06) for selected a-FMOs of [1°*]>". The arrows are used to highlight the HOMO—

LUMO energy gaps. All the DFT energy values are given in eV
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Figure 5.6.A8: Partial FMO (Frontier molecular orbital) diagram and isodensity surface plots
(isovalue = 0.06) for selected B-FMOs of [1°*]>". The arrows are used to highlight the HOMO—
LUMO energy gaps. All the DFT energy values are given in eV
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6.1 Introduction

Nitrogen-based organic compounds play a central role in both modern synthetic chemistry and
various industries, particularly pharmaceuticals and fine chemicals. Among these, amines stand
out as crucial building blocks, with broad applications in everyday products and high-value
materials. Functionalized amines are especially sought after due to their importance in crafting
agrochemicals, drugs, and specialty dyes (Scheme 6.1).! To meet this demand, chemists have
developed a wide range of synthetic strategies.” Traditional approaches are still in use, but
catalytic methods have gained prominence for their efficiency and versatility. Notable catalytic
routes to N-alkylated amines include reactions with alkyl halides,’ reductive alkylation,*
hydroamination,” and hydroaminoalkylation,® each offering unique advantages for tailoring
molecular structures (Scheme 6.2). The conversion of alcohols into a variety of fine nitrogen-
based materials is a key focus in sustainable chemistry.”® One important example is the
alkylation of amines by alcohols, a fundamental alcohol refunctionalization reaction, as

llustrated in Scheme 6.3.

H
Me Me | = Me N
I/\/‘\ -
N COOH \
H Me. N S
N 5
F I
i CF;
_Zafuleptine Methapyrilene Cinacalcet
Anti-depregsant Drug Anti-cholinergic Drug Anti-hyperparathyroidism
4
=
N N N HO
H l\(H
N
-~
Me Me OH
Tripelennamine Antazoline Labetalol
Anti-histamine Drug Anti-cholinergic Drug Anti-hypertensive Drug

o]

N\/\‘
o]
Pexidertinib Rosiglitazone

Anti-tumor drug Anti-diabetic Drug

Scheme 6.1: Some representative examples of biologically and medicinally active N-alkylated
amine compounds
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In this methodology, hydrogen atoms removed from the alcohol are stored on the catalyst,
while the resulting carbonyl compound (aldehyde or ketone) condenses with an amine to form
an imine. The imine is subsequently reduced by the stored hydrogen equivalents, yielding the
corresponding N-alkylated product (Scheme 6.3). The use of readily available alcohols as
alkylating agents via dehydrogenative coupling (DC) and borrowing hydrogenation (BH) has
emerged as one of the most sustainable and atom-economical strategies for forming C—C and
C—N bonds.’!° This one-pot methodology, which produces only benign water or hydrogen
peroxide as by-products, is well-aligned with the principles of green chemistry, offering
enhanced efficiency while minimizing waste generation.!! This homogeneous catalytic strategy
was first reported in the early 1980s by Grigg!?* and Watanabe.!?® Since then, several research
groups including those of Fujita,'** Kempe,'** Yamaguchi,'* Williams, Srivastava,'* have
advanced this synthetic strategy into a versatile and selective method for the N-alkylation of
amines using alcohols. More recently from the research group led by Rit,'*® Beller,!* Paul'%
and Ghosh'* reported ruthenium and palladium-based catalytic systems that furthur advance
the N-alkylation reaction using alcohol as alkylating reagent (Scheme 6.4). The borrowing
hydrogen (BH) or hydrogen autotransfer (HA) strategy, applied with transition metal catalysts,
presents an efficient route for sustainable chemical transformations. Utilizing inexpensive
metals at low catalyst loadings for alcohol functionalization, this approach enhances atom
economy and promotes the use of renewable feedstocks over conventional resources. These
include homogeneous catalysts based on noble metals such as iridium, ruthenium, and
palladium, as well as more earth-abundant alternatives like iron, cobalt, manganese, nickel and

chromium.
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[ ™
Classical Approach
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2. R—NH; + R'==CHO wmme R—N — s | R=—NH
R =R' = Alkyl, Aryl, Heteroaryl Schiff Base
() Expensive Catalyst (D Hazardous byproducts
() Limited substrate scope (O Additional sacrificial oxidant or ligand
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Scheme 6.2: Classical synthetic route for the preparation of N-alkylated amines
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Scheme 6.3: Alkylation of amines by alcohols via borrowing hydrogenation or hydrogen auto-
transfer strategy

Herein we report the synthesis of an intersting ruthenium(IIl) complex featuring a planar N4
coordination environment composed of a pair of both strong w-acidic (soft) and c-donating
(hard) donor atoms, forming a robust bisazo-diamido organic scaffold 1. According to our
current knowledge and available litrature, this is probably the first coordination complex based
on this tetradentate scaffold to exhibit catalytic activity in the direct N-alkylation of amines
using aliphatic primary alcohols. The incorporation of donor atoms with contrasting donor

properties was strategically designed to investigate the plausible mechanistic pathway, either
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via two-electron Hydride Transfer (HT) or via one-electron azo-anion radical pathway
followed by Borrowing Hydrogenation (BH). Mechanistic study of N-alkylation of amines by
this Ru(II) catalyst has also been scrutinized to understand the prefered pathway in this case.
This study thus presents a rare example of a ruthenium(I1I) complex efficiently promoting N—
C bond formation between amines and aliphatic alcohols. The growing emphasis on
sustainability in synthetic chemistry emphasizes the demand for atom-efficient and
environmentally benign methodologies. Using primary alcohols as alkylating agents offers a
compelling solution due to their renewability, low toxicity, and cost-effectiveness. This
strategy enables diverse C—N bond formations under relatively mild conditions, offering a

valuable green alternative to conventional alkylation methods.
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Scheme 6.4: Schematic depiction of some previously reported catalyst and our present work
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6.2 Results and Discussion

The current work outlines the synthesis and characterization of a Ru(Ill) complex 2,
incorporating double deprotonated bis-azo diamine ligand 1. The ligand was synthesized
following previously reported procedure,'® involving the modified Mills-Baeyer condensation
reaction of 2,2'-diaminoazobenzene with 2-nitrosoacetanilide. Subsequent alkaline hydrolysis
yielded the target bis-azo amine ligand 1 (Scheme 6.5). Complex 2 was prepared by reacting
ligand 1 with RuCI2(PPhs3)s in an equimolar ratio in dry, degassed toluene under reflux. This
reaction afforded a dark bottle-green solution, from which the complex, trans-
[Ru(H2L)CI(PPh3)] (2), was isolated in good yield via column chromatography (see
Experimental Section). The complex was comprehensively characterized by single-crystal X-
ray diffraction, spectroscopic methods and electrochemical study. Analysis of crystallographic
data revealed that ligand 1 coordinates to the Ru(III) centre in a planar, bi-anionic, tetradentate
fashion via two azo nitrogen atoms (Nazo) and two amido nitrogen atoms (Namido), forming a
NamidoNAzoNAzoNAmido donor set. The additional coordination sites are occupied by one
triphenylphosphine (PPhs) and one uninegative chloride ligand, positioned trans to each other.
This coordination pattern gives rise to a distorted octahedral geometry around the metal centre.
The complex was found to crystallize in the triclinic P1 space group. The molecular structure
is depicted in Figure 6.1, while detailed crystallographic data and selected bond parameters
(both experimental and calculated) are provided in Table 6.1 and Table 6.2 respectively.
Additionally, complex 2 is stabilized by an intramolecular non-covalent m—m stacking
interaction involving the phenyl ring of the ligand (Ring B), the five-membered chelate ring
(Ring C), and one of the phenyl rings of the PPh3 ligand (Ring A) (Figure 6.2). The centroid-
to-centroid distance between the interacting rings are 3.7979(16) A and 3.5898(11) A with a

corresponding dihedral angle of 16.29(13) ° and 16.41(9) (Table 6.3).
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- 5>
1. AcOH (8 equiv.)
NH; opn Dry Toluene
65°C, 72 h
N/,N = - Y N=N N=N
2. KOH-EtOH (56 equiv.)
H.N AcHN H.O
2 2 NH: H3N
2-nitrosoacetanilide Reflux, 1.5 h
H4L, 1
2,2'-diaminoazobenzene
PPh;
N=N N=N RuCl,(PPhj); N=N,, | oN=N
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Figure 6.1: ORTEP diagram of 2 with partial atom numbering scheme (Thermal ellipsoids are
set at 40% probability, Aromatic H atoms are excluded for clarity), CCDC No. 2433667
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Table 6.1: Crystallographic Details of 2

2
Empirical formula C36H29N6CIPRu
/K 273.15
fw 713.14
Crystal system Triclinic
Space Group P1
alA 10.1769(8)
b/A 11.2766(8)
c/A 16.0950(12)
a/deg 93.284(2)
pldeg 105.880(2)
y/deg 113.925(2)
VI A3 1593.9(2)
Z 2
D¢/Mgm™ 1.486
pw/mm'! 0.662
F(000) 726
cryst size/mm’ 0.25 x 0.19 x 0.11
6/deg 2.48 —28.75
Measured reflns 64436
Unique reflns 9752
3GOF on F? 1.076
R1®, WR2°[I>20(1)] Ri=0.0254, wR>=0.0592
Ri, wR2 Ri1=0.0314, wR>=0.0634
“GOF = {Z[W(Fo*-F)?/(n-p)} 1/2. PR1 = X [|Fo|-|Fe[]/ Z [Fol. ‘WR2 = [Z
[W(Fo?-Fc?)?]/ £ [w(Fo?)?]]"? where w = 1/[ 6*(Fo?)+(aP)*+bP], P =
(Fo?+2F2)/3.
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Table 6.2: Selected metrical parameters of 2

Metrical Parameter of 2
Bond lengths (A) Bond Angles (°)

Expt. Theo. Expt. Theo.

Rul-N1 1.9983(14) 2.037 NI-Rul-N3 89.70(6) 88.54
Rul-N3 1.9858(13) 2.026 N4-Rul-N6 89.51(6) 88.47
Rul- N4 1.9755(14) 2.027 NI1-Rul-N6 96.59(6) 100.06
Rul-N6 1.9912(14) 2.042 N3-Rul-N4 83.77(6) 82.77
Rul-Cll1 2.5178(5) 2.457 NI1-Rul-P1 92.74(4) 88.45
Rul-P1 2.3595(4) 2.500 N3-Rul-P1 95.85(4) 97.69
N2-N3 1.291(2) 1.274 N4-Rul-P1 91.38(4) 92.97
N4-N5 1.293(2) 1.277 N6—Rul-P1 90.48(4) 91.07
CI-N1 1.327(2) 1.335 Cl1-Rul-P1 177.191(16) 176.32
C2-N2 1.364(3) 1.365 NI-Rul-Cl1 90.06(4) 89.35
C13-N5 1.371(3) 1.362 N3-Rul-Cl1 84.39(4) 85.20
C18-N6 1.319(2) 1.335 N4-Rul-Cl1 85.87(4) 89.63
Cl-C2 1.445(3) 1.454 N6-Rul-Cl1 88.97(4) 86.39
C13-C18 1.442(3) 1.454 N3-Rul-N6 170.86(06) 167.90

Figure 6.2: Intramolecular pi-pi stacking diagram of complex 2
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Table 6.3: Different stacking parameters* of 2

Stacking Parameters Ring A-B Ring A-C
d[Ce(]) - Co(N)] Ala’ 3.7979(16)/11.36(12) 3.5898(11)/16.41(9)
d[Cg(]) - R(J)] A/p° 3.4952(12)/30.2 2.9398(7)/23.4
d[Cg(J)) - R(D] Any’ 3.2818(9)/23.0 3.2950(9)/35.0

*Cg(I) = Centroid of ring I, Cg(J) = Centroid of ring J, d[Cg(I) — Cg(J)] = Separation between
two ring centroids, d[Cg(I) — R(J)] = Perpendicular distance of Cg(I) on ring J, d[Cg(J) — R(I)]
= Perpendicular distance of Cg(J) on ring I, a = Dihedral angle between Planes I of ring I and

plane J of ring J, B and y = Angle between the vector Cg(l) — Cg(J) and the normal to plane P(I)
or P(J) from Cg(I) and Cg(J) respectively.

0.00 T T T T 1
300 400 500 600 700 800

Mnm

Figure 6.3: (a) Computationally optimized geometry of 2 at (U)B3LYP level of theory using
6-311++G(d,p) basis set for all non-H atoms and LANL2DZ basis set for Ru (b) the
experimental (brownish red) and theoretical (black) absorption spectrum of 2 obtained from
TD-DFT calculation using CPCM model where dichloromethane (CH2Cl2) was selected as
solvent
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Figure 6.4: Cyclic voltammogram of 2 using Pt working electrode, Pt wire as auxiliary
electrode and Ag/AgCl as reference electrode at a scan rate of 100 mV/s

Table 6.4: Cyclic voltametric data of 2 against Ag/AgCl as reference electrode

E12/V (AE/mV)

Complex
Oxidation Reduction

2 +0.56(36) ~0.19 (85), —1.20 (60)

Eip="(Epa + Epa), Epa= anodic peak potential; E,. = cathodic peak potential, AE = peak-to-peak
separation

The electrochemical behaviour of the complex trans-[Ru(H2L)CI(PPh3)] (2) was examined via
cyclic voltammetry in dry and degassed solution of acetonitrile/dichloromethane (9:1, v/v),
using 0.2 M tetrabutylammonium hexafluorophosphate (TBAF) as the supporting electrolyte.
The measurements were conducted employing a standard three-electrode setup consisting of a
platinum disk as working electrode, a platinum wire as the auxiliary electrode, and a saturated
Ag/AgCl electrode as the reference electrode. The cyclic voltammogram displays two
reversible one-electron reductive responses at —0.19 V and —1.20 V, with peak-to-peak
separations of 85 mV and 60 mV, respectively. In addition, a reversible oxidation wave is
observed at +0.56 V, showing a peak separation of 86 mV (Figure 6.4, Table 6.4). Density
functional theory (DFT) calculations disclose that the first reduction is primarily ligand-
centered, involving the coordinated azo functionality, with a relative contribution of 42%

(Table 6.5). The second reductive event appears to involve mixed contributions from both the
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ruthenium centre and the ligand (Table 6.5 & 6.6). These findings suggest that the redox-active
bis-azo framework could play a key role in facilitating ligand-centered electron transfer
processes, potentially initiated by the cleavage of the Ru—Cl bond.!* The oxidative response,
on the other hand, is attributed mainly to ligand oxidation, with a minor involvement of the
metal centre (Table 6.5 & 6.6). The computationally optimized molecular geometry of complex
2 1s presented in Figure 6.3(a), and the calculated and experimental UV-visible absorption

spectra is shown in Figure 6.3(b) (see Computational Studies section, ESI{ for details).

Table 6.5: Molecular orbital (a-MO) contribution table of 2

Contribution
Orbital MO Energy
(ev) |Ru|Cl| Azo | Amine | Ph | PPh; Composition
174 L+5 -1.11 3|1 0 0 1 95 7*(PPhs)
173 L+4 -1.21 0 0 0 0 99 *(PPhs)
172 L+3 -1.31 2 |1 0 1 1 96 n*(PPhs)
171 L+2 -1.57 |21 |9 5 4 1 60 *(PPhs)
170 L+1 -1.93 |28 | 0 | 35 6 51 0 dx; + n* (PPh3)
169 LUMO | -2.69 00| 42 8 50 0 n*(Azo + Amine + Ph)
168 HOMO | -5.11 |21 | 1 9 25 44 0 dxy + @ (Azo + Amine + Ph)
167 H-1 -5.33 1 |5 9 24 57 4 7t (C1+ Azo + Amine + Ph)
166 H-2 581 |36 53| 6 1 2 1 dy, + 7 (Cl + Azo)
165 H-3 -6.07 |24 | 68| 6 5 2 1 dxy + m (Cl + Azo)
164 H—4 -6.30 |29 |19 19 8 24 1 |dgtw(Cl+ Azo + Amine + Ph)
163 H-5 -6.47 |26 [ 19| 11 4 40 1 dy, + m (Cl + Azo + Ph)
Table 6.6: Molecular orbital (B-MO) contribution table of 2
Contribution
Orbital | MO Energy
(eV) Ru | Cl | Azo | Amine | Ph | PPh3 Composition
174 L+5 -1.20 1 0 0 0 0 99 w*(PPhs)
173 L+4 -1.30 3 1 0 1 0 95 n*(PPhs)
172 L+3 -1.49 16 | 7 4 3 1 69 7*(PPh;)
171 L+2 -1.84 10 | O 32 8 50 0 *(PPhs)
170 L+1 -2.67 1 0 38 13 47 0 7* (Azo + Amine + Ph)
169 LUMO | -3.12 | 52 | 3 7 12 24 2 dx, + *(Azo + Amine + Ph)
168 HOMO | -5.04 1 4 11 27 54 3 7 (Azo + Amine + Ph)
167 H-1 -5.66 | 41 | 42 7 1 6 2 dxy + 7 (Cl + Azo + Ph)
166 H-2 -5.82 19 | 52 6 10 12 1 dy, + 7 (Cl + Azo + Ph)
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165 H-3 -6.04 | 60 | 1 14 10 15 dx; + m (Azo + Amine + Ph)
164 H4 -6.40 9 | 26 9 1 54 dx, + 7 (Cl + Azo + Ph)
163 H-5 -6.68 9 9 8 3 57 dx, + m (Cl + Azo + Ph)

2.0 — % i’%
2.5 —i e‘dﬁa" ¥
—_ by ‘.“I 2
= -3.0— .e
T L a8f8%y
" 5.0 — % ‘:‘\' 3
5.5 — 3‘!’-‘%"““
S ) 8
>
6.0 — .
— adlgas
-6.5—— ,‘.‘ ‘.‘\I 2

e
‘e

L+1

LUMO

K /
24 2.42

HOMO

H-1

a- MO

Figure 6.6: Partial MO diagram and isodensity surface plots (isovalue = 0.06) for selected a
and B-FMOs of 2. The arrows are used to highlight the HOMO-LUMO energy gap. All the

DFT energy values are given in eV
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6.3 Catalytic Activity

The study commenced with the standardization of reaction conditions for the N-alkylation of
anilines using aliphatic alcohols. Our investigation began with the reaction of p-toluidine (3b)
and 1-butanol (4b) in the presence of 0.1 mol% Ru(III) catalyst (2) and 0.5 equiv. of K2COs3 in
toluene at 100 °C. However, no product formation was observed (Table 6.7, Entry 1 and 2). A
similar outcome was noted when K2CO3 was replaced with Cs2COs (Table 6.7, Entry 3 and 4).
Subsequently, we employed ~BuOK (0.5 equiv.) as a base instead of alkaline earth metal
carbonates and increased the reaction temperature slightly to 110°C. Under these conditions,
the desired N-alkylated amine 4b was obtained with a 65% yield (Table 6.7, Entry 5).
Increasing the base loading from 0.5 to 1.0 equiv. led to a slight improvement in the yield

(Table 6.7, Entry 6)

Table 6.7: Screening of the reaction parameters for ruthenium(Ill)-catalyzed N-alkylation
using p-toluidine (3b) and n-butanol (4b)*>¢

1. Ru-Catalyst, 2 H

ONHE + He” TN"Non ... e e o
A
3b 4b Se

Entry Ca::::));i;)go.l Base (eqiiv.) Solvent T°C Y(i,;(l) ()ib
1 2 K>CO; 0.5 Toluene 100 NR
2 2 K,CO;s 1.0 Toluene 100 trace
3 2 Cs,CO3 0.5 Toluene 110 NR
4 2 Cs2CO3 1.0 Toluene 110 trace
5 2 t-BuOK 0.5 Toluene 110 65
6 2 t-BuOK 1.0 Toluene 110 71
7 2 t-BuOK 1.5 Toluene 110 72
8 2 NaOH 0.5 Toluene 110 68
9 2 NaOH 1.0 Toluene 110 57
10 2 KOH 0.5 Toluene 110 83
11 2 KOH 1.0 Toluene 110 81
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12 2 KOH 1.0 Toluene 130 84
13 2 KOH 1.0 1,4-dioxane | 110 12
14 2 KOH 1.0 THF 84 trace
15 2 KOH 0.5 Xylene 110 72
16 2 KOH 1.0 Xylene 110 68
17 2 KOH 0.5 CH;CN 82 NR
18 2 KOH 1.0 CH;CN 82 trace
19 2 KOH 0.5 DMF 110 trace
20 2 i-Pr.NEt 0.5 Toluene 110 NR
21 2 Et;N 0.5 Toluene 110 NR
22 2 KOH 0.5 - 110 38
23 - KOH 0.5 Toluene 110 trace
24 2 - — Toluene 110 NR
25 Ru(PPh;),Cl, KOH 0.5 Toluene 110 25
26 RuH(CO)CI(PPhs); KOH 0.5 Toluene 110 23

“Standardized Reaction conditions: 3b (1 mmol), 4b (1.0 mmol), Catalyst 2 (0.1 mol %), base (x equiv.),
solvent (3 mL), 110 °C (oil bath), 12 h. *Isolated yield after column chromatography, ‘Under air.

In an effort to identify a more effective base other than +~-BuOK, we investigated the use of
alternative alkali metal hydroxides, specifically NaOH and KOH, under the same conditions.
Surprisingly, both bases efficiently facilitated the formation of the desired N-alkylated amine
Se with excellent yields (Table 6.7, Entry 8-11). Among them, KOH exhibited superior
efficiency affording a significantly higher yield of the desired product compared to NaOH
(Table 6.7, Entry 11). Prompted by these findings, we further optimized the reaction conditions
by increasing the reaction temperature to 130°C while keeping all other parameters unchanged.
However, this modification did not lead to any appreciable improvement in the yield of Se
(Table 6.7, Entry 12). Subsequently, our attention turned toward identifying a more suitable
solvent beyond the commonly used toluene that might enhance the reaction efficiency. A series
of organic solvents including 1,4-dioxane, tetrahydrofuran (THF), xylene, acetonitrile, and
dimethylformamide (DMF) were evaluated under identical conditions (Table 6.7, Entry 13—

19). However, despite our repeated efforts, none of these alternatives proved to be more
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effective than toluene. The utilisation of polar solvents such as THF, ethanol, DMF, and
acetonitrile resulted in lower yields of Se, likely due to their ability to coordinate with the
transition metal centre thereby interrupting the catalytic process. The results indicated that
toluene remained the most suitable solvent for achieving optimal yield and reaction efficiency.
No reaction occurred when organic bases were used as substitutes for alkali metal hydroxides
(Table 6.7, Entry 20 & 21). Additionally, we investigated the reaction under solvent-free
conditions to assess its feasibility in a more sustainable approach. However, this modification
led to a significantly lower isolated yield of Se (Table 6.7, Entry 22). To further investigate the
fundamental requirements of this N-alkylation reaction, few experiments were performed to
assess the necessity of both the catalyst and the base. Notably, when either the catalyst or the
base was omitted from the reaction system, no formation of Se was observed, emphasizing their
vital roles in facilitating the desired transformation (Table 6.7, Entry 23 & 24). Employment
of Ru(PPh3)2Cl2 and RuH(CO)CI(PPhs)3 as catalysts led to the isolation of compound Se in

yields of 25% and 23%, respectively (Table 6.7, Entry 25 & 26).

After establishing the optimized reaction conditions for N-alkylation of amine using aniline 3a
(1.0 mmol), aliphatic alcohol 4a (1.1 mmol), KOH (0.5 equiv.), temperature 110°C and toluene
(5 ml), we explored the scope of the reaction with various aliphatic alcohols (C3—C12) and
aromatic amines (3a-3f) containing different functionalities as well as heteroaromatic amine
(3g) as summarized in Table 6.8. We started our investigation with the reaction between aniline
(3a) and 1-propanol (4a) which afforded the corresponding N-alkylated Sa amine in 72% yield.
Aromatic amines bearing both electron donating and withdrawing group successfully
underwent N-alkylation with a number of aliphatic alcohols. Interestingly, amines with electron
donating groups exhibited more efficiency in coupling with aliphatic alcohols compared to
those having electron withdrawing groups. For instance, p-toluidine (3b) was efficiently

alkylated with series of primary aliphatic alcohols such as 1-butanol (4b), 1-hexanol (4¢), 1-
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heptanol (4d), 1-octanol (4e), 1-nonanol (4f) and 1-dodecanol (4g) yielding desired products
with good to excellent yield (5e: 83%, Sj: 88%, 5q: 89%, S5u: 91%, Sab: 94%, Sah: 95%).
Likewise, p-anisidine (3i) also effectively coupled with higher alcohols such as 4e, 4f, and 4¢g
to form corresponding N-alkylated amine with the isolated yield up to 92% (Sv: 86%, Sac:
92%, Sao: 86%). Equally, chloroaniline derivatives (3¢ & 3d) also efficiently alkylated with
variety of aliphatic alcohols, affording corresponding N-alkylated amines in good to moderate
yield (5b: 70%, 5¢: 73%, 5f: 77%, 5g: 76%, Sk: 80%, Sl: 78%, Sr: 80%, Sw: 82%, 5x: 85%,
5z: 78%, 5ad: 85%, Saf: 86%, S5aj: 87%, Sak: 85%, Sap: 81%). The scope of the N-alkylation
reaction was expanded by employing p-bromoaniline which efficiently participated in the
reaction, yielding the target products with isolated yield reaching up to 89% (Sh: 79%, Sm:

81%, 5s: 82%, Sal: 89%).

Additionally, Electron deficient aniline such as 2,4-difluoroaniline, also successfully coupled
with higher alcohols like 1-hexanol (4c¢), 1-octanol (4e), 1-nonanol (4f) and 1-dodecanol (4g)
with decent yield (5n: 70%, Sy: 75%, Sae: 80%, Sam: 79%). To further explore this catalytic
protocol, we also investigated 2-aminopyridine (3g) as substrate, when coupled with 4¢, and
4g, the reaction led to the formation of corresponding N-alkyllpyridine-2-amines with
moderate to good yield (50: 69%, 5an: 72%). Moreover, under the optimized condition
cyclohexylmethanol also successfully employed as an alkylating agent for anilines and its
derivatives. This transformation proceeded efficiently, affording the corresponding N-

alkylated product with yields up to 75% (5aq: 66%, Sar: 71%, 5as: 75%, Sat: 65%, Sau: 61%).

Further, we tried to demonstrate the practical applicability of this catalytic protocol, we
explored its efficiency in gram-scale synthesis of some selected N-alkylated amines. For this
purpose, we chose p- toluidine (3b) and 2-aminopyridine (3g) as model substrate and subjected

them to alkylation with 1-dodecanol (4g) under this standardized condition. The desired N-
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Table 6.8: Substrate scope

1. Ru-Catalyst, 2 (0.1 mol %) H
i N
Ar—NH, + R/\OH 2. KOH (0.5 equiv.) Ar/ \/R
Toluene, 12 h, 110°C
Ar = Aryl, Heteroaryl R = Aliphatic Primary Alcohol Uridér gir
Alcohol Amine (3a-3g) Product
NH n
2 N
CH 5a (72%)
OH 3
e~ & S
Propan-1-ol (4a) H
/@AHZ /@q\/\c”“ 5b (70%)
Cl Cl H

QNH:
NH
Hie” ""om ©/ z
Butan-1-ol (4b)
NH,
HsC” :
; NH,
Cl
Br
NH;
/'\/"\/\
H,C OH
Hexan-1-ol (4c) NH,

HiC

NH,

NH,

et

N e, 5c(73%)

@’HWCHS 5d (79%)
HWCHS 5e (33"/0)
HaC” :

N~ 5 (77%)

/@l N ~_~CH: 5g (76%)
' : N~ 5h (79%)
Br
H
N CHy i (82%)
@f wH

N\/\Hcm 51 (78%)
o~
Cl H
N\/%,)fc“a 5m (81%)
O~
Br

H
NNCHJ 5n (70%)
ST
F F
H
N CHy 50 (69%)
ikl 1
g 3
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Alcohol Amine (3a-3g)

NH,

/\/\/\/ -
Hi;C

Heptan-1-ol (4d) NH;

QQ

Hy
NH;

NH2

Q.

[+1]
2

NHz

Hie /\“N\/\OH

Octan-1-ol (4e) i
2

H.C
NH,

QQQ

HyCO
NH;

=

H;

vRe

Hz

2

m

NH,

2

OH NH;

HsC

Nonan-1-ol (4f)
Ha

QQ

H,C
NH,

Q

H,CO
Hz

&

NH,

2

m
-n

H

2

Hz

H.C

=]
=

QQ

Dodecan-1-ol (4g) NH,

H;C

Product

H CH,
Y e
4

H

"V"HCHS 5q (89%)
4
H
N CHs  5¢ (80%)
Jo Rl
HV\H,% 55 (82%)
,(j 4
H
N CHa 5t (88%)
@/ Y

ﬁ\/\(\%ma 5u (91%)
J O
HsC

RV\Q’CH‘ 5v (86%)

ISR

HyCO Y

oy e
1

H
i N CH, 5x (85%)
\E:/ \/\e.a:

H

N CHy 5y (75%)
/@ \/H

N CHy 5z (78%)
Jo QL
H
N CH:  5aa (91%)
@’ ~

H
N\/\HCHJ 5ab (94%)
o~
HsC G

u\/\H,CHs Sac (92%)
ISl
H;CO
H\/HCHS 5ad (85%)
|: I 6

5 "
N CH;  5ae (80%)
IS QaY
H
N CH;  5af (86%)
JoQaY

H\/HCHB 5ag (90%)
o
N\/HCHS 5ah (95%)
IO RAY
HsC
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Alcohol Amine (3a-3g)

QR d

=
X
[

HiC

o
o

Dodecan-1-ol (4g)

=
o

Br

F F
NH.
e
~N
NH,

Q

H;CO
NH,

2

OH

of

Cyclohexylmethanol (4h)

NH,

NH,

Q&

HiC
NH,

Q

H,CO
NH,

Q

NH,

f%f%

Product

Saj (87%)

5ak (85%)

5al (89%)

5am (79%)

5an (72%)

5ao (86%)

S5ap (81%)

5aq (66%)

5ar (71%)

5as (75%)

5at (65%)

5au (61%)

NH3 NH NH2 NH2 NHz NHz X NHz NHz NH;
H;C Ci Br F F cl Cl HsCO
3¢ 3d 3e

3a 3b

3g 3h

3i
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alkylated amines were obtained in admirable yields highlighting the scalability of the method

(Scheme 6.6, Entry 1 & 2).

Similarly, we extended the study to p-bromoaniline (3e) which was successfully coupled with
I-hexanol (4¢), affording the corresponding N-alkylated product Sm with an isolated yield of
72% (Scheme 6.6, Entry 3). These results underscore the robustness and efficiency of the
developed catalytic system, demonstrating its potential for large scale synthesis while

maintaining high product yield.

NH;, 1. Ru-Catalyst, 2 (0.1 moi%)
2. KOH (o 5 equiv.) \/ﬂ
1. +  HsC OH

HiC ¢ Toluene 110°C
12 h, Under air
3b 4g .
{0.011 mol, 1.20 g) (0.011 mol, 2.00 g) 5ah, 2.60 g, 88%
NH;, 1. Ru-Catalyst, 2 (0.1 mol%)

12 h, Under air

H
= 2. KOH (0.5 equiv.) % N CH,
2 | +  Hye OH — |
ZN 5 Toluene, 110°C N o
4

3b g
(0.01 mol, 1.00 g) (0.01 mol, 1.80 g)

NH; 1. Ru-Catalyst, 2{01 mol%)
2 KOH (0.5
Br ' Toluene 110°C
4c

5an, 1.75 g, 64%

12 h, Under air

3e 5m, 1.50 g, 72%

(0.008 mol, 1.40 g) (0.008 mol, 0.81 g)
Scheme 6.6: Gram-scale synthesis of some selected N-alkylated amines

To expand the range of substrate compatibility and test the robustness of this protocol, we
explored the use of aromatic primary alcohols as alkylating agents as well under the optimized
reaction conditions (Table 6.9). As an initial investigation, we selected aniline (3a) and
subjected it to alkylation with benzyl alcohol (6a), p-tolylmethanol (6b) and (4-
chlorophenyl)methanol (6c). The reaction proceeded smoothly, leading to the formation of the
expected N-benzylated amines in respectable yields (7a: 85%, 7b: 87%, 7¢: 88%). Building on
the successful N-alkylation of aniline with benzyl alcohol, we further expanded the scope of

this catalytic protocol to other aromatic amines. 4-chloroaniline (3¢) was efficiently coupled
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with benzyl alcohol, yielding the corresponding N-alkylated product 7d (85%). These
observations confirm the generality of the method for a wide array of structurally diverse
amines. Furthermore, 4-chloroaniline (3¢) was also subjected to alkylation with (4-
chlorophenyl)methanol, leading to the isolation of the desired N-alkylated product 7e with 80%
yield. Additionally, we extended this approach to heteroaryl amines, specifically 2-
aminopyridine (3g), which was efficiently alkylated using various aromatic primary alcohols.
This transformation resulted in the formation of N-arylated pyridine derivatives (7f: 65%, 7g:
68%, Th: 62%) in moderate yields. These findings clearly suggest that the developed catalytic
system is not only effective for aliphatic alcohols but also for the aromatic alcohols, further

expanding the synthetic utility of this protocol.

Table 6.9: Substrate scope for aromatic primary alcohols

1. Ru-Catalyst, 2 (0.1 mol %) H
2. KOH (0.5 equiv.) N R
Ar—NH, + e S 1) o SR gy
Toluene, 12 h, 110°C

Ar = Aryl, Heteroaryl R = Aromatic Primary Alcohol Uitk alr ;
6a-6d a-Th

CFH“@ @r”“@ 0%@

7a (85%) 7b (87%) 7c (88%)
H
Hv@ H\/g/ X N\/©
o
7d (85%) 7e (80%) 7f (65%)

. OV D
o

79 (68%) 7h (62%)

~ "N
\I
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6.4 Mechanistic Studies

Our next focus of investigation is to find out probable mechanism of this ruthenium(III)
catalysed dehydrogenative N-alkylation of aromatic/heteroaromatic amines, we conducted
some control experiments. Since the N-alkylation reaction was carried out at a relatively higher
temperature (110 °C) we initially asses the catalyst’s structural and operational stability. When
the catalyst was heated in different organic solvents at elevated temperatures, we observed the
catalyst remain intact even at 140 °C in solvents like toluene xylenes. Based on previous
studies, the mechanism of N-alkylation of amines with alcohols involves three key steps:
dehydrogenation of the alcohols to a carbonyl compounds, formation of imine intermediates
via reaction with the amines, and reduction of the imines to produce the final N-alkylated
amines.'® So, we started the investigation with 2-catalyzed dehydrogenation of p-tolylmethanol
(6b) under aerobic condition which produced corresponding p-tolualdehyde (6b') with the
isolated yield of 92% (Scheme 6.7a). During this dehydrogenation process hydrogen peroxide
(H202) was produced and detected via spectrophotometrically (Scheme 6.8). Nevertheless,
when we carried out the N-alkylation reaction between 2-aminopyridine (3g) and 6b also
produced H202 as by-product (Scheme 6.7b). Interestingly, alcohol dehydrogenation of 6b
catalysed by 2 runs efficiently in the presence of easily reducible substrate 4-
methoxybenzaldehyde (8a) which plays the role of sacrificial hydrogen acceptor, forming the

corresponding carbonyl 6b' with excellent yield (Scheme 6.7¢).
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a) Dehydrogenation

OH
1.2 (0.1 mol%)
2. KOH {IJ 5 equiv.)
Ha 05
Toluene 110 °C,12h
Under air
(Detected via

CHs Spectrophotometrically)
&b 6b°, 92%
OH
1. 2 (0.1 mol%)
2. KOH :D 5 equiv.)
Toluene 110 °C,12h
Under argon

CHy
6b 6b’, Trace

b) N-alkylation under air

CHj
1.2 (0.1 mol%)
2. KOH (IJ 5 equiv.)
+ Hz0,
Toluene, 110 °C,12h
Under air r——
CHa 7h, 68% Spectrophotometrically)

c¢) Dehydrogenation of p-tolylmethanol in presence of sacrificial H-acceptor

O OH
-
1.2 (0.1 mol%)
2. KOH {0 5 equiv.)
Toiuene 110 °C, 12 h +
Under air
CH;

OCH,
6b 8a 6b' (86%) 8a'

d) Hydrogenation of preformed imine with aromatic primary alcohol
OH CH; ,O
CHy 1.2 (0.1 mol%)
2. KOH [D 5 equiv.)
NS +
l ~ +
~N
CH,
7h,

ToEuene 110°C,12h
Th' €b In prsence of 6b: 65%

Under air
CH;
In absence of 6b: NR

6b'

e) N-alkylation reaction in presence of radical scavengers

NH, OH
1. 2 (0.1 mol%j)
2. KOH (0.5 equiv.
+ (0.5 equiv)
Toluene, 110 *C, 12 h

Under air H;C

=T

CH;
3a 6b 7d In presence of TEMPO: 83%
BHT : B1%

f) Dehydrogenation of radical clock substrate cyclobutanol

OH 1. 2 (0.1 mol%) 0
D/ 2. KOH (0.5 equiv.) d
|
Toluene, 110 °C, 12 h
Under air
9a 9a°

Scheme 6.7: Control experiments

321 | Page



Chapter 6

i /O 1.00
1.2 (0.1 mol%)
2. KOH (1.0 equiv.)
+ H,0, 0.75
Toluene, 100 °C, 12 h
Under air 8
S
CH;, CH, £ 0.504\
@
6b 6b’ E
0.25
H,0; + Kl ——— l3_
0.00 4 v v —
Amax 3t 350 nm 300 350 400 450 500 550 600
Afnm

Scheme 6.8: Detection of hydrogen peroxide by spectrophotometry

Interestingly, when a preformed imine (7g') is present, the alcohol dehydrogenation catalyzed
by complex 2 still proceeds smoothly, leading to the formation of both the carbonyl compound
(6b') and the N-alkylated amine (7g) with good yield (Scheme 6.7d). Subsequently, we
conducted the hydrogenation of imine 7g' in the absence of alcohol. Unfortunately, no
formation of the desired product 7g was observed. This result indicates that the reaction did
not proceed in the absence of a hydrogen source, further supporting the involvement of an in-

situ hydrogen transfer mechanism.

Next, we established the homogeneity of this ruthenium(I1I)-catalysed N-alkylation reaction.
To probe the involvement of ruthenium nanoparticles in the catalytic process, both the
dehydrogenation of p-tolylmethanol (6b) and the N-alkylation reaction between 2-
aminopyridine (3g) and 6b were conducted in the presence of elemental mercury under the
standardized reaction conditions (See Experimental Section). Elemental mercury is known to
poison heterogeneous metal nanoparticles, thereby serving as a diagnostic tool to distinguish
between homogeneous and heterogeneous catalysis. Notably, both the reactions proceeded
smoothly and with comparable efficiency. These results strongly indicate that the catalysis does
not involve ruthenium nanoparticles. Instead, the molecular ruthenium complex 2 functions as

the active catalytic species throughout the reaction. Subsequently, we investigated the potential
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involvement of radical species in the N-alkylation reaction. The alkylation of 3a with 6b was
performed in the presence of radical scavengers such as TEMPO (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl) and BHT (2,6-di-tert-butyl-4-methylphenol), as depicted in
Scheme 6.7e. In both cases, the reaction proceeded smoothly, affording the N-alkylated
products with 83% and 81% yields, respectively. These results rule out a ketyl-type radical
mechanism involving one-electron hydrogen atom transfer (HAT) and instead point toward a
two-electron hydride transfer pathway wherein the hydrogen donor contributing both a proton
and two electrons concurrently. In pursuit of more conclusive evidence, we have further
conducted the dehydrogenation of a radical clock substrate viz., cyclobutanol (9a) under
optimized reaction condition (Scheme 6.7f). The formation of sole cyclobutanone (9a') in 83%
yield, rather than multiple ring-cleavage products, strongly supports a two-electron hydride

transfer pathway for alcohol dehydrogenation.!’

Attempts to detect a ruthenium-hydride (Ru—H) intermediate in the reaction mixture using
NMR spectroscopy yielded no observable results, despite repeated attempts. However, IR
spectroscopic examination of the reaction mixture obtained from the 2-catalysed
dehydrogenation of methanol (CH3OH) revealed characteristic N-H stretching vibrations at
2984 cm! and 3064 cm™! (Figure 6.6.A8). When the reaction was repeated using deuterated
methanol (CD30OH), corresponding N-D stretching bands appeared at 2165 cm™ and 2204 cm
! (Figure 6.6.A9). These observations strongly support the involvement of the azo/hydrazo
redox couple in the catalytic process.!® The involvement of a hydrazo intermediate can be
rationalized by a hydrogen transfer mechanism in which a hydride, initially located at the
ruthenium center, is relayed to the coordinated azo moiety via an intramolecular "hydrogen

walking" pathway."”
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Scheme 6.9: Plausible mechanistic pathway for ruthenium(IIl) catalyzed dehydrogenative
synthesis of N-alkylated amines
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Drawing upon the preceding experimental observations and published reports, a probable
catalytic mechanism is proposed in Scheme 6.9. The catalytic cycle is initiated by the
coordination of a deprotonated alcohol to the Ru(IIl) centre of complex 2, affording a Ru(III)-
alkoxy intermediate A. Subsequent B-hydride elimination from the alkoxide results in the
formation of a carbonyl compound (RCHO) and generates intermediate B. This step is believed
to involve a transient Ru(I1l)-H species, wherein the hydride is swiftly relayed to the azo unit
of the ligand via a hydrogen-walking pathway. The resulting vacant coordination site is then
occupied by the in situ generated carbonyl species (RCHO). In the next step, displacement of
the coordinated carbonyl by another molecule of alcohol furnishes intermediate C. The newly
coordinated alcohol undergoes activation, enabling proton transfer from its hydroxyl group to
the partially reduced azo moiety, leading to the formation of a dihydrazo intermediate D. This
intermediate 1s subsequently oxidized by atmospheric oxygen, producing hydrogen peroxide
as a by-product and regenerating the active Ru(Ill) catalyst A, thus completing the catalytic
cycle. The carbonyl compound (RCHO) formed during this sequence undergoes immediate
condensation with an aromatic amine to produce imine intermediate. This imine is then reduced
via a borrowing hydrogenation (BH) pathway, ultimately affording the desired N-alkylated

amine product.

6.3 Conclusion

In summary, we have developed and characterized a novel, electronically tuned ruthenium (IIT)
complex featuring a new bis-azo-diamido planar tetradentate N4 coordinating scaffold as an
efficient catalyst for the direct N-alkylation of amines with primary aliphatic alcohols. To our
knowledge, this is the first Ru(Ill) catalyst to catalyze the dehydrogenative synthesis of N-
alkylated amines using alcohols ranging from C3 to C12 (54 examples). Complex 2 was
meticulously characterized using a variety of analytical and spectroscopic techniques. The

octahedral complex was structurally ascertained via single-crystal X-ray diffraction (SCXRD)
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analysis. The complex is electroactive and exhibits reversible couples at mild potential, which
have been identified theoretically as primarily ligand-centered reductive responses in nature.
Despite the presence of two highly m-acidic azo chromophores, mechanistic investigation
reveal that the N-alkylation proceeds via a hydride transfer (HT) pathway rather than one-
electron azo-anion radical route followed by borrowing hydrogenation (BH). This prediction
is supported by certain control experiments. The method is atom-economical, generating only
hydrogen peroxide as the sole by-product. By employing an earth-abundant metal at low
catalyst loadings, this strategy not only enhances atom economy but also promotes the use of

renewable feedstock over conventional petrochemical resources.

6.4 Experimental Section

6.4.1 Synthesis of ligand 1

The ligand was synthesised according to previously reported method.

6.4.2 Synthesis of Complex 2

Ligand 1 (0.2 mmol, 63 mg) was dissolved in dry toluene (25 mL) in a 100 mL round-bottom
flask and degassed under a gentle stream of nitrogen for 15 min. Ru(PPhs)3Cl2 (192 mg, 0.2
mmol) was then added to the solution, and the reaction mixture was refluxed for 4 h. Upon
completion, the dark bottle-green solution was cooled to room temperature and purified by
column chromatography on silica gel (100—200 mesh), eluting with acetonitrile. The resulting
complex was further purified by recrystallisation from a dichloromethane/hexane (1:4 v/v)

solvent mixture.
6.4.3 Analytical data of Complex 2

trans-|Ru(H2L)(PPh;3)Cl] (2): Bottle green coloured crystalline solid, Yield: 96 mg, 68%.

Anal. Calcd for C36H29N6PCIRu: C 60.63, H4.10, N 11.78. Found: C 60.54, H 4.05, N 11.75.
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HRMS: [M—CI]" m/z = 678.1029 (calcd. for C36H20NsPRu 678.1235); FT-IR/cm™ v = 3044 (w,

VN-H, stretch), 1604 (m, vN-n, bend), 1436 (m, vN=N), 521 (m, VRu-P).
6.4.4 General procedure for synthesis of N-alkylated amine:

A mixture of catalyst 2 (0.7 mg, 0.1 mol%), KOH (0.5 equiv.), aniline derivative (1.0 mmol,
1.0 equiv.), and primary alcohol (1.0 mmol, 1 equiv.) in 5 mL of dry toluene was added to an
oven-dried 20 mL round-bottom flask equipped with magnetic stir bar along with a reflux
condenser. The reaction mixture was then placed in an oil bath and heated at designated
temperature for about 12 h. Upon completion, the mixture was concentrated under reduced
pressure to remove the solvent and other volatile components. The resulting residue was
purified by column chromatography on silica gel (60—120 or 100—200 mesh) using a hexane or

hexane/diethyl ether mixture as the eluent.
6.4.5 General procedure for 2-catalysed gram-scale synthesis of N-alkylated amines:

A mixture of catalyst 2 (7.7 mg, 0.1 mol%), KOH (308 mg, 0.5 equiv.), 3b (11.0 mmol, 1.20
g, 1.0 equiv.), and 4g (11.0 mmol, 2.00 g, 1.0 equiv.) in dry toluene (30 mL) was added to an
oven-dried 100 mL round-bottom flask equipped with a magnetic stir bar and a reflux
condenser. The reaction mixture was heated in an oil bath at the designated temperature for
approximately 12 hours under continuous stirring. Upon completion of the reaction (monitored
by TLC), the mixture was concentrated under reduced pressure to remove the solvent and other
volatile components. The resulting crude residue was purified by column chromatography on
silica gel (100-200 mesh) using hexane or a hexane/diethyl ether mixture as the eluent to afford
the pure product with isolated yield of 78% (2.3 g). The same procedure was applied for gram-

scale synthesis of San and Sn.
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6.4.6 Alcohol Dehydrogenation and Detection of H,0>

During the dehydrogenation of 4-methylbenzyl alcohol (6b), the formation of H202 was
detected spectrophotometrically by monitoring the steady increase in the characteristic
absorption band of I3 at 350 nm. The reaction between 4-methylbenzyl (6b) and catalyst 2 was
conducted under open-air conditions in a 10 mL oven-dried round-bottomed flask containing
1 mmol of 6b, 0.1 mol% (0.72 mg) of catalyst 2, and 0.5 mmol (28 mg) of KOH in 3 mL of
dry toluene. The reaction mixture was stirred and heated at 110°C for 12 h. After completion,
15 mL of water was added to the mixture, which was then extracted twice with CH2Clz2. The
aqueous layer was acidified to pH 2 with dilute H2SO4 to prevent further oxidation.
Subsequently, 1 mL of a 10% KI solution and a few drops of a 3% (NH4)2Mo00O4 solution were
added. In this process, H20:2 oxidized I™ to I, which then reacted with excess I to form I3, as
described by the following chemical steps.

1. H2O2+21+2H" - 2H0+ 12
2. I(aq) +[-— I3

6.4.7 Mercury Poisoning Test

To a 10 mL round-bottomed flask charged with p-toluidine (3b) (107 mg, 1.0 mmol, 1 equiv.),
n-butanol (4b) (74 mg, 0.1 ml, 1.0 mmol, 1 equiv.), KOH (28 mg, 0.5 mmol, 0.5 equiv.), 3 mL
of toluene with a magnetic stir bar, catalyst 2 (0.72 mg, 0.1 mol%) and 50 equivalents of
mercury (738 mg) were added under an open-air atmosphere. The reaction mixture was stirred
and heated at 110°C for 12 h. Upon completion (checked by TLC), the reaction mixture was
extracted with dichloromethane (CH2Cl2) twice and purified by column chromatography using

hexane as the eluent, affording the desired product (5e) in 90% isolated yield.
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6.4.8 Radical Scavenging Experiment

In an oven dried 20 mL round-bottomed flask, p-toluidine (3b) (107 mg, 1.0 mmol, 1 equiv.),
benzyl alcohol (6a) (107 mg, 0.1 ml, 1.0 mmol, 1.0 equiv.), KOH (28 mg, 0.5 mmol, 0.5
equiv.), catalyst 2 (0.72 mg, 0.1 mol%), and (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl
(TEMPO) (312 mg, 2.0 mmol, 2 equiv.) were combined in 5 mL toluene under an open-air
atmosphere. The mixture was stirred at 110°C for 12 h and monitored by TLC. After
completion, the reaction mixture was extracted with ethyl acetate (EtOAc) and purified by

column chromatography (hexane), yielding the product (7d) with 87%.
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6.6 Appendix

6.6.1 NMR data of all synthesized compounds

N-propylaniline (5a): Eluent: Hexane / Diethylether (50:1v/v), Light yellow oil, Yield: 97 mg
©/H\/\CH3 (72%); 'H NMR (400 MHz, CDCl3): § 7.26 — 7.15 (m, 2H), 6.73 (t, J =
7.5 Hz, 1H), 6.65 (d, J = 7.9 Hz, 2H), 3.66 (s, 1H), 3.12 (t, /= 7.1 Hz,

2H), 1.68 (h, J = 7.4 Hz, 2H), 1.03 (t, J = 7.5 Hz, 3H). *C{'H} NMR (101 MHz, CDCls): &

148.61, 129.32, 117.20, 112.83, 45.92, 22.83, 11.74.

4-chloro-N-propylaniline (5b): Eluent: Hexane / Diethylether (50:1v/v), Colourless oil, Yield:
/(D/H\/\CH3 119 mg (70%); 'H NMR (300 MHz, CDCl3): § 7.23 — 7.09 (m, 2H),
6.63 — 6.47 (m, 2H), 3.46 (br s, 1H), 3.08 (t, /= 7.1 Hz, 2H), 1.66

(h, J = 7.3 Hz, 2H), 1.03 (t, J = 7.4 Hz, 3H). *C NMR (75 MHz, CDCl3): § 147.14, 129.07,

121.57, 113.80, 45.96, 22.67, 11.67.

3-chloro-N-propylaniline (5¢): Eluent: Hexane / Diethylether (50:1v/v), Colourless oil, Yield:

“\/\CHs 124 mg (73%); 'H NMR (300 MHz, CDCL): § 7.09 (t, J = 8.0 Hz, 1H),
Q/ 6.67 (ddd, J= 7.9, 2.0, 0.9 Hz, 1H), 6.60 (t, J = 2.2 Hz, 1H), 6.49 (ddd,
J=8.2,2.3,0.9 Hz, 1H), 3.56 (s, 1H), 3.09 (t, J= 7.1 Hz, 2H), 1.66 (h,

J=17.3Hz, 2H), 1.03 (t, J = 7.4 Hz, 3H). 3C{'H} NMR (75 MHz, CDCL:): § 149.73, 135.12,

130.24,116.93, 112.27, 111.16, 45.70, 22.69, 11.70.

N-butylaniline (5d): Eluent: Hexane / Diethylether (50:1v/v), Light yellow oil, Yield: 118 mg
H\/\/"”3 (79%); "H NMR (300 MHz, CDCl3): § 7.26 — 7.19 (m, 2H), 6.74 (t,

©/ J=7.3 Hz, 1H), 6.68 — 6.62 (m, 2H), 3.63 (s, IH), 3.16 (t, /= 7.0
Hz, 2H), 1.72 — 1.60 (m, 2H), 1.56 — 1.42 (m, 2H), 1.01 (t, J = 7.3 Hz, 3H). '*C{'H} NMR (75

MHz, CDCls): 6 148.68, 129.33, 117.18, 112.80, 43.79, 31.81, 20.43, 14.04.
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N-butyl-4-methylaniline (5¢): Eluent: Hexane / Diethylether (50:1v/v), Colourless oil, Yield:

/@,H\/\/C“s 135 mg (83%); 'H NMR (400 MHz, CDCls): 5 7.08 (d, J= 8.1
HaC Hz, 2H), 6.69 — 6.57 (m, 2H), 3.37 (s, 1H), 3.17 (t, J= 7.1 Hz,
2H), 2.33 (s, 3H), 1.68 (p, J = 7.2 Hz, 2H), 1.51 (h, J= 7.3 Hz, 2H), 1.05 (t, J = 7.4 Hz, 3H).
BC{'H} NMR (75 MHz, CDCls): § 146.39, 129.82, 126.44, 113.07,44.22, 31.84,20.48, 20.44,

14.04.

N-butyl-3-chloroaniline (5f): Eluent: Hexane / Diethylether (50:1v/v), Pale yellow oil, Yield:
H\/\/CH3 141 mg (77%); '"H NMR (300 MHz, CDCl3): 6 7.11 (t, J= 8.0 Hz,

©/ 1H), 6.70 (dd, J = 8.4, 1.5 Hz, 1H), 6.62 (t, J = 2.2 Hz, 1H), 6.50
(ddd, J= 8.2, 2.3, 0.9 Hz, 1H), 3.59 (br s, 1H), 3.12 (t, /= 7.0 Hz,

2H), 1.73 — 1.57 (m, 2H), 1.47 (dq, J = 15.4, 7.1 Hz, 2H), 1.02 (t, J = 7.3 Hz, 3H). *C{'H}
NMR (75 MHz, CDCls): 6 149.73,135.04, 130.19,116.82,112.19, 111.09, 43.53,31.53, 20.32,

13.95.

N-butyl-4-chloroaniline (5g): Eluent: Hexane / Diethylether (50:1v/v), Colourless sticky oil,
“Wc“s Yield: 139 mg (76%); 'H NMR (400 MHz, CDCl3): & 7.19 —

/©/ 7.11 (m, 2H), 6.59 — 6.51 (m, 2H), 3.47 (br s, 1H), 3.10 (t,J =
7.1 Hz, 2H), 1.69 — 1.57 (m, 2H), 1.46 (h, J = 7.3 Hz, 2H), 1.00 (t, J = 7.4 Hz, 3H). B*C{'H}

NMR (101 MHz, CDCl): 6 147.18, 129.11, 121.67, 113.84, 43.92, 31.64, 20.38, 13.99.

4-bromo-N-butylaniline (5h): Eluent: Hexane / Diethylether (50:1v/v), Colourless oil, Yield:

J@/ﬂ\/\/cm 180 mg (79%); '"H NMR (300 MHz, CDCls): § 7.34 — 7.22 (m,
Br 2H), 6.57 — 6.45 (m, 2H), 3.50 (br s, 1H), 3.10 (t, J = 7.1 Hz,
2H), 1.70 — 1.56 (m, 2H), 1.53 — 1.37 (m, 2H), 1.00 (t, J = 7.3 Hz, 3H). *C{'H} NMR (75

MHz, CDCls): 6 147.57,131.93, 114.29, 108.55, 43.75, 31.57, 20.35, 13.99.
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N—hexylaniline (5i): Eluent: Hexane / Diethylether (50:1v/v), Pale yellow oil, Yield: 158 mg
O \/\H/ Hs (82%); 'H NMR (400 MHz, CDCLs): & 7.25 (t, J = 7.6 Hz, 2H),

6.72 (dt, J = 32.3, 7.4 Hz, 3H), 3.63 (s, 1H), 3.17 (t, J = 6.9 Hz,

2H), 1.69 (h, J = 6.8 Hz, 2H), 1.43 (tdd, J = 15.0, 13.0, 5.5 Hz, 6H), 0.99 (t, J = 7.0 Hz, 3H).
BC{'H} NMR (75 MHz, CDCls): § 148.65, 129.29, 117.14, 112.78, 44.09, 31.77, 29.65, 26.97,

22.74,14.15.

N-hexyl-4-methylaniline (5j): Eluent: Hexane / Diethylether (50:1v/v), Colourless oil, Yield:
H\/\H/CH3 182 mg (88%); 'H NMR (300 MHz, CDCl3): 6 7.04 (d, J =

3c/©/ 3 8.1 Hz, 2H), 6.59 (d, /= 8.3 Hz, 2H), 3.13 (t, /= 7.1 Hz, 2H),
3.06 (s, 1H), 2.29 (s, 3H), 1.53 — 1.29 (m, 8H), 0.96 (t, J = 6.5 Hz, 3H). *C{!H} NMR (75
MHz, CDCIl3): 6 146.39, 129.81, 126.41, 113.06, 44.55, 31.79, 29.71, 26.99, 22.76, 20.48,

14.16.

3-chloro-N-hexylaniline (5k): Eluent: Hexane / Diethylether (50:1v/v), Colourless oil, Yield:
H\/\ch”s 169 mg (80%); 'H NMR (300 MHz, CDCLs): § 7.11 (t, J = 8.0 Hz,
©/ 3 1H), 6.70 (dd, J=7.9, 1.9 Hz, 1H), 6.61 (t,J= 2.2 Hz, 1H), 6.50 (dd,
J=8.2,2.3Hz, 1H), 3.58(s, 1H), 3.11 (t, /= 7.1 Hz, 2H), 1.71 — 1.58

(m, 2H), 1.40 (tq, J = 8.1, 3.7 Hz, 6H), 0.98 (t, J = 7.2 Hz, 3H). *C{'H} NMR (75 MHz,
CDCl3): § 149.74, 135.06, 130.19, 116.84, 112.21, 111.10, 43.88, 31.70, 29.44, 26.88, 22.72,

14.13.

4-chloro-N-hexylaniline (51): Eluent: Hexane / Diethylether (50:1v/v), Colourless oil, Yield:
n\/\éa'c"I3 165 mg (78%); 'H NMR (300 MHz, CDCl3): § 7.24 — 7.06 (m,

J@/ 3 2H), 6.67 — 6.46 (m, 2H), 3.45 (s, 1H), 3.09 (t, /= 7.1 Hz, 2H),
1.63 (p,J= 6.5 Hz, 2H), 1.49 — 1.30 (m, 6H), 0.95 (t,J= 6.8 Hz, 3H). *C{'H} NMR (75 MHz,

CDCl3): 6 147.18, 129.12, 121.68, 113.84, 44.26, 31.75, 29.52, 26.93, 22.74, 14.16.
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4-bromo-N-hexylaniline (5m): Eluent: Hexane / Diethylether (50:1v/v), Colourless oil, Yield:

H\/H/CH3 207 mg (81%); "H NMR (300 MHz, CDCl3): 8 7.37 — 7.17 (m,
Br/©/ 3 2H), 6.66 — 6.37 (m, 2H), 3.52 (s, 1H), 3.09 (t, J = 7.1 Hz, 2H),
1.64 (p,J=17.0 Hz, 2H), 1.50 — 1.29 (m, 6H), 0.96 (t,J= 6.8 Hz, 3H). *C {'H} NMR (75 MHz,

CDCl): 6 147.58,131.94, 114.29, 108.57, 44.09, 31.72, 29.47, 26 .91, 22.72, 14.15.

2,4-difluoro-N-hexylaniline (5n): Eluent: Hexane / Diethylether (50:1v/v), Colourless oil,
H

/@K"\/\(\a'% Yield: 149 mg (70%); "H NMR (400 MHz, CDCls): § 6.85 — 6.72

F F (m, 2H), 6.66 — 6.54 (m, 1H), 3.98 (t, J= 6.5 Hz, 1H), 3.12 (t, J =
7.1 Hz, 2H), 1.65 (p, J = 7.1 Hz, 2H), 1.41 — 1.32 (m, 6H), 0.93 (t, J = 6.5 Hz, 3H). 13C{'H}
NMR (101 MHz, CDCLs): § 154.14 (dd, J = 236.8, 11.0 Hz), 150.89 (dd, J = 241.3, 11.6 Hz),
133.70 (dd, J = 11.7, 2.9 Hz), 111.96 (dd, J = 8.8, 4.8 Hz), 110.67 (dd, J = 21.4, 3.7 Hz),
103.70, 103.45 (d,J= 3.8 Hz), 103.21, 44.28, 31.75, 29.57, 26.91, 22.74, 14.16. "°F NMR (377

MHz, CDCI): 6 -126.73, -132.73.

N-hexylpyridin-2-amine (50): Eluent: Hexane / Diethylether (40:1v/v), Colourless oil, Yield:

X H\/\Hrc”s 134 mg (69%); '"H NMR (300 MHz, CDCl3): & 8.11 — 8.05 (m,
CNr 3 1H), 7.43 (ddd, J=8.9,7.1, 1.9 Hz, 1H), 6.56 (ddd, /J=7.1,5.1, 1.0
Hz, 1H), 6.39 (dt, J= 8.4, 1.0 Hz, 1H), 4.61 (s, 1H), 3.35 - 3.18 (m, 2H), 1.75 - 1.56 (m, 2H),
1.43 — 1.27 (m, 6H), 0.91 (t, J = 6.5 Hz, 3H). *C{'H} NMR (101 MHz, CDCls): § 159.02,

148.12, 137.65, 112.67, 106.41, 42.46, 31.72, 29.63, 26.87, 22.73, 14.16.

N-heptylaniline (5p): Eluent: Hexane / Diethylether (50:1v/v), Colourless oil, Yield: 174 mg
©/ \/\Hr 3 (84%); '"H NMR (300 MHz, CDCl3): 7.33 (q, J = 6.4 Hz, 2H), 6.85
(d, J=7.0 Hz, 1H), 6.74 (t, J = 6.9 Hz, 2H), 3.61 (s, 1H), 3.24 (t, J

= 7.1 Hz, 2H), 1.74 (p, J = 7.1 Hz, 2H), 1.51 (qt, J = 12.8, 6.7 Hz, 8H), 1.08 (t, J = 6.6 Hz,
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3H)."*C NMR (75 MHz, CDCls): § 148.67, 129.34, 117.21, 112.83, 44.15, 31.95, 29.72, 29.26,

27.28,22.76, 14.22.

N-heptyl-4-methylaniline (5q): Eluent: Hexane / Diethylether (50:1v/v), Colourless oil, Yield:

“\/\ch“s 197 mg (89%); '"H NMR (400 MHz, CDCl3): & 7.13 (dd, J =
H3C/©/ 4 8.3, 3.7 Hz, 2H), 6.67 (dd, J = 8.5, 3.1 Hz, 2H), 3.53 (s, 1H),
3.21 (t,J=7.3 Hz, 2H), 2.39 (s, 3H), 1.73 (qt, /= 6.5, 3.2 Hz, 2H), 1.48 (m, 8H), 1.07 (t, J =
7.4 Hz, 3H). BC{'H} NMR (75 MHz, CDCl3): § 146.41, 129.79, 126.34, 113.01, 44.50, 31.94,

29.75,29.26, 27.28, 22.74, 20.46, 14.19.

4-chloro-N-heptylaniline (5r): Eluent: Hexane / Diethylether (50:1v/v), Colourless oil, Yield:
H\/\H»C“s 180 mg (80%); 'H NMR (400 MHz, CDCL3): & 7.14 (d, J = 8.8

/©/ 4 Hz, 2H), 6.63 — 6.47 (m, 2H), 3.41 (br s, 1H), 3.09 (t, J = 7.2
Hz, 2H), 1.63 (p, J = 6.9 Hz, 2H), 1.49 — 1.27 (m, 8H), 0.94 (t, J= 7.2 Hz, 3H). *C NMR (75
MHz, CDCl3): 6 147.19, 129.11, 121.65, 113.82, 44.24, 31.92, 29.56, 29.22, 27.22, 22.74,

14.20.

4-bromo-N-heptylaniline (5s): Eluent: Hexane / Diethylether (50:1v/v), Colourless oil, Yield:

H\/\H/CH“ 221 mg (82%); '"H NMR (400 MHz, CDCl3): § 7.36 — 7.22 (m,
Br/©/ ) 2H), 6.61 — 6.41 (m, 2H), 3.50 (br s, 1H), 3.09 (t, /= 7.1 Hz,
2H), 1.62 (q, J= 7.2 Hz, 2H), 1.48 — 1.33 (m, 8H), 0.94 (t, J= 6.6 Hz, 3H). *C{'H} NMR (75
MHz, CDCl3): & 147.54, 131.87, 114.22, 108.45, 44.02, 31.87, 29.46, 29.17, 27.16, 22.69,

14.16.

N-octylaniline (5t): Eluent: Hexane / Diethylether (50:1v/v), Pale yellow oil, Yield: 180 mg
©/ \/\W * (88%); '"HNMR (300 MHz, CDCl3): 6 7.25 — 7.18 (m, 2H), 6.73 (t,
J=17.3 Hz, 1H), 6.67 — 6.61 (m, 2H), 3.61 (s, 1H), 3.14 (t, J= 7.1

Hz, 2H), 1.72 — 1.60 (m, 2H), 1.49 — 1.29 (m, 10H), 0.94 (t, J = 6.4 Hz, 3H). *C{'H} NMR
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(101 MHz, CDCl3): 6 148.65, 129.29, 117.14, 112.77, 44.09, 31.95, 29.69, 29.54, 29.39, 27.30,

22.78, 14.20.

4-methyl-N-octylaniline (5u): Eluent: Hexane / Diethylether (50:1v/v), Colourless oil, Yield:

H\/\Q/C“s 214 mg (91%); 'H NMR (300 MHz, CDCls): & 7.04 (d, J =
H3C/©/ 5 8.1 Hz, 2H), 6.67 — 6.51 (m, 2H), 3.26 (br s, 1H), 3.13 (t, J =
7.1 Hz, 2H), 2.29 (s, 3H), 1.66 (p, J = 7.0 Hz, 2H), 1.53 — 1.30 (m, 10H), 0.95 (t, /= 6.5 Hz,
3H). *C{'H} NMR (101 MHz, CDCI3): § 146.40, 129.80, 126.37, 113.03, 44.52, 31.96, 29.74,

29.56,29.40, 27.32,22.78, 20.47, 14.21.

4-methoxy-N-octylaniline(5v): Eluent: Hexane / Diethylether (50:1v/v), Pale yellow oil,
H

N\/\@/"“s Yield: 216 mg (86%); 'H NMR (400 MHz, CDCl): & 6.88
5
H5CO” :

~ 6.79 (m, 2H), 6.69 — 6.59 (m, 2H), 3.79 (s, 3H), 3.21 (br
s, 1H), 3.10 (t, J= 7.2 Hz, 2H), 1.65 (p, J = 7.1 Hz, 2H), 1.50 — 1.29 (m, 10H), 0.98 (t, /= 6.5
Hz, 3H). 3C{'H} NMR (75 MHz, CDCls): § 151.99, 142.94, 114.92, 114.05, 55.78, 45.07,

31.90, 29.75, 29.52, 29.34, 27.28, 22.73, 14.15.

4-chloro-N-octylaniline (5w): Eluent: Hexane / Diethylether (50:1v/v), Colourless oil, Yield:
H\/\Hzc”s 196 mg (82%); 'H NMR (300 MHz, CDCl3): § 7.19 — 7.11 (m,

/©/ 5 2H), 6.59 — 6.51 (m, 2H), 3.59 (s, 1H), 3.09 (t, /= 7.1 Hz, 2H),
1.63 (q, J = 7.5 Hz, 2H), 1.44 — 1.30 (m, 10H), 0.96 (t, J = 6.2 Hz, 3H). *C{'H} NMR (101
MHz, CDCl3): 8 147.18, 129.11, 121.64, 113.82, 44.24, 31.94, 29.55, 29.52, 29.38, 27.26,

22.78, 14.22.

3-chloro-N-octylaniline (5x): Eluent: Hexane / Diethylether (50:1v/v), Colourless oil, Yield:
H
\©/N\/\Hf°“3 203 mg (85%); "H NMR (400 MHz, CDCls): § 7.10 (d, J = 8.1
5
Hz, 1H), 6.71 (dd, J=17.9, 2.0 Hz, 1H), 6.62 (t,J=2.2 Hz, 1H),

6.50 (dd, J = 8.2, 2.4 Hz, 1H), 3.66 (br, s, 1H), 3.11 (t, J = 7.2 Hz, 2H), 1.65 (p, J = 7.1 Hz,
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2H), 1.48 — 1.34 (m, 10H), 0.98 (t, /= 6.8 Hz, 3H). 3C{'H} NMR (75 MHz, CDCls): 5 149.74,

135.08, 130.20, 116.86, 112.23, 111.11, 43.89, 31.94, 29.49, 29.49, 29.37,27.22,22.78, 14.21.

2,4-difluoro-N-octylaniline (5y): Eluent: Hexane / Diethylether (50:1v/v), Colourless oil,
H

@(N\/\H/c'“ Yield: 180 mg (75%); 'H NMR (400 MHz, CDCls): & 6.88 — 6.69

5

F F (m, 2H), 6.68 — 6.52 (m, 1H), 3.97 (t, J= 6.5 Hz, 1H), 3.12 (t, J
=7.1 Hz, 2H), 1.71 — 1.60 (m, 2H), 1.34 — 1.28 (m, 10H), 0.91 (t, J = 6.7 Hz, 3H). °F NMR
(377 MHz, CDCLs): § -126.74, -132.73. 3C{'H} NMR (101 MHz, CDCls): & 154.14 (dd, J =
236.9, 11.2 Hz), 150.89 (dd, J = 241.3, 11.6 Hz), 133.71 (dd, J= 11.8, 2.7 Hz), 111.95 (dd, J
= 8.7, 4.7 Hz), 110.66 (dd, J = 21.5, 3.8 Hz), 103.44 (dd, J = 26.7, 22.8 Hz), 44.27, 31.96,

29.60, 29.53, 29.39, 27.24, 22.80, 14.22.

2,4-dichloro-N-octylaniline (5z): Eluent: Hexane / Diethylether (50:1v/v), Colourless oil,
H

@i”\/\wc'ﬁ Yield: 211 mg (78%); '"H NMR (400 MHz, CDCLs): & 7.26 (d, J

=2.4Hz, 1H), 7.11 (dd, J= 8.8, 2.4 Hz, 1H), 6.58 (d, /= 8.8 Hz,
1H), 4.25 (s, 1H), 3.15 (t, J = 7.1 Hz, 2H), 1.72 — 1.63 (m, 2H), 1.39 — 1.26 (m, 10H), 0.92 (t,
J=6.8 Hz, 3H). 3C{'H} NMR (101 MHz, CDCL3): § 143.14, 128.77, 127.86, 120.84, 119.30,

111.74,43.95, 31.95, 29.49, 29.37, 27.22, 22.79, 14.22.

N-nonylaniline (5aa): Eluent: Hexane / Diethylether (50:1v/v), Colourless oil, Yield: 200 mg
©/ \/\H/ Hs (91%); "H NMR (300 MHz, CDCl3): § 7.35 — 7.23 (m, 2H), 6.81 (t,

J=17.1 Hz, 1H), 6.76 — 6.66 (m, 2H), 3.57 (brs, 1H), 3.21 (t,J=17.1
Hz, 2H), 1.73 (p, J= 7.3 Hz, 2H), 1.53 — 1.38 (m, 12H), 1.04 (t,J= 7.4 Hz, 3H). *C{'H} NMR
(75 MHz, CDCl3): 6 148.66, 129.32, 117.18, 112.81, 44.12, 32.01, 29.71, 29.69, 29.59, 29.41,

27.31,22.80, 14.23.
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4-methyl-N-nonylaniline (5ab): Eluent: Hexane / Diethylether (50:1v/v), Colourless oil,
H

: N\/\HCHs Yield: 219 mg (94%); '"H NMR (300 MHz, CDCl3): & 7.19

6
(d, J=8.3 Hz, 2H), 6.81 — 6.63 (m, 2H), 3.58 (s, 1H), 3.26 (t,
J=17.1 Hz, 2H), 2.46 (s, 3H), 1.79 (p, J = 7.0 Hz, 2H), 1.62 — 1.58 (m, 12H), 1.14 (t, J= 7.8
Hz, 3H). 3C{'H} NMR (75 MHz, CDCls): § 146.42, 129.81, 126.39, 113.04, 44.54, 32.02,

29.76, 29.70, 29.61, 29.41, 27.32, 22.80, 20.48, 14.23.

4-methoxy-N-nonylaniline (5ac): Eluent: Hexane / Diethylether (10:1v/v), Pale yellow oil,
H

/@/\/\H»C“z Yield: 244 mg (92%); '"H NMR (400 MHz, CDCL3): & 6.86 —
MeO

6.79 (m, 2H), 6.66 — 6.58 (m, 2H), 3.78 (s, 3H), 3.21 (brs, 1H),
3.10 (t, J= 7.1 Hz, 2H), 1.71 — 1.57 (m, 2H), 1.45 — 1.29 (m, 12H), 0.94 (t, J = 6.4 Hz, 3H).
13C{'H} NMR (101 MHz, CDCls): § 152.04, 142.96, 114.97, 114.10, 55.86, 45.13, 31.98,

29.79, 29.67, 29.59, 29.38, 27.31, 22.77, 14.20.

4-chloro-N-nonylaniline (5ad): Eluent: Hexane / Diethylether (50:1v/v), Colourless oil, Yield:
H\/\H/CW 215 mg (85%); 'H NMR (300 MHz, CDCls): § 7.24 — 7.04 (m,

/©/ 6 2H), 6.63 — 6.48 (m, 2H), 3.58 (s, 1H), 3.09 (t,J = 7.1 Hz, 2H),
1.63 (q, J = 7.5 Hz, 2H), 1.41 — 1.31 (m, 12H), 0.97 (t, J = 6.5 Hz, 3H). *C{'H} NMR (75
MHz, CDCl3): 6 147.19, 129.12, 121.66, 113.83, 44.25, 32.00, 29.68, 29.58, 29.56, 29.40,

27.26,22.80, 14.23.

2,4-difluoro-N-nonylaniline (5ae): Eluent: Hexane / Diethylether (50:1v/v), Colourless oil,

H
[:(N\/\H'CHS Yield: 204 mg (80%); 'H NMR (300 MHz, CDCls): & 6.86 —

6

F E 6.71 (m, 2H), 6.62 (td, J= 9.4, 5.4 Hz, 1H), 3.97 (t, J = 6.0 Hz,
1H), 3.12 (t, J = 7.1 Hz, 2H), 1.65 (p, J = 6.8 Hz, 2H), 1.41 — 1.28 (m, 13H), 0.91 (t, J = 6.5
Hz, 3H). "F NMR (282 MHz, CDCl3): § -126.74, -132.73. *C{'H} NMR (75 MHz, CDCl3):

5 155.82 — 152.56 (m), 152.53 — 149.18 (m), 133.71 (dd, J= 11.7,2.9 Hz), 111.95 (dd, J=8.7,
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4.8 Hz), 110.66 (dd, J = 21.5, 3.7 Hz), 103.44 (dd, J = 26.6, 22.8 Hz), 44.26, 32.02, 29.68,

29.61,29.57,29.41,27.23,22.81, 14.23.

2,4-dichloro-N-nonylaniline (5af): Eluent: Hexane / Diethylether (50:1v/v), Colourless oil,
H\/\Hcm Yield: 248 mg (86%); 'H NMR (300 MHz, CDCl3): § 7.26 (d,

/@( 6 J=2.4Hz, 1H), 7.11 (dd, J=8.7,2.4 Hz, 1H), 6.58 (d, /= 8.7
Hz, 1H), 4.25 (s, 1H), 3.15 (t,J= 7.1 Hz, 2H), 1.79 — 1.56 (m, 2H), 1.51 — 1.22 (m, 12H), 0.98
—0.86 (m, 3H). *C{'H} NMR (75 MHz, CDCl3): § 143.09, 128.74, 127.83, 120.79, 119.25,

111.70,43.91, 32.01, 29.66, 29.53, 29.40, 29.34, 27.21, 22.82, 14.25.

N-dodecylaniline (5ag): Eluent: Hexane / Diethylether (50:1v/v), Colourless oil, Yield: 235
H

©,N\/\H/°”3 mg (90%); "H NMR (400 MHz, CDCls): § 7.28 (t, J = 7.8 Hz, 2H),

9
6.80 (t,J= 7.4 Hz, 1H), 6.70 (d, J = 8.0 Hz, 2H), 3.59 (s, 1H), 3.19
(t, J=7.2 Hz, 2H), 1.71 (p, J = 7.1 Hz, 2H), 1.61 — 1.30 (m, 18H), 1.02 (t, J = 6.9 Hz, 3H).
13C{'H} NMR (75 MHz, CDCL3): § 148.61, 129.34, 117.25, 112.87, 44.19, 32.06, 29.81, 29.78,

29.76, 29.75, 29.70, 29.60, 29.50, 27.32, 22.84, 14.26.

N-dodecyl-4-methylaniline (5ah): Eluent: Hexane / Diethylether (50:1v/v), Colourless
H

ON\/\HCM crystalline solid, Yield: 261 mg (95%); '"H NMR (400 MHz,
H,C

? CDCLs) § 7.02 (d, J = 8.1 Hz, 2H), 6.57 (d, J = 8.3 Hz, 2H),
3.46 (s, 1H), 3.11 (t, J= 7.1 Hz, 2H), 2.27 (s, 3H), 1.63 (p, J = 7.0 Hz, 2H), 1.44 — 1.27 (m,
18H), 0.93 (t, J = 6.7 Hz, 3H). 13C{'H} NMR (101 MHz, CDCls): & 146.40, 129.81, 126.41,

113.06, 44.55, 32.06, 29.81, 29.78, 29.75, 29.61, 29.50, 27.33, 22.83, 20.49, 14.25.

3-chloro-N-dodecylaniline (5ai): Eluent: Hexane / Diethylether (50:1v/v), Colourless sticky
H

. : ,N\/\Hzc“s oil, Yield: 257 mg (87%); 'H NMR (300 MHz, CDCl:): § 7.09

(t,J=8.0 Hz, 1H), 6.68 (ddd, J=7.9, 2.0, 0.9 Hz, 1H), 6.60 (t,

J=22Hz, 1H), 6.48 (ddd, J = 8.2, 2.3, 0.9 Hz, 1H), 3.46 (br s, 1H) 3.10 (t, J= 7.1 Hz, 2H),
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1.72 — 1.56 (m, 2H), 1.43 — 1.32 (m, 18H). 0.94 (t, J = 7.2 Hz, 3H). 3C{'H} NMR (75 MHz,
CDCL): & 149.74, 135.09, 130.18, 116.86, 112.23, 111.08, 43.89, 32.06, 29.81, 29.78, 29.75,

29.73,29.68, 29.55, 29.50, 27.24, 22.83, 14.24.

4-chloro-N-dodecylaniline (5aj): Eluent: Hexane / Diethylether (50:1v/v), Colourless
H

: ,N\/\ea/c"I3 crystalline solid, Yield: 251 mg (85%); 'H NMR (300 MHz,

CDCLs): § 7.21 — 7.08 (m, 2H), 6.60 — 6.48 (m, 2H), 4.09 (t, J
= 6.8 Hz, 1H), 3.09 (t, J = 7.1 Hz, 2H), 1.63 (q, J = 7.2 Hz, 2H), 1.44-1.30 (m, 18H), 0.93 (t,
J= 6.3 Hz, 3H). 3C{'H} NMR (75 MHz, CDCL): § 147.18, 129.10, 121.66, 113.81, 44.24,

32.06, 29.80, 29.77, 29.74, 29.72, 29.66, 29.56, 29.49, 27.26, 22.83, 14.24.

4-bromo-N-dodecylaniline (5ak): Eluent: Hexane / Diethylether (50:1v/v), Colourless

H\/\H/CH3 crystalline solid, Yield: 303 mg (89%); 'H NMR (300 MHz,
Br/©/ 9 CDClIs) 6 7.33 — 7.20 (m, 2H), 6.58 — 6.44 (m, 2H), 3.64 (br s,
1H), 3.09 (t, J = 7.1 Hz, 2H), 1.74 — 1.57 (m, 2H), 1.31-1.39 (m, 18H), 0.93 (t, J = 6.5 Hz,
3H). BC{'H} NMR (75 MHz, CDCl3): § 147.59, 131.97, 114.30, 108.60, 44.11, 32.06, 29.80,

29.77,29.74, 29.72, 29.56, 29.53, 29.49, 27.25, 22.83, 14.25.

N-dodecyl-2,4-difluoroaniline (5al): Eluent: Hexane / Diethylether (50:1v/v), Colourless

H c
/@CV\H’ "8 sticky oil, Yield: 235 mg (79%); 'H NMR (300 MHz, CDCls):
9

E E 8 6.89 — 6.71 (m, 2H), 6.63 (td, J= 9.4, 5.4 Hz, 1H), 3.69 (br s,
1H), 3.13 (t, J= 7.1 Hz, 2H), 1.75 — 1.59 (m, 2H), 1.34 (d, J = 10.2 Hz, 10H), 0.94 (t, J=7.2
Hz, 3H). "F NMR (377 MHz, CDCl3): § -126.57, -132.62. *C{'H} NMR (75 MHz, CDCl3):
8 155.91 — 152.58 (m), 152.57 — 149.20 (m), 133.64 (dd, J=11.7, 2.8 Hz), 111.99 (dd, J= 8.8,
4.7 Hz), 110.66 (dd, J = 21.5, 3.7 Hz), 103.44 (dd, J = 26.6, 22.8 Hz), 44.30, 32.09, 29.88,

29.83,29.80, 29.77, 29.74, 29.59, 29.52, 27.25, 22.85, 14.24.
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N-dodecylpyridin-2-amine (5am): Eluent: Hexane / Diethylether (50:1v/v), White crystalline

H
N N\/\H/C”s solid, Yield: 189 mg (72%); 'H NMR (400 MHz, CDCL): & 8.07
9

& (dd, J=5.2, 1.8 Hz, 1H), 7.41 (ddd, J=8.7, 7.2, 1.9 Hz, 1H), 6.55
(dd,J=7.1,5.1 Hz, 1H), 6.37 (d, J = 8.4 Hz, 1H), 4.61 (t,J= 5.6 Hz, 1H), 3.24 (q, J= 6.6 Hz,
2H), 1.68 — 1.56 (m, 2H), 1.46 — 1.19 (m, 18H), 0.89 (t, J = 6.7 Hz, 3H). 3C{'H} NMR (75
MHz, CDCls): & 159.03, 148.18, 137.55, 112.63, 106.37, 42.42, 32.03, 29.76, 29.74, 29.71,

29.66, 29.58, 29.52, 29.46, 27.19, 22.80, 14.22.

N-dodecyl-4-methoxyaniline (5an): Eluent: Hexane / Diethylether (18:1v/v), Yellow oil, 'H

n\/\Hrc"h NMR (400 MHz, CDCl3): 6 6.93 — 6.77 (m, 2H), 6.69 — 6.55
Me0/©/ 9 (m, 2H), 3.79 (s, 3H), 3.19 (s, 1H), 3.10 (t, /= 7.1 Hz, 2H),
1.65 (p, J = 7.1 Hz, 2H), 1.50 — 1.26 (m, 18H), 0.96 (t, J = 6.7 Hz, 3H). 3C{'H} NMR (75
MHz, CDCIl3): 6 152.01, 142.96, 114.93, 114.05, 55.80, 45.09, 32.02, 29.77, 29.74, 29.72,

29.73,29.59, 29.45, 27.30, 22.78, 14.19.

2,4-dichloro-N-dodecylaniline (5a0): Eluent: Hexane / Diethylether (60:1v/v), Colourless oil,
H \/\MCHQ' '"H NMR (300 MHz, CDCls): § 7.26 (d, J=2.4 Hz, 1H), 7.11

° (dd, J=8.7,2.4 Hz, 1H), 6.57 (d, J= 8.8 Hz, 1H), 4.25 (s, 1H),

3.13 (t, J= 8.1 Hz, 2H), 1.75 — 1.60 (m, 2H), 1.42 — 1.29 (m, 18H), 0.93 (t, J = 6.4 Hz, 3H).
BC{'H} NMR (101 MHz, CDCls): & 143.10, 128.75, 127.84, 120.81, 119.27, 111.71, 43.92,

32.08, 29.81, 29.79, 29.75, 29.71, 29.54, 29.51, 29.35, 27.22, 22.85, 14.27.

N-(cyclohexylmethyl)aniline (5ap): Eluent: Hexane / Diethylether (50:1v/v), Pale yellow

H coloured sticky oil, Yield: 125 mg (66%); '"H NMR (300 MHz,
N

©/ CDCls): 8 7.36 — 7.16 (m, 2H), 6.77 (q, J = 6.5 Hz, 1H), 6.72 — 6.58

(m, 2H), 3.59 (s, 1H), 3.03 (d, J = 6.6 Hz, 2H), 2.04 — 1.74 (m, 5H), 1.72 — 1.57 (m, 1H), 1.31
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(qd, J = 12.0, 6.7 Hz, 3H), 1.08 (t, J = 10.2 Hz, 2H). *3C{'H} NMR (101 MHz, CDCL): &

148.73, 129.33, 117.01, 112.76, 50.74, 37.68, 31.43, 26.71, 26.10.

N-(cyclohexylmethyl)-4-methylaniline (5aq): Eluent: Hexane / Diethylether (50:1v/v), Pale

H\/O yellow coloured oil, Yield: 142 mg (70%); 'H NMR (300 MHz,
N

RN
| CDCL): § 7.10 (dd, J = 8.4, 2.4 Hz, 2H), 6.73 — 6.56 (m, 2H),
H,C
3.54 (s, 1H), 3.05 (d, J = 6.7 Hz, 2H), 2.36 (d, J = 2.7 Hz, 3H),
2.10 — 1.57 (m, 6H), 1.52 — 1.21 (m, 3H), 1.09 (q, J = 11.8 Hz, 2H). 3C{'H} NMR (75 MHz,

CDCl): 6 146.48, 129.76, 126.09, 112.89, 51.06, 37.63, 31.40, 26.70, 26.08, 20.44.

N-(cyclohexylmethyl)-4-methoxyaniline (5ar): '"H NMR (400 MHz, CDCl3): § 6.85 - 6.79 (m,

H\/O 2H), 6.63 — 6.57 (m, 2H), 3.78 (s, 3H), 3.16 (br s, 1H) 2.94 (d, J =
N

/©/ 6.7 Hz, 2H), 1.91 — 1.69 (m, 5H), 1.68 — 1.53 (m, 1H), 1.38 — 1.16
MeO

(m, 3H), 1.01 (q, J= 12.0 Hz, 2H). *C{'H} NMR (75 MHz, CDCL3): 5 151.89, 143.09, 114.99,

113.98, 55.91, 51.73, 37.69, 31.42, 26.70, 26.09.

4-chloro-N-(cyclohexylmethyl)aniline (5as): Eluent: Hexane / Diethylether (50:1v/v), Pale
H\/O yellow coloured oil, Yield: 134 mg (70%); 'H NMR (400 MHz,

/©/ CDCls): 6 7.24 — 7.08 (m, 2H), 6.63 — 6.47 (m, 2H), 3.58 (br s,
1H), 2.94 (d, J= 6.7 Hz, 2H), 1.75 (ddd, J = 25.7, 19.4, 10.1 Hz, 5H), 1.58 (dqd, /= 11.3, 7.6,
3.2 Hz, 1H), 1.26 (dt, J = 18.7, 6.4 Hz, 3H), 1.05 — 0.94 (m, 2H). *C{'H} NMR (75 MHz,

CDCl3): 6 147.27, 129.10, 121.46, 113.78, 50.82, 37.61, 31.37, 26.65, 26.06.

2,4-dichloro-N-(cyclohexylmethyl)aniline (5at): '"H NMR (300 MHz, CDCl3): § 7.26 (d, J =
H\D 2.4 Hz, 1H), 7.11 (dd, J= 8.8, 2.4 Hz, 1H), 6.57 (d, J= 8.8 Hz, 1H),

/©/ 4.36 (s, 1H), 3.00 (d, J = 6.7 Hz, 2H), 1.90 — 1.71 (m, 5H), 1.67 —
1.56 (m, 1H), 1.35 — 1.21 (m, 3H), 1.10 — 0.97 (m, 2H). *C{'H} NMR (75 MHz, CDCl3): §

143.15, 128.71, 127.78, 120.58, 119.21, 111.69, 50.41, 37.44, 31.32, 26.61, 26.03.
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N-benzylaniline (7a): Eluent: Hexane / Diethylether (50:1v/v), Colourless oil, Yield: 204 mg
H\/© (80%); '"H NMR (400 MHz, CDCl3): § 7.43 (d, J = 8.5 Hz, 4H), 7.36 (d,

©/ J=69Hz, 1H), 7.26 (d, J=16.7 Hz, 2H), 6.80 (t, /=7.6 Hz, 1H), 6.71

(d, J = 7.9 Hz, 2H), 4.39 (s, 2H), 4.09 (s, 1H). *C{'H} NMR (75 MHz, CDCl3): & 148.26,

139.55, 129.37, 128.74, 127.61, 127.33, 117.66, 112.95, 48.41.

N-(4-methylbenzylaniline (7b): "H NMR (300 MHz, CDCls): & 7.34 — 7.27 (m, 2H), 7.26 —
H\/©/ 7.16 (m, 4H), 6.75 (t, J= 7.3 Hz, 1H), 6.71 — 6.64 (m, 2H), 4.32 (s,

©/ 2H), 4.01 (s, 1H), 2.39 (s, 3H). 3C{'H} NMR (75 MHz, CDCL):

0 148.35, 136.98, 136.48, 129.42, 129.37, 127.64, 117.60, 112.95, 48.19, 21.22.

N-(4-chlorobenzyl)aniline (7c): 'H NMR (400 MHz, CDCl3): § 7.34 (d, J= 1.7 Hz, 4H), 7.24
H —17.17 (m, 2H), 6.76 (t, J = 7.4 Hz, 1H), 6.68 — 6.60 (m, 2H), 4.34
N

©/ (s, 2H), 4.09 (s, 1H). *C{'H} NMR (75 MHz, CDCl3): & 147.96,

138.13, 132.99, 129.43, 128.87, 128.82, 117.93, 113.02, 47.74.

N-benzyl-4-chloroaniline (7d): "H NMR (300 MHz, CDCl3): § 7.40 (dd, J = 8.0, 1.6 Hz, 4H),

H\/© 7.38 —7.32 (m, 1H), 7.21 — 7.13 (m, 2H), 6.64 — 6.55 (m, 2H), 4.35
/©/ (s, 2H), 4.11 (s, 1H). 3C{'H} NMR (75 MHz, CDCL): § 146.70,

138.99, 129.08, 128.73, 127.43, 127.38, 122.00, 113.96, 48.28.

4-chloro-N-(4-chlorobenzyl)aniline (7¢): "H NMR (400 MHz, CDCl3): § 7.32 (q, J = 8.9 Hz,

H \/©/ 4H), 7.13 (d, J = 8.2 Hz, 2H), 6.55 (d, J = 8.3 Hz, 2H), 4.31 (s,

N
/©/ 2H). BC{'H} NMR (101 MHz, CDCls): & 146.29, 137.48,

133.22, 129.26, 128.97, 128.79, 122.68, 114.24, 47.87.
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N-benzylpyridin-2-amine (7f): '"H NMR (400 MHz, CDCl3): § 8.12 (d, J = 5.0 Hz, 1H), 7.45

H\@ -7.39 (m,2H), 7.38 —7.26 (m, 4H), 6.61 (t, J= 6.2 Hz, 1H), 6.39 (d,
N
R

| J= 8.4 Hz, 1H), 4.96 (s, 1H), 4.53 (d, J = 5.7 Hz, 2H). 3C{'H} NMR
b
(101 MHz, CDCls): § 158.73, 148.32, 139.26, 137.63, 128.76, 127.52, 127.37, 113.29, 106.91,

46.44.

N-(4-methylbenzyl)pyridin-2-amine (7g): '"H NMR (400 MHz, CDCI3): § 8.12 (d, J= 6.9 Hz,

Me
H\/©/ 1H), 7.42 (t,J=28.1 Hz, 1H), 7.27 (dd, J= 7.0, 2.5 Hz, 3H), 7.17
N
N

I (d, J=9.2 Hz, 2H), 6.64 — 6.58 (m, 1H), 6.39 (dd, J = 8.5, 2.5
~N

Hz, 1H), 4.90 (s, 1H), 4.47 (q, J = 2.5 Hz, 2H), 2.36 (s, 3H).

13C{1H} NMR (101 MHz, CDCls): 6 158.76, 148.27, 137.63, 137.02, 136.13, 129.43, 127.51,

113.20, 106.86, 46.23, 21.23.

N-(naphthalen-1-ylmethyl)pyridin-2-amine (7h): 'H NMR (400 MHz, CDCl3): § 8.26 — 8.03
(m, 2H), 7.97 = 7.77 (m, 2H), 7.50 (ddd, J=39.0, 9.5, 4.9 Hz, 5SH), 6.65 (d,
J=6.6 Hz, 1H), 6.42 (dd, J = 8.5, 2.5 Hz, 1H), 5.19 (s, 1H), 4.97 (s, 2H).

BC{'H} NMR (101 MHz, CDCl3): & 158.59, 147.92, 137.84, 134.19,

HN 133.97, 131.55, 128.90, 128.30, 126.49, 125.98, 125.82, 125.63, 123.57,
~ |N 113.18, 107.26, 44.46.
NS
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Figure 6.6.A3: 'H NMR spectrum of 6b’
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Figure 6.6.A4: *C{'H} NMR spectrum of 6b’
NMR data of 4-methylbenzaldehyde (6b"): 'H NMR (400 MHz, CDCl3): § 9.96 (s, 1H), 7.77
(d, J=17.9 Hz, 2H), 7.33 (d, J = 7.9 Hz, 2H), 2.43 (s, 3H). '*C NMR (101 MHz, CDCI3) §
192.14, 145.64, 134.22, 129.91, 129.76, 21.91.
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Figure 6.6.A5: 'H NMR spectrum of 8a’
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Figure 6.6.A6: *C{'"H} NMR spectrum of 8a’

(4-methoxyphenyl)methanol (8a’): "H NMR (400 MHz, CDCls): 5 7.20 (s, 2H), 6.92 — 6.78
(m, 2H), 4.49 (s, 2H), 3.76 (s, 3H), 3.44 (s, 1H). 3C NMR (101 MHz, CDCls): & 158.90,
133.16, 128.54, 113.76, 64.38, 55.16.
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Figure 6.6.A8: IR spectrum of the reaction mixture obtained from stoichiometric alcohol
dehydrogenation of methanol (CH30H) under argon: involvement of azo/hydrazo redox

conversion with catalyst 2.
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Figure 6.6.A9: IR spectrum of the reaction mixture obtained from stoichiometric alcohol
dehydrogenation of deuterated methanol (CD3OD) under argon: involvement of azo/hydrazo
redox conversion with catalyst 2.
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6.8.2 Copies of 'H, *C{'H} and °F NMR spectra of all synthesized N-alkylated amines
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Figure 6.6.A11: *C{'H} NMR spectrum of 5a
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Figure 6.6.A13: *C{'H} NMR spectrum of 5b
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Summary and Outlook

Summary

This thesis presents a comprehensive account of design, synthesis, and catalytic applications
of redox-noninnocent azo-based ligands and their transition metal complexes, with a particular
focus on exploring ligand-centered reactivity and its role in facilitating sustainable catalytic

transformations.

Chapter 1 provides a general introduction, outlining the fundamental concepts of redox
noninnocence with a focus on azo-oxime and bis-azo-diamine ligand systems. It offers a
concise summary of the research objectives, methodologies, and major findings, followed by a
detailed description of the experimental techniques, instrumentation, and computational

approaches employed throughout the study.

Chapter 2 describes the synthesis of four novel ruthenium(Il) complexes of the general
formula trans-[Ru(L)(CO)CI(PPh3):], derived from systematically varied azo-oxime ligands.
Structural analyses reveal subtle changes in Ru—Nazo and Ru—Noxime bond lengths, influenced
by the electronic nature of the aryl substituents. Electrochemical studies demonstrate that the
ligand framework undergoes ligand-centered one-electron reductions, forming metastable
anion radical species that highlight the redox-responsive nature of the coordinated azo-oxime

units.

Chapter 3 establishes the catalytic potential of the trans-[Ru(L)(CO)CI(PPh3)2] complexes in
electron transfer mediated transformations, particularly (i) a-alkylation of ketones with primary
alcohols and (ii) dehydrogenative synthesis of 2-substituted quinolines. Mechanistic
investigations support a redox-active, ligand-centered pathway initiated via hydrogen atom
transfer (HAT) by the azo-oxime anion radical, while the ruthenium center primarily serves as
a structural scaffold. The catalytic performance is strongly influenced by the electron-

withdrawing nature of the ligand substituents.
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Chapter 4 presents the synthesis and characterization of an air- and moisture-stable Ru(II)
complex, trans-[Ru(NpL)(CO)CI(PPhs):], bearing a phenyl-azo-naphthaldoxime ligand. This
complex acts as a pre-catalyst for the aerobic dehydrogenative coupling of benzyl alcohols with
o-aminobenzamides to synthesize quinazolin-4(3H)-ones. Experimental and computational
studies confirm a ligand-centered HAT mechanism where the azo unit drives aldehyde
formation, followed by base-mediated condensation. The methodology operates efficiently
under mild conditions with low catalyst loading, offering a practical approach to heterocycle

synthesis.

Chapter 5 introduces a newly designed bis-azo-diamine ligand, which functions as a metal-
free, redox-active organo-catalyst for the electrocatalytic reduction of CO:. The transformation
proceeds through a ligand-centered triplet diradical intermediate, enabling stepwise reduction
of CO: to glyoxal, which is subsequently converted into acetic acid, ethanol, and acetone.
Notably, acetic acid reacts with formyl intermediates to yield Cs products via a proton-coupled
electron transfer (PCET) mechanism. This study demonstrates the promise of coordinatively
fluxional, metal-free catalysts in carbon capture and utilization (CCU), laying the groundwork

for future catalyst optimization and scale-up.

Chapter 6 explores the synthesis and application of a hexacoordinated Ru(IIl) complex
incorporating a bis-azo-diamido ligand. This complex catalyzes the direct dehydrogenative N-
alkylation of aromatic amines using primary alcohols. Mechanistic insights suggest that one
azo moiety plays a key role in the initial dehydrogenation step via HAT, while the Ru center
remains redox-innocent. The resulting aldehyde undergoes condensation with the amine to
form a Schiff base, which is subsequently reduced through a metal-assisted “borrowing
hydrogen” (BH) pathway to yield N-alkylated aromatic amines.
This thesis underscores the versatility of redox-noninnocent azo-based ligands in promoting a

range of catalytic transformations, both in metal-coordinated and metal-free systems.
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Summary and Outlook

Outlook

The ligand-centered electron transfer pathways, particularly involving azo-anion radicals, open
new directions for designing sustainable catalysts for small molecule activation, including COx.
Future work will focus on refining ligand architectures to enhance redox tunability and catalytic
selectivity, as well as extending their applicability to other challenging transformations in green

and energy-relevant chemistry.
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ARTICLE INFO ABSTRACT

Keywords: The conversion of carbon dioxide (CO3) into valuable chemicals, specifically C; and Cs, through metal-free

Metal free ) electrocatalysis remains a formidable challenge. Breaking away from traditional transition metal complexes,

]glazf-based ligand the focus is on designing and selecting efficient organic catalysts. In this pursuit, a diazo-based organic bulky
atalyst

ligand emerges as a promising candidate, offering a solution that is both sustainable and renewable. The key
feature of this ligand is its low-lying n* (LUMO), enabling it to readily accept an electron in an electrochemical
environment when a potential is applied. The synthesized Diazo-based ligands have been meticulously charac-
terized using various techniques, including *H NMR, 3C NMR, UV-Vis, and IR spectroscopy. This diazo-based
ligand serves as an electrocatalyst, undergoing reduction to a triplet diradical that acts as a nucleophile. In an
aqueous medium, it forms an adduct with CO», leading to the generation of a formyl radical. This radical further
couples to produce acetic acid and acetone with efficiencies of 19.6% and 24.2%, respectively, at pH 5.5. To
provide a deeper understanding, we present a proposed mechanism pathway supported by in-situ UV-Vis spec-
troscopy and a comprehensive Density Functional Theory (DFT) study. These findings mark a significant step
forward in the field of metal-free electrocatalysis, offering a sustainable approach to the conversion of CO3 into
valuable chemicals, contributing to the development of renewable and environmentally friendly systems.

CO, electroreduction
C; and C3 products

1. Introduction of one-carbon (C;) products such as formaldehyde or formate [4] or

two-carbon (Cy) products like ethanol [5] and ethanoic acid [6]. These

Today’s climate change demands the immediate implementation of
innovative sustainable technologies [1]. Among these technologies, the
electrocatalytic conversion of carbon dioxide (CO) into valuable
products is of utmost importance due to its dual potential for atmo-
spheric CO, reduction and generation of renewable energy. Despite
notable progress in this area, the synthesis of three-carbon (C3) [2]
products from CO; electro-reduction remains a less explored yet prom-
ising frontier [3]. In this article, we address this issue. The present
published research paradigm predominantly focuses on the generation

* Corresponding authors.

transformations, although valuable, are stepping stones specifically for
higher-carbon products (Cs3), that hold considerable potential in the
realms of renewable fuels and chemicals [7]. Synthesizing C3 products
from COs electro-reduction represents an essential step towards the
direct utilization of CO2 in chemical synthesis, a goal of paramount
practical importance in the context of a circular carbon economy.
However, the intricate interplay of mechanistic, thermodynamic, and
kinetic factors [8] in the C3 production pathway present a complex
landscape, posing unique challenges for such developments [9].
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Ruthenium(i) complexes [RUL(CO)CL(PPha),], 1la—4a, have been synthesized using ligands PAN—NC(Ar)NOH,
HL 1-4, respectively, by varying the pendant aryl (Ar) groups. The single crystal X-ray diffraction studies of
complexes reveal that there are certain changes in Ru—N,,, and Ru—Nguime bond lengths that may be
explained primarily on the basis of electronic effects of pendant aryl groups. In 4a, all Ru—N bond lengths
are longer and this is attributed to oximato—O- - -O (hydroxyphenyl) interactions. Furthermore, there are weak
intramolecular F---m interactions in 3a. The complexes display multiple reductive responses ascribable to
electron acceptance within the azo-oxime framework of the coordinated ligand and the corresponding
one-electron reduced metastable anion radical complexes of type [Ru(L*")(CO)Cl(PPhsz),]~ [1]°~ have been
generated. This property of the complexes has been exploited in electron transfer catalysis via trapping of
electrons in the azo-oxime skeleton in two types of reactions: (1) a-alkylation of ketones with primary alco-
hols and (i) synthesis of 2-substituted quinoline derivatives from 2-aminobenzyl alcohols and substituted
acetophenones/alkyl methyl ketones. The scope of catalysis has been studied and the probable catalytic
pathway has been established from experimental results. The catalytic pathway is ligand-centric and redox-
driven for the dehydrogenation process and the initial step involves formation of a coordinated anion radical.
This leads to conversion of the starting 1° alcohol to the corresponding carbonyl via the HAT pathway, with
the ruthenium(i) centre practically behaving as a template and remaining redox inactive. The catalytic reac-
tions have been proven to be affected by the nature of pendant aryl (Ar) groups within the coordinated
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Accepted 3rd April 2024
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the past two and a half decades®*™** and at present the catalytic

role of their complexes is under intense investigation.**™®* In

Introduction

The redox non-innocence of coordinated ligands is gaining
profound importance in the field of electron transfer catalysis
since the metal center and the ligand skeleton have the ability
to stimulate a process in a collaborative manner, with the
catalyst switching from one spin isomeric state to another.”
Such reactions may proceed via formation of a meta-stable
ligand-centric coordinated radical and it is usually accompa-
nied by proton coupled electron transfer (PCET)"”">* or hydro-
gen atom transfer (HAT).”*>° The chemistry of redox non-
innocent ligands containing azo functions has developed over

“ Department of Chemistry, Jadavpur University, Kolkata-700032, India.
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t Electronic supplementary information (ESI) available. CCDC 2303589, 2303590,
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or other electronic format see DOI: https://doi.org/10.1039/d4nj00391h
1 Authors contributed equally to this work.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

the majority of the cases, ligands are of tridentate azo pincer
type, where the ligated azo moieties have the ability to behave
as electron pockets to store electron/s in the form of an azo
anion-radical. In addition, the reserved electron/s may be
transferred to suitable centres to bring about catalytic
reduction and this concept has been widely employed to
synthesize several value-added chemicals of pharmaceutical
and industrial importance, in a cost effective and atom efficient
manner.

We have been striving to explore and figure out the electron
extracting ability of coordinated diaryl-azo-oximes in order to
effectuate certain unusual redox transformations.**”®” We are
further motivated to synthesize suitable complexes of azo-
oximes where the ligand skeleton may become redox active in
the presence of ruthenium(u) and they may be skillfully
employed to bring about electron-transfer catalysis for synth-
esis of useful organic compounds in an atom efficient manner.
It is worth mentioning that there has been no report on

New J. Chem., 2024, 48, 8181-8194 | 8181
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Dehydrogenative Coupling for Synthesis of Quinazolin-
4(3H)-ones via Tandem Reaction using Ruthenium(ll)-
Phenyl-Azo-Naphthaldoxime: An Experimental and

Theoretical Investigation

Supriyo Halder*,” Srijita Naskar®,”” Debashis Jana,” Gopal Kanrar,"”
Shyama Charan Mandal," Subhadip Roy," Nishchal Bharadwaj,”® Kausikisankar Pramanik,*

and Sanjib Ganguly*®

The bidentate N, N, donor phenyl-azo-naphthaldoxime NpLH, 1
was used to synthesize the ruthenium(ll) complex trans-[Ru-
(NpL)(CO)CI(PPh;),], 2. It has been characterized by SCXRD,
electrochemical and spectral studies. Computational analysis
indicates that the low-lying n*-LUMO of the complex has
substantial azo-character of coordinated ligand. This property
has been exploited to form an efficient electron transfer pre-
catalyst to effectuate dehydrogenative functionalization of a
large number of benzyl alcohols to quinazolin-4(3H)-ones via
condensation with diverse o-amino benzamides as well as N-

Introduction

N-heterocycles have been found to be in plenitude in natural
products due to their intimate biological relevance. This leads
to extensive research towards the development of innovative,
sustainable and greener methods for synthesis of aza-
heterocycles."” The quinazolinone moiety is present as a
building block in a wide range of naturally occurring alkaloids
that have been sequestered from natural resources like micro-
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substituted benzamides under aerobic conditions (57 entries). A
reaction mechanism has been projected via isolation of
intermediates and certain control experiments. Furthermore, it
has been substantiated by theoretical scrutiny using density
functional theory (DFT) calculation. The catalytic cycle involves
stepwise hydrogen atom transfer (HAT) from benzyl alcohols to
the N,,, atoms of the coordinated ligand with subsequent
removal of the H-atoms from the N,,, atoms to regenerate the
active catalyst.

organisms, plants, and animals.*® Quinazolin-4(3H)-ones and
their substituted analogues have gained significant attention
owing to various pharmacological activities, such as anti-
inflammatory,” antimicrobial,”’ anticancer,®”
antihypertensive,® dihydrofolate reductase inhibition,” and
Tyrosine Kinase inhibition.'” Despite significant progress in this
area, it has been found that in most cases multi-step synthesis
is required. This creates unwanted byproducts and often
needed hazardous chemicals for catalytic transformation. Fur-
thermore, the precursor molecules are often expensive and less
available."'? Accordingly, it is always challenging to develop
cost-effective and atom efficient production of substituted
quinazolin-4(3H)-ones. There have been some reports of
transition metal catalysed synthesis of substituted quinazolin-
4(3H)-ones via dehydrogenative functionalization of aliphatic
and aromatic alcohols and this strategy is quite promising since
it is a single-step, economical, environment friendly synthesis
starting from readily available precursors and generates hydro-
gen or water as the only byproducts (Scheme 1).'*"

We were inquisitive regarding the electron trapping
aptitude of coordinated azooximes'® for the past few years and
this led us to explore their ability to bring about dehydrogen-
ative functionalization of aliphatic and aromatic alcohols to
form value added products.”'® As a continuation of our
previous work, in this paper we have utilized phenyl-azo-
naphthaldoxime NpLH, 1 to synthesize a ruthenium(ll) complex
trans-[Ru(NpL)(CO)CI(PPh,),], 2 (Scheme 2). The structural, elec-
trochemical, and theoretical studies of 2 have been performed
in order to have a comprehension of their competence to bring
about electron transfer catalysis. The ruthenium(ll) complex

]

© 2024 Wiley-VCH GmbH
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Introduction

Coligand driven diverse organometallation in
benzothiazolyl-hydrazone derivatized pyrene:
ortho vs. peri C—H activationt

@ Sarat Chandra Patra, {2° Subhadip Roy, {2 ¢ Supriyo Halder, {2°

9 Kausikisankar Pramanik 2 *° and Sanjib Ganguly (2 *@

Soumitra Dinda,
Thomas Weyhermuller,

Benzothiazolyl hydrazones 1 (H,L™") incorporating polycyclic aromatic hydrocarbons (PAHs) have been
fabricated as hemilabile scaffolds and elegantly utilized the inbuilt nitrogen donors as a proficient directing group
(DG) to bring about ruthenium(i) assisted C—H activation in PAHs at both the peri and ortho positions. An
isomeric pair of organometallics having formula [Ru"(LP")(CO)(PPhs).] (peri: 3a, ortho: 5a) have been conveniently
prepared by varying the [RU"l precursors with H,L™". In contrast, only one type of activated product viz.
RUMLA™)(CO)(PPh3),] 3b has been obtained with the 9-anthracene derivative of 1, H,LA™, under analogous
reaction conditions. The underlying mechanistic aspects have been elucidated by isolating the thermally
unstable intermediates viz. [Ru"(HL™")CICO)(PPhs),] 2a and [Ru"(HLP")H(CO)(PPhs),] 4a in the course of the
peri and ortho C—H activation processes, respectively. The coligand (Cl/H) plays a vital role to bring about
the C—H activation at the desired positions via formation of either a four- or five-membered metallacycle in
2a and 4a, respectively. The activation process vis-a-vis Ru—C bond formation in 3a can be achieved
smoothly from 2a by a thermal transformation route, which proceeds via an initial rupture of the
RU=Npyarazonyt bONd. In contrast, the trans influential hydride coligand prefers a five-membered chelate to
avoid confrontation with Npygrazone IN 4a, which in turn furnishes exclusively ortho activation owing to
the close approach of the Ru—H bond towards ortho-H in pyrene. The organometallated complexes exhibit
oxidative responses at mild potential. EPR and computational studies indicate that the redox activity
originates from the ligand-centered orbitals. The observed rich optoelectronic features are analysed
primarily as YLCT admixed with *MLCT components by theoretical means, indicating an appreciable
accumulation of electron density over the ligand backbone in their ground states.

agrochemicals® as well as certain materials.”> One of the prime
strategies involved in the activation of the aromatic C-H bond is

C-H bond activation is a long-standing issue under exploration
in synthetic organic chemistry, primarily owing to its prospects
in simplifying varied chemical conversion in an atom-efficient
technique." The efficacy of this ingenious synthetic approach has
been efficiently applied to the fabrication of pharmaceuticals® and

“ Department of Chemistry, St. Xavier’s College (Autonomous), Kolkata 700016,
India. E-mail: icsgxav@gmail.com, icsg@sxccal.edu; Tel: +91 33 2255 1266

b Department of Chemistry, Inorganic Chemistry Section, Jadavpur University,
Kolkata 700032, India

¢ Department of Chemistry, The ICFAI University Tripura, Tripura 799210, India

4 Max-Planck-Institut fiir Chemische Energiekonversion, Stiftstrasse 34-36, D-45470
Miilheim, Germany

1 Electronic supplementary information (ESI) available: X-ray crystallographic

data for 2a, 3a, 3b, 4a and 5a, selected experimental and theoretical bond

parameters, absorption spectra, electrochemical data, n-n stacking interactions

in 2a and 4a, NMR spectra of all compounds, relevant DFT results. CCDC

1887301, 1908528, 1908529, 1943129 and 1943130. For ESI and crystallographic

data in CIF or other electronic format see DOI: 10.1039/c9nj05088d

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020

by introducing a directing group (DG) that coordinates a transi-
tion metal lying in the vicinity of the aromatic C-H bond, with
subsequent activation via cyclometallation.® Since the C-H bond
strength is much higher than that of M-C, the thermodynamic
barrier for C-H bond cleavage is expected to be high.” Never-
theless, this can be attained with the aid of chelation of a directing
group enabled ligand, which in turn affords an organometalla-
cycle at a target specific position.® Although C-H transformation
of aldehyde-derived hydrazones is documented,” the directing
ability of benzothiazole blended hydrazones is yet to be explored
to bring about aromatic C-H functionalization in polyaromatic
hydrocarbons (PAHs). Indeed, bifunctional groups are enviable
for diverse chemical reactivity as they can typically exhibit supple-
mentary flexibility during coordination.

Controlling the site-selectivity of C-H activation is a prime
barrier for the advancement of synthetically convenient meth-
odology. In the present work, we report the designed synthesis

New J. Chem., 2020, 44,1407-1417 | 1407
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ABSTRACT

The diaryl-azo-oxime ligands HL, 1 undergoes oxidative coordination reaction with Wilkinson’s catalyst to form two isomeric complexes of type cis-[Rh™'L,CI(PPh3)],
2a (CI and PPhg are cis) and trans-[Rthzcl(PPhg)], 2b where they are trans with respect to each other. Unlike the case of 2a, the complex 2b upon treatment with
sodium borohydride, can be transformed to trans- [RhIII(HL.)(L_)Cl(PPh3)], 3 and the reaction appears to progress via PCET. The disposition of ligand frameworks as
well as the formation of oxime...oximato hydrogen bond appears to have a significant function for phenylazooxime to exhibit redox non-innocent behaviour in
presence of rhodium(III). The compounds were characterized by electrochemical analysis, different spectral methods, single crystal XRD and optoelectronic prop-
erties, particularly the nature of transitions in the chelates were scrutinized by TD-DFT.

1. Introduction:

Redox non-innocent ligands are interesting owing to their inherent
capacity to exhibit various ligand redox levels upon coordination [1-23]
and such systems have the aptitude to embrace and reject electron(s)
during the course of catalytic processes [24-30], in chemical and
biochemical reactions [31-33]. Coordinated azo-aromatic systems have
been found to act as apposite precursors for stabilizing ligand centered
anion radical complexes since they possess low-lying azo-n* orbital
[34-47]. It has been well understood that structure of the ligand skel-
eton and redox character of the metal centre has a significant role for
controlling the stabilisation of these type of complexes and ligand-metal
n-interaction can further adjust the electronic structural features for
maximum stabilization [48-50]. Moreover, ligand environment around
the metal centre may also influence the aptitude of these chelated azo-
ligands in conjunction with other moieties to receive or donate odd
electron(s) and this may be attributed to electronic or steric factors. The
impact of electronic environment of auxiliary ligands in supporting
extra electron(s) within 7% LUMO of these ligands have been much less
reported [48,51]. As a continuation of our study on stabilization of odd
electron in coordinated azooximes [51-53], we have tried to investigate
the competence of these ligand to retain an unpaired electron over azo-
oxime framework in presence of rhodium(III) and to stabilize the cor-
responding open shell complexes. In this regard, we have started with
the diaryl-azo-oxime HL, 1 which possesses low lying n* LUMO, thereby
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having the aptitude to perform as an electron-sink upon ligation, and
have successfully isolated two isomeric complexes of type cis-[Rh"'L,Cl
(PPh3)] (2a), where Cl and PPhjs are in cis positions and trans-[RhIHchl
(PPh3)] (2b), where they are trans with respect to each other. The
complex 2b can be reduced to the azo-oxime radical anion complex of
type trans- [RhIH(HL.)(L_)Cl(PPhg)] (3) and the reaction appears to
progress via PCET but the corresponding anion radical analog of the cis
isomer could not be isolated. Thus, the trans isomer behaves as a supe-
rior electron carrier and this has been attributed to stereochemical
control around the rhodium centre. In fact, in the trans isomer 2b, there
is scope for unpaired electron to be delocalized on both the ligands much
more efficiently since they are practically coplanar. Furthermore, the
stabilization of 3 may also be attributed to formation of oxime...oximato
intramolecular hydrogen bonding during the course of electron accep-
tance in presence of protons and this is also consistent with theoretical
scrutiny. (see Scheme 1.)

2. Experimental details
2.1. General information

Drying and purification of solvents were performed using literature
procedure and distilled out before using as required. The required
chemicals were purchased from following sources: Phenyl hydrazine
and Benzaldehyde from TCI Chemical (India) Pvt. 1td. Wilkinson’s
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via an anion radical intermediate
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ARTICLE INFO ABSTRACT

Keywords: The complexes [Ru(LE")H(CO)(PPhs),] 2, [Ru(LE")CI(CO)(PPh3),] 3, (ligand behaving as bidentate mono-
Redox non-innocent ligand anionic) and [Ru(LB*"*)CI(CO)(PPhs)] 4, (ligand is tridentate monoanionic) have been synthesized starting from
Crystallography benzothiazolyl-hydrazino-phenathrenequinone (HL) 1 and [RuH(CO)CI(PPhs)s]. These are characterized by
II\)IE/FIFR electrochemical and spectral methods as well as single crystal X-ray diffractometry (SCXRD). Upon treating with

NaBHy, 3 accepts an electron within the coordinated ligand framework and the anionic hydrazonyl-N takes up a
proton to be transformed to meta-stable hydrazinoquinone anion radical complex of ruthenium(II) [Ru(HLB®"**™)
CI(CO)(PPhs3)s] 5, possibly via concerted proton electron transfer process (CPET). Thus, the redox non-innocent
character of the ligand upon complexation with ruthenium(II), has been disclosed and it is attributed to presence
of low lying n* orbitals of almost entirely of phenanthraquinone and hydrazone character. In 5, the t—acceptor
ability of the ligand donor centres are reduced due to the existence of an odd electron in SOMO and hence the M-
L distances around the coordination sphere are altered. The N-N (hydrazonyl bond length increases from 1.296
(6) A in 3 to 1.429 A in 5, leading to lesser thermodynamic stability of the latter and upon standing, the N-N
bond is cleaved to be transformed to 6T, possibly via the formation of iminoquinone anion radical complex, [6]
(reported elsewhere). Also, it is via the dissociation of N-N (hydrazonyl) bond, the biologically important
molecule 2-aminobenzothiazole is formed along with 6", so as to provide a novel route for its synthesis.

Cyclic voltammetry

1. Introduction

It has been well understood that concerted proton-electron transfer
(CPET) has consequential roles in a diverse field of biological processes
as well as in efficient energy conversions. [1-7] The most demanding
and challenging illustration is the biological nitrogen fixation, which
comprises of successive transfer and swapping of protons as well as
electrons to coordinated nitrogen, [8-12] although the exact reaction
pathway is still a matter of conjecture. In this regard, well-defined
complexes having N-N bonds are good candidates to provide some
illustrative clarification with respect to reduction sequences since they
may be suitably engineered to comprehend the redox transformations
accompanying the cleavage of N-N bonds. [13-24] Moreover, it has
also been reported that metal-ligand synergy [25-27] is one of the

* Corresponding authors.
E-mail addresses: icsgxav@gmail.com, icsg@sxccal.edu (S. Ganguly).

https://doi.org/10.1016/j.molstruc.2024.138720

significant aspects that regulate the activity of several redox metal-
lo-enzymes like cytochrome P450, galactose oxidase and hydrogenases
etc. [28-30] In these cases, both ligands (of the prosthetic group) and
metal centres contribute to the redox events as well as in bond cleavage
or activation. In fact, these types of ligands are often referred to as redox
non-innocent [31-44] and they have the distinctive aptitude to confer
unprecedented reactivity to the metal complexes by regulating loss or
gain of electrons and protons.

We have been working with redox non-innocent ligands [45-56] and
their roles in metal mediated redox transformations for a considerable
period of time [57-61] and as an extension of our work in this field, we
were motivated towards exploration of cooperative effect of metal along
with redox active ligand comprising of hydrazone and iminoquinone
moieties, to foster the cleavage of N-N bonds. [62-64] In the present
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Potent pincer-zinc catalyzed homogeneous
a-alkylation and Friedlander quinoline synthesis
reaction of secondary alcohols/ketones with
primary alcohols¥
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Herein, we describe an air- and moisture-stable, homogeneous zinc catalyst stabilised using an electron
deficient NANAN pincer-type ligand. This ternary, penta-coordinated neutral molecular catalyst [Zn
(NANAN)CL,] selectively produces a-alkylated ketone derivatives (14 examples) through a one-pot accep-
torless dehydrogenative coupling (ADC) reaction between secondary and primary alcohols using the bor-
rowing hydrogen (BH) approach in good to excellent isolated yields (up to 93%). It is worth noting that
this catalyst also provides an eco-friendly route for the synthesis of quinoline derivatives (30 examples)

Received 12th June 2024,
Accepted 10th July 2024

DOI: 10.1039/d40b00988f

using 2-aminobenzyl alcohols as alkylating agents via successive dehydrogenative coupling and
N-annulation reactions. This cost effective, easy to synthesize and environmentally benign catalyst shows
excellent stability in catalytic cycles under open-air conditions, as evident from its high turnover number

rsc.li/obc

Introduction

The construction of molecules with diverse functional groups
from commonly available small molecules/building blocks by
C-C and C-heteroatom bond activation is one of the funda-
mental aspects of chemical and biochemical syntheses." In
reality, the majority of classical methods require expensive and
environmentally toxic reagents and discharge hazardous waste
even in (over)stoichiometric amounts.” Thus, the development
of an efficient approach is desirable for selective C-C and C-
heteroatom formation reactions. Accordingly, beneficial organic
compounds with potential applications in the medical, agro-
chemical and pharmaceutical industries may be synthesized.?
In this context, conversion of alcohols to C-alkylated derivatives
and N-heterocycles via acceptorless dehydrogenation coupling
(ADC) and borrowed hydrogen (BH)/N-annulation method-
ologies using homogeneous catalysts has received considerable
attention in recent years.* Although such transformation reac-
tions can be accomplished with 0.5-5 mol% platinum-group-

“Department of Chemistry, Jadavpur University, Kolkata 700032, India.

E-mail: kpramanik@hotmail.com; Tel: +91 94333 66013

bDepartment of Chemistry, St. Xavier’s College (Autonomous), Kolkata-700016,
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(~10%), and is activated by using a catalytic amount of base under milder conditions.

metal catalysts (e.g., Ru, Rh, Ir, Pd and Pt) in satisfactory
yields.”™ In general, catalysis using non-precious first-row tran-
sition metals with good turnover numbers (TONs) under open-
air conditions for a-alkylation and Friedldnder annulation reac-
tions remains challenging for gram-scale production of high-
value bio-active molecules.'® Nonetheless, continuous effort
has been made with 3d metal catalysts (Mn, Fe, Co, Ni and Cu)
with comparable catalyst loading (0.5-5 mol%), since they
provide a more economically viable solution (Schemes 1 and
2).117'% A few examples have recently been reported where ana-
logous reactions can be accomplished with 0.05% or less cata-
lyst loading with Ni(u) and Mn(1), respectively.'®

It is worth noting that the use of zinc(u) is less cited for
homogeneous catalysis than other 3d metals plausibly due to
its closed-shell, electron-rich, redox innocent nature. Only very
recently molecular zinc-catalyzed dehydrogenation reactions of
secondary alcohols have been documented."” Here, dehydro-
genation of an alcohol occurs first to produce an aldehyde or
ketone that undergoes an in situ condensation reaction with
an enolate or amine to form an a,f-unsaturated ketone or
imine, where the former is finally reduced to form a new C-C
bond (Scheme 3) or the subsequent cyclization of aniline
derivatives leads to quinolines because of the aromatization in
the case of the C-N annulation reaction (Scheme 4).

In general, the catalytic performance of homogeneous cata-
lysts is superior to that of heterogeneous catalysts.'®
Nonetheless, the disadvantage in the use of homogeneous cat-

Org. Biomol. Chem., 2024, 22, 6393-6408 | 6393
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Designed Synthesis of Amino-Azo-Quinoline and Their
Nickel(IT) Complexes: Molecular Structure,
Electrochemistry and an Insight Into Their In Vitro
Anti-Cancer Activities
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ABSTRACT

Amino-quinolines are potential candidates that may provide some insight into the current chemotherapeutic research due to
their demonstrated anti-cancer activity. This led us to synthesize and explore a new amino-azo-quinoline ligand H,L 1 and its
square planar nickel(II) complexes [Ni(HL) (OAc)], 2 and [Ni(HL)CI], 3 and the structures were determined by Single Crystal
X-Ray Diffraction. Theoretical investigation of redox orbitals of the complexes discloses that the reduction process is due to ligand
reduction whereas both metal and ligand are contributing towards oxidation. The anti-cancer properties of the ligand and one of
the nickel(IT) complexes have been assessed by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide assay, cell migration
along with the generation of reactive oxygen species using human epithelial cancer cell line cells. The ligand 1 and complex 3 have
been found to show effective anti-cancer activity and for the latter, it is more promising. This may be ascribed to the rigid and
robust nature of square planar complex 3, which supports stronger binding with DNA than that of free ligands, possibly due to
the flexible nature of the latter. This result has also been validated by molecular docking using nine conformers of the ligand and
complex 3 via interaction with B-DNA (PDB ID: 1BNA) where the binding affinity with the complex has been found to be stronger.

1 | Introduction bladder, cervical, head and neck, lung cancer, testicular, ovarian,

gastric cancer etc. [1-4], has triggered the research on the anti-
The fabrication of cis-platin as a chemotherapeutic for a wide  blastoma activity of several other platinum complexes [5, 6].
range of cancer treatments including solid cancers such as  Over the years, combination chemotherapy with cis-DDP has
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One-Pot Cascade [3 4+ 2 4+ 1] Annulation: Synthesis and
Mechanistic Insight of s-Triazines and Pyrimidines Using
Azo-Supported Metalloradical Nickel Catalyst

Debashis Jana,'?! Sampad Malik,?! Gopal Kanrar,’®! Supriyo Halder,?! Srijita Naskar,?!

and Kausikisankar Pramanik*(e!

Highly efficient Ni-catalyzed C—N/C—C bond formation from
amidines during the [3 + 2 + 1] annulation by primary alcohols
alone or by primary alcohols with secondary alcohols/phenyl
acetylenes has been successfully accomplished toward scaled
synthesis of s-triazine and pyrimidines, respectively. A strongly
mr-acidic bis-azo NNN-pincer scaffold was successfully introduced
for dual functionalization such as augmenting the sustainabil-
ity of the molecular catalyst by enhancing the metal-ligand
integrity and interposing a potent electron-sink chromophore.
The high yield synthesis (up to 94%) of poly-azaheterocycles
with merely 0.001 mol% catalyst loading demonstrates the
potency of azo-anion radical assisted catalysis. A diverse range
of primary and secondary alcohols are successfully used as sub-
strates. Furthermore, use of methanol/ethanol as C1/C2 synthon
(alkylating agents) enables the formation of challenging imine
intermediates from amidines through dehydrogenation under
mild conditions. This facilitates the synthesis of wide varieties

1. Introduction

Metal-organic catalysts have played an important role in achiev-
ing numerous synthetically valuable organic and biomolecules
that are otherwise challenging to achieve in realism. Remarkably,
palladium continues to rule the field in fine organic synthesis
when compared to other metals because it validates reliabil-
ity and uniformity in metal-mediated catalysis and exhibits a
wide substrate tolerance.!" However, the substantial expense
associated with palladium has limited its commercial adequacy,
thereby motivating the exploration of catalysts based on earth-
abundant, low-cost metals. Being the sibling, cost-effective
nickel is the most viable option. Furthermore, they show striking
resemblance in a number of organic catalytic transformation.!
Nevertheless, they differ in many instances as well due to
their innate physicochemical aspects. The recent development

[a] D.Jana, S. Malik, S. Halder, S. Naskar, K. Pramanik
Department of Chemistry, Jadavpur University, Kolkata 700032, India
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of s-triazines, and pyrimidines driven by the auto-tandem cat-
alyst. Mechanistic investigations reveal that the formation of
C—C and C—N bonds proceed through a metalloradical catalysis
(MRC) pathway instead of borrowing hydrogen (BH) method and
thereby addresses the challenge of controlling stereoselection.
This process is initiated by Ni-catalyzed acceptorless dehydro-
genation (AD) of the alcohol substrate, followed by a series of
sequential steps, including condensation, aza-Michael addition,
cyclization, and subsequent dehydrogenation. The well-defined
one-electron reductive response at —0.34 V (versus Fc'/Fc)
is indicative of the involvement of azo anion radical during
catalytic annulation. The formation of the ligand radical inter-
mediate was further substantiated by an electron paramagnetic
resonance (EPR) study conducted both in the presence and
absence of radical scavengers, specifically 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO), and butylated hydroxytoluene (BHT).

of homogeneous catalysis using 3d metals in organic synthe-
sis is highly promising as it has only lately begun to challenge
the abiding supremacy of late and mostly noble metals in this
field and they hold the potency of being able to encompass
large-scale synthesis with substantially high turnover number
(TON).B!

The synthesis of bio-active poly-azaheterocycles such as
pyrroles, pyridines, imidazoles, pyrimidines, and triazines pro-
cured from common alcohols is a rapidly expanding area of
interest for green sustainable chemistry.¥! Among these N-
heterocycles, the pyrimidine and s-triazine are found in a
wide range of bio-relevant molecules and are crucial struc-
tural motifs found in many pharmacological, enzyme inhibitor,
antifungal, anticancer, antitubercular activity, argochemicals.[>®!
In fact, a variety of synthetic procedures have been cited in
the literature depending on the substrates, reagents and reac-
tion conditions; where metal-mediated homogeneous catalysis
emerging as a versatile and valuable synthetic protocol due
to their gradual improvising catalytic efficiency, sustainability
and atom-economy (Scheme 1).” Nevertheless, such methods
in general suffer from the complications of physical separation
of product(s), formation of hazardous by-products, use of sto-
ichiometric or high amounts of base and low TON, i.e., high
catalyst loading. The primary drawback of homogeneous cata-
lysts is that they cannot be efficiently reinstated after the reac-
tion cycle, which makes cost reduction challenging in industrial

© 2025 Wiley-VCH GmbH
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Alcohol Dehydrogenation Catalyzed by Azo-Oxime
Coordinated Ruthenium(ll): A Strategic and Sustainable Route
towards Site-Selective C(sp®)-H Functionalization of

9H-Fluorene

Srijita Naskar,'@ Supriyo Halder,!?! Aritra Das,!®! Sampad Malik,?! Gopal Kanrar,!

Debashis Jana,?! Bikash Kumar Panda,!! Kausikisankar Pramanik,*/? and Sanjib Ganguly

The bidentate redox non-innocent azo-oxime ligand p-chloro-
aryl-azo-oxime (p-Cl-aaOH) has been used to synthesize a
robust as well as air- and moisture-stable complex trans-
[Ru(p-Cl-aa0)CI(CO)(PPhs),]. It has been thoroughly characterized
by various analytical, spectroscopic and Single-Crystal X-Ray
Diffraction (SCXRD) analysis. Its electrochemical property has
also been investigated and supported by theoretical studies. The
complex has functioned as an effective ligand-based catalyst
for dehydrogenation of diverse aromatic and aliphatic primary
alcohols followed by selective C(sp?)-H activation of 9H-Fluorene

1. Introduction

Fluorene and its derivatives are important group of compounds
having a biphenyl skeleton along with a rigid plane, thereby
facilitating w-cloud delocalization." These remarkable structural
features accounts for their varied properties and they can be
further modulated via introducing suitable functional groups
into the fluorene ring.?! The sustainable synthetic strategies of
fluorene derivatives is gaining importance in current research
owing to their potential applications in electronic and pho-
tochromic materials, particularly OLED ! and solar cells.!* This
is majorly attributed to the rich photophysical and photoelectric
properties of fluorene.!” These features have also been smartly
exploited over the years to formulate and synthesize a wide
range of polymers!® and dyes.”? This polyaromatic hydrocarbon
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under aerobic conditions through a tandem process. A probable
catalytic cycle has been projected from relevant experiments,
where the azo group of coordinated ligand plays a key role in
both dehydrogenation and borrowing hydrogenation processes,
while the ruthenium(ll) centre behaves as a passive spectator
throughout the reaction. The main advantages of this ruthenium
catalyst include its simple synthetic methodology, low catalyst
loading, wide substrate scope, shorter reaction times, and the
ability to perform catalytic transformations at relatively lower
temperatures.

(PAH) framework has been found to exhibit anticancer and
antimicrobial properties.’®! It also finds utility for exploration
of two-photon fluorescence bioimaging!®! (Scheme 1). As a
crucial component of coal tar, this PAH framework enables the
C—H functionalization of fluorene derivatives at the 9-position,
offering a transformative strategy for advancing environmental
sustainability and converting coal tar into valuable, high impact
products.

Conventional approaches for 9-alkylation of fluorene involve
condensation of aldehydes with fluorene, followed by hydro-
genation or an Sy2 reaction of fluorenes with excess alkylating
agents like haloalkanes in presence of strong and highly reactive
bases, for example KOH or t-BuLi. The earliest report published
in 1955 by Becker and co-workers defined the base-promoted
alkylation of fluorene using several aliphatic alcohols conducted
under rigorous conditions that involved the use of excess base
and elevated temperatures ranging from 210 to 220 °C. In
1965, Atkin’s group at Union Carbide Corporation revealed a
method for base-catalysed alkylation of fluorene and indene
with aliphatic alcohols.™ The process, however, demanded
excessive amount of base and harsh reaction conditions such
as high temperature (250 °C) and pressure (500 psi). The
major shortcoming of these strategies is formation of certain
undesirable byproducts and poly-alkylated compounds.™ These
methods lack sufficient control, often leading to a higher degree
of dialkylation rather than selective monoalkylation. A greener
and more selective approach for synthesis is the dehydrogena-
tion of alcohols using appropriate transition metal complexes
as catalyst via dehydrogenation and borrowing hydrogenation
(BH) or hydrogen auto transfer (HAT).l'"”) Owing to its operational

© 2025 Wiley-VCH GmbH
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