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Abstract

This thesis entitled “Development of Heterogeneous Earth-Abundant Metal Catalysts for
Chemoselective Functionalization of Methane and Other Hydrocarbons™ presents the use of
MOFs by fabricating them into suitable catalysts for the chemoselective functionalization of
various hydrocarbons such as methane, benzene and others using earth-abundant metal
catalysts. The transformations involve methane oxidation into ethanol, arene and alkene

borylations, nitrile reductions, etc. The thesis comprises of six chapters.

Chapter I: Introduction.

This chapter offers a summary of metal-organic frameworks (MOFs), their characteristics and
various applications including their functioning as single-site catalysts. It primarily delves into
the literature works concerning the utilization of MOFs as catalytic platforms and underscores

their development as heterogeneous catalysts for producing fine chemicals.

Chapter II: General Experimental Techniques.

This chapter presents an overview of the chemicals utilized in the research. The section
includes the experimental processes applied to purify reagents and products, as well as the
protocols for solvent drying and handling air- and moisture-sensitive compounds. Detailed
information is provided on the instrumental techniques employed for characterizing catalysts
and compounds, including specifies on sample preparation. Additionally, the chapter also

consists of the details of the software employed in theoretical studies.

Chapter I1I: Mixed Ce/Zr-MOF Node Supported Single-site Ni Catalyst for Selective
Methane Oxidation into Ethanol.

Ethanol is a versatile substance that plays a significant role in various industries as both a
commodity and a raw material. As a raw material, ethanol is used in the production of a wide
range of chemicals, including pharmaceuticals, polishes, paints, cosmetics, and as a liquid fuel.
The primary source of ethanol production is through the fermentation of crops such as sugarcane,
corn, wheat, etc. However, as the demand for ethanol is growing day by day, the use of crops for
ethanol production has raised concerns about food security due to the potential competition
between food and fuel production for land and resources. As an alternative, methane can be a
very good feedstock for ethanol synthesis because of its abundance and low cost. Moreover,
methane is the second most abundant greenhouse gas in the atmosphere. One-step methane

oxidation into ethanol may serve as a promising way of dealing with the problem of food security



as well as environmental issues. Many researchers have developed homogenous as well as
heterogeneous catalysts for direct methane to ethanol oxidation but these catalysts have suffered
from poor productivity and selectivity. Further research is needed to improve the production of
ethanol from methane oxidation through refinement of catalyst design.

In this chapter, we report the synthesis and characterization of a mononuclear nickel (II)-
hydroxyl species supported by Ce-doped Zr-MOF nodes (Cex/Zry-UiO-Ni(OH)) which enables
the direct conversion of methane to ethanol using H>O> as the oxidant. This chapter also

highlights the optimization of the reaction conditions.

Chapter IV: Mechanistic Investigation for Methane Oxidation to Ethanol by Mixed
Ce/Zr-MOF Supported Ni Catalyst.

This work emphasizes the critical role of node composition, Ni-Ce synergy, and active-site
isolation within porous MOFs for efficient and selective methane-to-ethanol transformation.

Spectroscopic and control experiments have unveiled that the synergetic Ni-Ce sites facilitate
the easy activation of methane's C—H bonds at 80 °C thereby, triggering the generation of *CHj3
radicals, which then undergo a highly efficient transformation into ethanol, with an excellent
yield of 6521 mmolgni™! with over 93% selectivity. Mechanistic investigations indicate that the
incorporation of Ce™ ions into the MOF's nodes, along with the proximity between Ce™ and
Ni*? ions, facilitates reversible dissociation of the Ce~Ocarboxylate bond and formation of the Ni-
(u2-OH)-Ce bond. This step is crucial in initiating the catalytic cycle for producing *CH3, which
has been characterized by performing electron paramagnetic resonance (EPR) experiments
with 5,5’-dimethyl-1-pyrroline-N-oxide (DMPO) as a radical trapping agent. Computational
studies have also been conducted to investigate the catalytic cycle and the turnover limiting

step (TLS).

Chapter V: Cobalt Catalyst Supported by Mono-Phosphine Metal-Organic Frameworks
for Highly Effective Borylation Reactions.

Phosphine ligands have always been of utmost importance in the production of many transition
metal catalysts due to their distinctive property of enabling convenient adjustment of electronic
effect without experiencing significant change in steric effects. In particular, mono-phosphine
ligands are easy to use because of their flexible structures and excellent catalytical activity. The
synthesis of monoligated phosphine base metal complexes is challenging because of their
tendency to undergo ligand exchange reactions. The site-isolation in metal-organic frameworks

(MOFs) could be employed to prevent such ligand exchange reactions.

Vi



In this chapter, we present a monoligated phosphine-cobalt complex supported by a MOF that
is an active heterogeneous catalyst for aromatic C-H borylation and alkene hydroboration. The
metalation of a porous triarylphosphine-functionalized MOF (MOF-P) with CoCl> was
followed by activation with NaEt;BH to synthesize the mono(phosphine)-Co catalyst (MOF-
P-Co). The arene- and alkyl-boronate esters can be produced with good yields and selectivity
using the MOF catalyst's broad substrate scope and excellent functional group tolerance. In
arene C—H borylation, MOF-P—Co provided a TON of 30,000 and could be recycled and
utilised at least 13 times. Importantly, the attempt to prepare the homogeneous control (PhsP-
Co) using triphenylphosphine was unsuccessful due to the facile disproportionation reactions
or intermolecular ligand exchanges in the solution. In contrast, the site isolation of the active
mono(phosphine)-Co species within the MOF affords robust and coordinatively unsaturated

metal complexes, allowing us to explore their catalytic properties and the reaction mechanism.

Chapter VI: Metal-Organic Framework Supported Bipyridyl-Ni(II) Hydride Catalyst
for Chemoselective hydrogenation of aromatic nitriles.

Primary amines play pivotal roles as intermediates in the production of fine chemicals,
pharmaceuticals, agrochemicals, and industrial materials. In recent times, several new catalytic
techniques have been developed to produce primary amines. These methods include the
hydrogenation of nitriles, amide hydrogenation, aryl halide amination, carbonyl compound
reduction amination, and direct alcohol amination. Among these, the hydrogenation of nitriles
is particularly noteworthy due to its cost-effectiveness, availability of nitriles, and atom-
economic nature. However, the selectivity of the reaction has been strongly decreased due to
the formation of by-products. For the transformation of nitriles into primary amines, various
reducing agents such as LiAlH4 ammonia borane, etc. have been employed in recent
years. Nonetheless, employing these reducing agents resulted in poor selectivity and produced
a substantial amount of waste, posing challenges for effective treatment. Hydrogen (Hz) is a
preferable reducing agent due to its theoretical atom efficiency of 100%.

In this chapter, we represent the development and characterization of a UiO-metal-organic
framework (MOF)-supported bipyridyl-Ni(Il) hydride catalyst (bpy-UiO-NiHz), and its
application in catalytic hydrogenation of aromatic nitriles into primary amines in the presence
of Hz as the reducing agent under mild conditions. bpy-UiO-NiH> has shown excellent
recyclability for many runs. Spectroscopic and control experiments were done to study the

mechanistic pathway.
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& U fawe gedi-ggy urg 3ol #T A" qedl-geR Ul 3Nl ST 3TN
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& [T 3uged SRA # 3¢ IR FXh MOFs T SUATT T Al &1 FICROT
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I 1: IRE.
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faEqd ST aTeT & 18 &, o el IR & & aR & fdagor anfaer gl
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& faavor o anfae B
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A ey Aegl § AUe F1 Uh HRIMSES dOH @ Thar &l S
MRl F MAAT T AT 3iTFAaoT & v s 3R RAvw 300+ fGefda

fpU g, ofhad T 300 W 3cUGahdl AR TIATCHSAT & I g1 3R B3
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