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ABSTRACT

Molecular modeling is a useful tool in the field of catalyst design for various processes.
The use of Density Functional Theory (DFT) is routine in almost every discipline of
chemistry. This allows for a deeper understanding of a molecular system even in situations
where implementation of an experimental technique is unfeasible. However, without the
right choice of theory and insufficient description, the model becomes susceptible to
produce ambiguous results. This often leads to poor correlation with experimental findings
hence an incomplete understanding of the system under study. Hence, to acquire a thorough
knowledge of the intricacies involved in a system, a judicious survey of the molecular

model is necessary.

Explored herein are embodiments of four catalytic systems, combining
computational and experimental techniques, to better understand the structure-function
relationship. The systems of choice include twelve homoleptic, and two heteroleptic Ni(II)
tris-pyridinethiolate water splitting catalysts, an organo-photocatalyst for aerobic oxidation
of benzylic alcohols, and finally a series of eighteen diarylhalonium salts and

diarylchalcogenides.

The first chapter describes a detailed study on homoleptic water splitting catalysis
that demonstrates the impact of intramolecular hydrogen bonding (H-bonding) on the pKa
of octahedral tris-(pyridinethiolato)nickel (I1), [Ni(PyS)s], commonly referred to as Ni(ll)
tris-pyridinethiolate. Protonation is a key step in catalytic proton reduction to produce

hydrogen gas, and thus optimizing the catalyst’s pKa is critical for catalyst design. DFT
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calculations on a [Ni(PyS)s]  catalyst, and eleven derivatives, demonstrate geometric
isomer formation in the protonation step of the catalytic cycle. Through Quantum Theory
of Atoms in Molecules (QTAIM), we show that the pKa of each isomer is driven by
intramolecular H-bonding of the proton on the pyridyl N to a S on a neighboring thiopyridyl
(PyS") ligand. Experimental measurements used to determine the pKa and reduction
potential (E®) of the catalysts support the formation of the geometric isomers upon
protonation, although the isomers complicate understanding the experimental results. This
work demonstrates that ligand modification via the placement of electron-donating (D) or
electron-withdrawing (W) groups may have unexpected effects on the catalyst’s pKa due
to intramolecular H bonding. This work suggests the possibility that modification of
substituent placement on the ligands to manipulate H bonding in homogeneous metal
catalysts could be explored as a tool to simultaneously target both desired pKa and E® values

in small molecular catalysts.

In the subsequent chapter a strategy to fine-tune the efficiency of a water splitting
[Ni(PyS)s] catalyst through heteroleptic ligand design was explored using a computational
investigation of the complete catalytic mechanism. DFT calculations supported by
topology analyses using QTAIM, show introduction of electron donating (D) -CH3 and
electron withdrawing (W) -CF3 groups on the PyS~ ligands of the same complex can tune
the pK, and E’, simultaneously. Computational modeling of two heteroleptic nickel(II) tris-
pyridinethiolate complexes with 2:1 and 1:2 ED and EW -CH3 and -CF3 group containing
PyS ligands, respectively, suggests that the ideal combination of EW to ED groups is 2:1.
This work also outlines the possibility of formation of a large number of isomers after the
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protonation of one of the pyridyl N atoms as observed in the homoleptic catalysis, and
suggests that it is important to carefully account for all possible geometric isomers in order
to obtain unambiguous computational results. This work provides a roadmap for synthetic
chemists to achieve a better water splitting catalyst that could work in elevated pH media
with lower overpotential.

The next chapter describes a novel reaction pathway to photochemically oxidize a
benzylic alcohol using an organocatalyst, N-hydroxyphthalimide (NHPI), and allows for
the simultaneous access to hydrogen peroxide (H202) as a value-added byproduct under
metal-free conditions. Photocatalytic oxidation of alcohols using oxygen often proceeds
through excitation of oxygen from its triplet ground state to the singlet excited state where,
singlet oxygen ('0,) is produced by using a photosensitizer to excite oxygen. Through
computational and experimental investigation of the process, we have evaluated that the
process utilizes '0> as the oxidant, that converts NHPI to the active radical intermediate
phthalimide-N-oxyl (PINO). PINO initiates the oxidation on the organic motif by the
abstraction of a H atom. Understanding the process in greater detail using computational
methodologies will allow for the design of more efficient photocatalysts that are capable
of carrying out more complicated aerobic oxidations using greener methods which is of

immense interest for both laboratory and industrial scale reactions.

Finally, a series of diarylhalonium salts and isoelectronic diarylchalcogenides were
studied. This chapter entails the deviation of the structural parameters of these compounds
from the well-accepted three center-four electron (3c-4e) bonding model. The existing 3c-
4e model describes the bonding in A*-iodanes accurately, however, fails to account for any
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structural deviation based on the periodic trends for hypervalent halogens and chalcogens.
To provide a better understanding of the bonding and properties such as halogen bonding,
and Lewis acidity, a major restructuring of the existing bonding theory was required. That
was achieved by the inclusion of computed s- /p- orbital mixing on the molecular orbitals
directed toward the incoming substituents, based on qualitative Bent’s rule. The
introduction of orbital mixing along with the electronegativity of the substituents in the
revised bonding could account for both experimentally observed thermodynamic and

kinetic reactivity of a series of halonium salts.

This work entails the exploration of different chemical systems that utilizes
appropriate molecular model using computational methodologies. The calculated results
were compared with the experimental investigations and a good correlation was observed.
The molecular models described herein can be extrapolated to structurally allied systems

to gain a better understanding of the underlying structure-function relationships.
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Chapter 1 Introduction

1.1 Structure Function Relationship

The structure-activity (function) relationship (SAR) is the interrelation between the
chemical structure of a molecule and its chemical and physical property.! The term first
was derived, in its original form, in a report published by Crum-Brown and Fraser in 1865.%
However, the central idea of the one-to-one correspondence between the chemical structure
and the reactivity of a molecular system was first proposed by A. F. A. Cros. In 1863 a
report titled as “Action de I’alcool amylique sur I’organisme” was published by Cros which
describes the interdependence of toxicity of primary aliphatic alcohols and their water

solubility.’

This idea was popularized among the medical practitioners at the time and was
accepted with the central axiom that activity of molecules is reflected in their structure,
hence similar molecules have similar activity.* The premise of drug-discovery and drug-
delivery research heavily relies on this principle, as the interactions of small molecular
systems and large macromolecules can be quantitatively understood under the description
of this simple principle. Even though, the principle was solely developed for, and by the
activity of biologically important molecular motifs, this was adopted by molecular
chemists in the mid-twentieth century. The similarities in chemical reactivity of structurally
allied small-molecular systems opened the door for (Quantitative) Structure Activity

Relationship (QSAR) in small molecules.?



Structure activity relationship was primarily investigated, exclusively, through the
experimental methodologies. However, introduction of the concept of theoretical
molecular modeling, along with the experimental techniques, to determine the
interconnection between the structure and the chemical activity of a molecular system
gained immediate success. The interdisciplinary research combining both experimental and
theoretical techniques in the exploration of SAR divulged into a better understanding of
the underlying chemical processes.’ This can be attributed to the development of
sophisticated mathematical models, and statistical correlations that relate the molecular
structure at the quantum domain with its material properties, since Schrodinger’s wave
equation.® This work entails the exploration of four small-molecular/catalytic systems
using experimental and computational methodologies to gain a detailed understanding of
the structure-function relationship with two broad objectives: 1) design a more efficient
catalyst; 2) develop a better theoretical model to describe the structural features that can

better describe the experimentally observed thermodynamic properties.

1.2 Molecular Modeling and Computational Chemistry

The quantum mechanical and wave-mechanical description of electronic orbit
(orbitals) pioneered by Bohr and Sommerfeld at the wake of twentieth century revealed the
laws that govern the microscopic world.” These discoveries changed the perception of
Dalton’s atomic theory and helped draw a line between the classical and quantum domain.
However, the Correspondence Principle helped bridge the two domains by the simplistic
description of the material world as a limit of large quantum numbers. In an independent

effort, Schrodinger developed a generalized mathematical model that further validates
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Bohr’s Correspondence Principle by simply expressing an atomic system using a set of
mathematical functions of the coordinates of electronic positions. These functions are
called wavefunctions and hold on to all the information about the system which can be
extracted when treated with mathematical operators corresponding to the physical

observables of interest. In short, it takes the form of an eigen-value equation given as:

HY=E¥ (1.1)

When the total energy operator, or atomic Hamiltonian (/) is applied to the atomic
wavefunction (¥), the wavefunction is regenerated along with the total energy value (E) of
the atom. This description simultaneously simplified and complicated the understanding of
the atomic model. The definition of an atomic system was contingent upon the description
of its Hamiltonian and the wavefunction, which significantly lowered the parametric
dependence proposed in other theories. But solution of the interactive potential energy

terms in the Hamiltonian is impossible due to the physical and mathematical limitations.

This introduced the importance of molecular modeling with the objective to
describe: 1) a Hamiltonian (H)) that closely resembles to the true atomic Hamiltonian (Hr)
where the interaction terms can be analytically solved; 2) a wavefunction (®) that takes up
the form of the true wavefunction (V). However, the search for better Hy and @ involves
rigorous iterative methods in order to derive a structure that has the attributes of a true
structure and cannot be done manually. To achieve that several models have been
developed over the years, that can harness the power of computers to numerically solve the

related wave equation for a molecular system. This method assumes that better the



description of the molecular model better is the structure hence associated molecular
property. One of the most descriptive, and widely accepted techniques of computational
molecular modeling is called the Density Functional Theory (DFT) developed by Walter
Kohn, Pierre Hohenberg, Lu Jeu Sham, John Pople, and others in the mid-1960s. In this
work, we have used DFT as a tool to describe the structures of the molecular systems
studied to better understand the associated reactivity.? The DFT results were analyzed using
the Quantum Theory of Atoms in Molecules (QTAIM) technique to investigate the short-
range hydrogen bonding (H-bonding) interactions, and Natural Bond Orbital (NBO)
method to better understand the contributions from the atomic orbital (AO) toward the
bonding interactions as seen in different molecules and will be discussed in the subsequent

sections.

1.2.1 Density Functional Theory (DFT).

Density Functional Theory is a quantum-mechanical atomistic simulation
technique that belongs to the family of first principle (ab initio) methods to compute a wide
variety of molecular properties.®!® This method is widely applied in organic, inorganic
chemistry, condensed matter physics, and materials science research, to name a few. DFT
has a strong predictive power and can handle essentially any element in the periodic table
without the manual addition of experimentally obtained input parameters because it relies
on the assumption that the properties of a molecular system can be expressed as a function
of distribution of electron density. Furthermore, DFT calculations help the understanding

of the behavior of different molecular systems under different conditions.



DFT relies on the computation of the total electron density of the molecular system
and hence does not require the explicit calculation of the wavefunction.!! It uses a pseudo-
wavefunction to compute a part of the energy and the rest can be calculated from the
electron density. Under the framework of DFT, the normalized wavefunction (V) and the
total electron density (p) are interrelated by the following equation, where N is the total

number of electrons:

_ ¥
=2 (1.2)

The simplicity of the theory and very high accuracy in the predictive power of
modern DFT methods, with low computational cost, has led the steady increase in its
widespread use compared to the other electronic structure methods, such as Hartree-Fock

(HF), Moller-Plesset perturbation theory (MP) and configuration interaction (CI) etc.

1.2.2 Quantum Theory of Atoms in Molecules (QTAIM).

Quantum Theory of Atoms in Molecules, or simply Atoms in Molecules (AIM) is
a model of electronic systems that describes interactions (such as, bonding) solely based
on the electronic densities of atoms in a molecule.!? It was mainly developed by Richard
Bader culminating the theoretical and experimentally measured electron densities in the
crystal structure. Under this description, a single molecule is expressed as an isolated
system consisting of atoms. The atoms can interact among each other by the electron
density, while the molecular interactions are thought to be a transfer of momentum. The

‘bonds’ are replaced by the concept of so-called ‘path’, as the trajectory in which the



electron densities are shared between the atoms. In this model, a bonding interaction is
characterized by the deposition of electron density while a non-bonding interaction is

simply the depletion of the electron density on the topological space.

The remarkable success of this model in understanding experimentally observed
short-range interactions in organic crystals has led to its wider application. Currently, this
model is used to investigate the non-classical intermolecular and intramolecular

interactions, namely hydrogen bonding, agostic interaction efc.

1.2.3  Natural Bond Orbital (NBO).

Natural Bond Orbital is described as a theoretical bonding orbital with the
maximized electron density. This method is useful to calculate the distribution of electron
density in atoms and within the bonding interactions in between atoms to form a molecule.
This method quantitatively describes the amount of atomic orbital contribution while
formation of a molecular orbital. This concept was first introduced by Lowdin in 1955 and

refined by Weinhold and co-workers.!*"1>

This method is used to better describe the electron density distribution in
compounds with high ionic character, usually containing a metal or a charged central atom.
Theoretically, the bonding NBOs (¢45) ,and antibonding NBOs (g.45*) between two centers
A and B can be generated by the linear combinations of the hybrid orbitals donated by A

(h4), and B (hp) using the following equations, respectively:

OB = CAhA + CBhB (13)



O;‘TB = CAh’A - CBhB (14)

The c4 and cp are described as the polarization coefficients and satisfy the

normalization condition, given by the following equation:

i+ ci=1 (1.5)

Natural Bond Orbital calculation’s treatment of the molecular orbitals are found to
generate satisfactory description of atomic orbital contribution to the bonding including
and beyond Lewis’s framework of covalent and ionic bonding. The modest computational
cost of this electron density-based calculation makes it an impressive tool to better
understand the structural features of molecules containing atoms with filled octet as well

as, hypervalent atoms.

1.3 Improvement of Molecular Models and Exploration of SAR

The use of the powerful computational tools, described in the previous section, has
shown great success in understanding the structure-activity relationship observed in the
small molecular systems.’ The geometry optimization using the analysis of the electron
density, performed by the DFT technique allows for a better description of the molecular
structure. The other molecular modeling tools, such as normal mode analysis, and QTAIM,
and NBO analysis enables the understanding of the molecular properties based on the

electron density distribution revealed by the DFT calculations.®%!°

Solution of the statistical mechanical relations, generally based on the electron

density distribution, by normal mode calculations qualifies the search for a stationary point,
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which is otherwise known as the conformation representing the ‘global minimum’ on the
potential energy surface. The search for the stationary points are important to ensure the
description of an adequate molecular structure that will further reveal the molecular
properties. The normal mode analysis also enables the attainment of thermochemical
properties such as Gibbs energy or, free energy (G). The use of Gibbs energy to calculate
the feasibility of a chemical process, using Hess’s law is commonly used in the research of
catalyst design. This is a powerful technique as it bridges the computationally modeled
structure with properties that can be investigated using experimental methodologies and
allows for modification in the computational model if necessary based on the correlation

between the experimental and computational results.

In contrast to normal mode calculations, Quantum Theory of Atoms in Molecules,
and Natural Bond Orbital calculations do not reveal any experimental properties that can
be tested by designing an experiment directly. However, both the tools are based on the
electron density distribution, which is a testable quantity. The use of QTAIM to gain insight
on the short-range interactions such as hydrogen bonding reveals useful insight on the steric
features and related properties of a molecular system. NBO analysis is a powerful
technique that directly informs about the orbitals involvements in the bonding interaction.
This is immensely popular in the field of small-molecular research as it allows us to
investigate the location of electron rich and electron poor centers within a molecule,
otherwise known as the ‘reactive sites’ for the understanding of the reactivity of a certain

class of molecules such as Lewis acids, halogen bond donor-acceptors, etc.



This work entails the use of the aforementioned computational methodologies in
conjunction with the experimental techniques to investigate the structure-function
relationships of four classes of small-molecular systems: 1) proton reduction homoleptic
Ni(Il) catalysts, 2) heteroleptic Ni(II) catalyst for hydrogen production, 3) photocatalytic

aerobic oxidation using an organocatalyst, 4) diarylhalonium salts.

The catalytic mechanism of proton reduction using Ni(Il) catalysts were
investigated using both experimental and computational methodologies. However, in the
previous reports the computational model for the proton reduction using such catalysts
overlooked the contribution of structural isomer formation based on a short-range hydrogen
bonding interaction. In this report, the catalytic cycle was revisited and the model
introduces the effect of H-bond driven isomerization. This improvement in the description
of the molecular model provides a better correlation with the experimental observation
related to these catalysts. It was observed that while modeling the small-molecular systems
using computational techniques, the contribution from the short-range interactions are
often disregarded. Our work on these catalysts addresses this issue and encourages the use
of improved molecular models while performing computations on structurally allied
systems. The research on the heteroleptic Ni(Il) catalysts was guided by the observations
from the homoleptic Ni(II) catalysts. Structural isomer formation and the effect of
intramolecular H-bonding were considered while computationally modeling these
catalysts. In addition to that, in this project the complete catalytic cycle of a structurally
more complicated heteroleptic metal-ligand system was investigated with the objective of
tuning the catalytic efficiency of such catalysts. This project provides useful insight to the

9



synthetic and experimental investigation of a new class of water splitting catalyst. The
experimental observations made in the organocatalysis of H>O> production and
concomitant aerobic oxidation of a benzylic alcohol inspired the third project, where the
catalytic mechanism was explored using the computational tools. The computational model
of the catalysis is well-correlated with the experimental observation. The deeper
understanding of the aerobic oxidation mechanism allows for the design of a better organo-
photocatalyst that can carry-out similar type of reactions with a variety of organic
substrates at mild reaction conditions, and as a result, produce a sustainable energy carrier,
H>O2. The use of NBO studies on the DFT optimized stationary structures of the
diarylhalonium salts and isoelectronic diarylchalcogenides allows for a better description
of the structural model for these types of compounds. The improvements made on the
existing bonding model provides a better understanding of the experimental results related
to the reactivity of these molecules. To reiterate the overall theme of the work, the use of
computational chemistry to investigate the SAR of small-molecular systems can provide
useful insights. However, the success of these powerful techniques are contingent upon a
better description of the model that can be finetuned based on the amount of correlation

between the experimental and computational results.

1.4  Alternative Energy Research

Since the dawn of human civilization, we have irreversibly changed the character
of our natural habitat, Earth. The Intergovernmental Panel on Climate Change (IPCC) has
reported that the scientific evidence for man-made climate change is overwhelming and

unequivocal.!””!” The ongoing warming of the climate is of particular significance, more
10



than 95% of the recent changes in the global climate is a result of human activity since the
mid-20" century. The first industrial revolution marked an unprecedented success in the
rate of production, but also posed a challenge in an extreme increase in green-house gas
emission. To slow the rate of green-house gas emission, we need to deviate from carbon-
based fuels and search for better alternative energy sources, which will meet the global
energy demand in a cleaner and more efficient way. However, developing inexpensive and
efficient methods to tackle the continuous growth in the global energy demand is one of

the pressing contemporary scientific challenges.?’

One successful attainment of this challenge involves harnessing solar energy
because of its inexhaustible supply and eco-friendly applications. Even though the sun is
the largest source of energy, the intensity of radiation on earth’s surface is low due to
atmospheric scattering effects. Furthermore, the sunlight that penetrates the atmosphere
mostly consists of visible and infrared radiation. One of the other practical challenges is
the energy availability to utilization ratio. Hence, for the successful implementation of
solar energy as a viable alternative to fossil-fuels, development of suitable storage method
is imperative. Among various other methods, storing solar energy into a chemical bond has
shown significant promise. The underlying principle behind this method is to carry-out a
chemical process that utilizes solar energy to convert simple molecules into fuels. These
fuels can generate energy when required, through the process of combustion or in a fuel-
cell. Since this chemical process mimics the natural process of photosynthesis to bind solar
energy into carbohydrates from water and carbon dioxide, it is referred to as Artificial
18,23

Photosynthesis.
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There are several known chemical conversions that can ultimately bind the sun’s
energy into a chemical bond generating a solar fuel. In this report we will explore two of
the most efficient solar fuels, molecular hydrogen (H2) and hydrogen peroxide (H>O-) and
their production pathways. H» is considered to be the most promising alternative to carbon-
based fuels with various possibilities to attend the global energy demand. Although, Ha is
a non-condensable gas at ambient temperature-pressure condition with not so impressive
volume energy density, it has the highest specific energy of combustion of all the chemical
fuels and a volume energy density that exceeds all batteries. Furthermore, burning H> does
not leave any carbon footprint. H> can be accessed from the reductive side of the water
splitting reactions through the reduction of aqueous protons. On the other hand, H>O; is a
liquid, non-explosive fuel which can generate electricity when used in a fuel-cell
producing water as the only waste product. H2Oz is an excellent and sustainable energy
carrier and can be produced by the two-electron reduction of O>. When compared to Ha,
the use of H>O» is more advantageous and practical because it is almost $1.5/gge cheaper.
The bottleneck of the widespread use of H2O: as a fuel is its susceptibility toward

decomposition and inefficient production pathways.*2°

1.5 Water Splitting for Hydrogen Production

As fascinating and simple it might sound, producing molecular Hz and O from
water (H20) in an experimental set-up is extremely challenging due to the high
overpotential associated with the inert reaction kinetics. It is for this reason involvement
of a suitable catalyst is imperative to lower the overpotential of the water splitting reaction

in ambient temperature-pressure conditions.?® To use molecular H> as a viable chemical
12



fuel for long term use on a global scale, the water splitting reactions must be light-driven,
and the overall process will require a photosensitizer (PS), an electron source, aqueous
protons, and a catalyst to reduce the overpotential of the reaction. That being said, there
are a number of ways to refine or optimize the process of the photogeneration of H gas.
Several attempts have been made in this field for over the last 45 years studying the
reductive half of the water splitting reaction. However, in this report, we will be strictly
focusing on a specific kind of proton reduction catalyst which has proven to be very

efficient in sustainable production of Hz from water.?%22

Due to lower overpotential for proton reduction, Pt and Pd complexes were most
frequently studied as H, generation catalysts. But due to the low abundance and higher
cost of these metals, the interest has been shifted to the research of noble-metal free catalyst
design for water splitting. Several transition metal complexes with Fe, Co, Ni have been
proven to be effective for water splitting. Especially, the nickel(Il) tris-pyridinethiolate,
[Ni(PyS)s], catalyst has shown high efficiency and stability in both photochemical and

electrochemical systems.?’ %

1.5.1 Computational modeling of homoleptic [Ni(PyS)s3] catalysis.

The catalytic mechanism of hydrogen production from proton reduction was explored
using both computational and experimental methodologies. A molecular model, supported
by the experimental observations made by spectroscopic and electrochemical techniques,
reveals that the catalytic cycle initiates by the protonation of one of the pyridyl N and

dechelation from the metal center. This is followed by a one electron reduction step and
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subsequent Proton Coupled Electron Transfer (PCET) to generate a Ni-hydride
intermediate.>® This step brings to H atoms close to each other that ultimately leaves as a

dihydrogen molecule through the formation of a covalent bond, closing the catalytic cycle.

This model did a decent job of explaining the experimental observations, however,
left room for improvements. Revisiting the literature on these types of molecules revealed
that the complex prefers a particular ligand orientation around the transition metal center
observed by X-ray crystallographic methods.?! This ultimately gives rise to asymmetric
chemical environments around the pyridyl N atoms; hence the proton affinity of the N

atoms are unequal.

Computational modeling on the structure of the [Ni(PyS)s] revealed that the energy
of the meridional isomer is lower than the corresponding facial isomer as observed in the
X-ray structure determination. The catalytic mechanism was reevaluated by separately
protonating each of the pyridyl N atoms to test for the preferential protonation step. It was
observed that the protonation generates four structural isomers of the intermediate. The
initial computation assumes that protonation is dictated by the thermodynamic trans effect.
However, the improved molecular model reveals that the protonated isomer formed as
guided by frans effect contributes the least amount to the overall population. QTAIM based
topology analyses report that the protonation is guided by the formation of an
intramolecular H-bond rather than the thermodynamic #rans effect. This modification in
the molecular model provides a better correlation between the calculated and
experimentally observed pK. values. Furthermore, provides a logical explanation to the

absence of a true isosbestic point in the UV-Vis titration varying pH of the solution. During
14



the reduction of the catalytic intermediates, the coordination geometry around the Ni center

changes to a trigonal bipyramidal geometry from a square pyramidal geometry.

The observations made for the unsubstituted [Ni(PyS)3]” were tested for eleven
substituted complexes with different electron donating and electron withdrawing groups
on different carbon centers of the aromatic thiopyridyl ligands. Structural isomerization
upon protonation was observed irrespective of the electronic and steric configuration of

the donating ligand atoms.

The exploration of the catalytic mechanism of the water splitting by [Ni(PyS)3]
using better molecular model provides a better understanding of the structure-function
relationship. The importance of considering short-range interactions in small-molecular

catalysts opens up a new direction in the catalyst design research.
1.5.2  Heteroleptic nickel(Il) catalyst design for water splitting.

This work capitalizes on the importance of protonation and subsequent reduction
steps during the catalytic water splitting to produce H> gas by the Ni(Il) catalysts. The
efficiency of these catalysts can be tuned by the heteroleptic ligand modification, meaning
installing different ligands around the metal center with the objective that one type of ligand
will optimize the protonation step while the others will affect the reduction step.*?
Installation of electron donating group improves the pK, while reduction potential (E?) is
affected by the introduction of an electron withdrawing group on the metal-ligand
framework. Both the steps need to be optimized simultaneously for a better catalytic

activity hence it is required to design a heteroleptic Ni complex.
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This work constitutes the detailed study of two heteroleptic Ni(Il) catalysts. The
electron donating -CHj3 and electron withdrawing -CF3 groups were introduced to the ligand
framework in 2:1 and 1:2 ratio. The computationally designed heteroleptic catalysts were
compared with the analogous homoleptic catalysts with same ligand environment around

the Ni centers for the optimization of the design.

The structurally more complicated heteroleptic catalysts showed the possibility of
generation of a large number of geometric isomers upon protonation, guided by
intramolecular H-bonds, as seen in case of the homoleptic catalysts. The reduction step for
the heteroleptic catalysts changes the coordination geometry around the metal center
through the reorganization of the ligands. The pK, of the pyridyl N atoms containing the
electron donating -CHs group is higher than the electron withdrawing -CF3 group
containing ligands. While the more -CF3 group containing complex had a more positive £’

value indicating an easier reduction step.

When the results from the heteroleptic catalysts were compared with the
structurally analogous homoleptic complexes it was observed that the thermodynamic
parameters guiding the catalytic efficiency had intermediate values between the two
extrema marked by the homoleptic catalysts. It was also observed that both the heteroleptic
complexes has a similar thermodynamic feasibility for the penultimate PCET and final
hydrogen evolution steps, further justifying catalyst modification targeting the first two
steps. Furthermore, this study reveals that the ideal configuration for a Ni(II) complex that
can catalyze the proton reduction requires one electron donating group in the ligand

environment ensuring protonation of a specific pyridyl N atom and two electron
16



withdrawing groups for a more spontaneous reduction step.

The computational design on the heteroleptic Ni complexes provides a novel
strategy for finetuning the catalytic efficacy of a well-known water splitting catalyst. This
strategy can be extrapolated to the other transition metal-ligand complexes following
similar mechanism by targeting the thermodynamic parameters responsible for the catalytic
activities. The chemical properties responsible for a successful catalytic turnover can be

modified by simple and selective structural modification around the ligand environment.

1.6 Aerobic Oxidation and H>O; Production

Oxidation reactions are important for the production of many agro- and pharma-
chemicals and often use stoichiometric metal-oxides that produce significant amounts of
toxic waste.** The use of oxygen from the air as the terminal oxidant would eliminate this
waste. However, aerobic oxidation reactions are challenging and often require transition-
metal catalysts. Nevertheless, aerobic oxidation can be achieved using photocatalysis.
Primary and secondary alcohols can be oxidized to corresponding higher-value aldehydes
and ketones.>* 3¢ With that objective, we have designed a novel strategy to use aerobic
oxygen as an oxidant to oxidize benzylic alcohols using a metal-free catalyst under
photochemical conditions. This process produces hydrogen peroxide (H202) as a by-
product. H>O» is not only one of the most industrially relevant molecules, but also is a
sustainable energy carrier that can be used as fuel to generate electricity. Oxidizing
industrially relevant alcohols to high-value products using a metal-free photocatalyst is a

novel approach to address aerobic oxidation reactions while the photochemical production
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of H>O» has potential industrial applications. The current method of H>O» production
utilizes the Anthraquinone Process (AP) that uses Hz and Oz and a Pd catalyst.’”® This
process requires large chemical plants and major disadvantages include mass-transport
limitations of hydrogenation and oxidation steps, and substantial investments for
purification, storage, and distribution. Only a handful of chemical plants produce over 4.5
million tons of H>O; that are used industrially every year, which is then shipped to the
point-of-use. Our goal is to optimize a greener method of H2O: production by investigating
the mechanistic pathways, designing better catalysts, and potentially broadening the
window of oxidizable materials for widespread application through synthetic and

experimental strategies with computational methodologies.

The photocatalytic aerobic oxidation of benzylic alcohols to carbonyl compounds
utilizes an organo-photocatalyst, N-Hydroxyphthalimide (NHPI). The use of NHPI as a
catalyst (and cocatalyst along with metal complexes) is well-known for a variety of
chemical transformations, such as sp3 C-H bond activation, C-C bond activation, alkane
oxidation etc.>*363%4° However, these reactions are generally performed under thermal
conditions. In some cases, NHPI is used in stoichiometric amount for successful
application. But recent reports have shown a growing interest in the use of NHPI in
catalyzing reactions under photochemical conditions. This can be attributed to the
generation of phthalimide-N-oxyl (PINO) radical by a homolytic cleavage of the O-H bond
in NHPI. PINO is thought to be the active radical that initiates a radical cascade mechanism
by the abstraction of a H atom from the organic substrates. PINO radical decomposes at 85
- 90 °C. Hence using thermal condition is not beneficial.*®
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The NHPI catalyzed aerobic oxidation of alcohols and concomitant production of
H>0O; was reported under thermal conditions, earlier. This method utilizes 10 mol% catalyst
loading and shows 50% yield of H20,.*" The advantage of the novel photochemical
method, explored herein, is the requirement of lower catalyst loading (5 mol%) and a high
stability of the products under reaction conditions. No decomposition product was
observed on the 'H NMR spectra of the reaction condition after 18 days. Both of which

can be attributed to the decomposition of PINO under elevated thermal conditions.

The reaction mechanism of this process was studied using computational
methodologies. It was observed that the reaction utilizes singlet oxygen as the reactive
oxygen species which was correlated by the experiments. In presence of light and singlet
oxygen the O-H bond in NHPI cleaves and forms PINO. PINO abstracts the H atom from
the alcohol to regenerate NHPI. The hydroxyl radical generated, thus reacts with singlet
oxygen to, ultimately producing a carbonyl compound through a series of radical

mechanism and release a H,O, molecule.

The use of NHPI to perform aerobic oxidation reactions addresses different
challenges in the field of aerobic oxidation catalysis. First and foremost, this method is a
greener alternative to most common alcohol oxidation reactions. NHPI is a simple organic
compound, this allows us to tune the efficiency through simple modifications.
Photochemical oxidation can be performed at room temperature or lower without the
decomposition of the reactive intermediates. Most importantly, this method generates H20O:
as a value-added product. Due to the absence of any metal-based strong oxidizing agent

and harsh reaction conditions, the generated H2O2 will not be decomposed and can be
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extracted from the mixture with simple liquid-liquid extraction.*’ The understanding of the
mechanism of aerobic oxidation catalyzed by NHPI allows us to broaden the scope of
reaction by sampling a variety of substrates, which is of immense interest at both laboratory

and industrial scale.

1.7 Computational Modeling of Diarylhalonium Salts

Diarylhalonium compounds have emerged as catalysts and reagents in a wide
variety of organic conversions. The mild reaction conditions have allowed these molecules
to be suitable for sustainable chemical research.*! Despite the attention and surge in the use
of these reagents, the lack of understanding of the bonding, have limited the knowledge

about the structure-activity relationship.

The widely accepted bonding theory for these types of molecules is termed the three
center-four electron (3c-4e) model.*>* This model describes the bonding in hypervalent
halonium salts by the involvement of an unhybridized p- orbital from the central halogen
atom. Under the description of this model the hypervalent bonds in the halonium
complexes form a symmetric linear triad with an internal bond angle of 180°. As a result of
which the bond angle between the aromatic carbon atoms and the central halogen atom is
90°. However, the experimentally observed X-ray bond angles are quite deviated from the
theoretically predicted bond angles. Furthermore, the experimental structural parameters
show that the C-X-C bond angles are much wider when the central halogen is a smaller
chlorine atom than a larger iodine atom. The chemical properties such as Lewis acidities

of these type of compounds calculated based on the simplistic 3c-4e model was erroneous
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and showed very poor correlation with the experimental results. Evidently, a refinement of

the existing bonding model was necessary.

In attempt to make improvements to the 3c-4e model which can encompass most
structural features of diarylhalonium salts and hence give insight to the experimental
chemical reactivity, a series of known diarylhalonium compounds were studied using DFT
calculations. It was observed from the NBO analysis of the electron density of these
molecules, as opposed to the accepted bonding theory, the central halogen atoms use both
s- and p- to accommodate the incoming ligands. When the concept of orbital mixing was
introduced the calculated bond parameters showed excellent correlation with the
experimentally observed structures. This model describes that the lighter halogen atoms
uses more %s- character to the bonding than the heavier group congeners accounting for a
higher C-X-C bond angle. Similar observations were made when the theory was applied to
the isoelectronic diarylchalcogenides. The Lewis acidities of three newly synthesized and
characterized unsymmetric phenyl(mesityl)halonium compounds were investigated using
both computational and experimental methodologies. The calculated properties were in
agreement with the experimental results and could accurately predict the periodic

dependence in the reactivities of those compounds.

This updated generalized bonding model to describe the structural behavior in
diarylhalonium and diarylchalcogenide compounds and their associate reactivities suggests
the importance of considering the concept of orbital mixing while describing the bonding

models. The excellent correlation between the experimental and theoretical results indicate
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that this model can be used to describe interactions such as halogen- and chalcogen bonding

shown by other main group elements.

1.8  Summary

This report underlines the importance of the choice of adequate molecular model
to understand the structure-function relationship in a number of molecular systems. Since
the development of computational methodologies extensive has increased the
understanding of the molecular systems. However, an adequate and well-rounded
molecular model is necessary for general success, measured by the correlation between
experimental observations and calculated results. Otherwise, it will lead to an erroneous

and incomplete understanding of the molecular system.

The DFT calculations and subsequent QTAIM based topology analyses to
investigate the role of an intramolecular H-bonding interaction on the catalytic cycle of
homoleptic Ni(II) catalysts is disclosed in Chapter 2. This work was published in Dalton
Transactions in 2022. Chapter 3 details the computational study of the catalytic mechanism
of heteroleptic Ni(Il) water splitting catalysts. This work was submitted to Canadian
Journal of Chemistry. The work on aerobic oxidation of benzylic alcohols and concomitant
production of H2O; is described in Chapter 4. A provisional patent document was filed
based on this work. Chapter 5 moves on to describe the generalized bonding model for
diarylhalonium and diarylchalcogenides and published in Chemical Science in 2022. Final

conclusions are described in Chapter 6.
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Chapter 2 Computational Investigation Into Intramolecular Hydrogen Bonding
Controlling the Isomer Formation And pK, of Octahedral Nickel (II) Proton Reduction

Catalysts

Bhattacharjee, A.; Brown, D. S. V.; Virca, C. N.; Ethridge, T. E.; Mendez Galue, O.; Pham,
U. T.; McCormick, T. M. Computational Investigation Into Intramolecular Hydrogen
Bonding Controlling the Isomer Formation And pK, of Octahedral Nickel (II) Proton

Reduction. Dalton Trans. 2022, 51, 3676 — 3685.

2.1 Introduction

Electrochemical and photochemical proton reduction catalysts that generate
hydrogen from water have potential applications in storing solar energy through artificial
photosynthesis.!”?* The pK, of such compounds can play a critical role in their reactivity
and the conditions in which they operate. Proton reduction catalysts are characterized by
the pH required for protonation of the catalyst, as well as the electrochemical potential (E”),
required for hydrogen production.***® Understanding the structural factors that contribute
to pK, and E’ is critical to predict structure-function relationships.**~>? Computational
studies allow for the detailed investigation of these two thermodynamic properties of the
catalyst.’>** The extensive use of DFT has allowed for notable success in the field of
catalyst design, ligand modification, and enhancement of catalytic efficiency, in particular
for homogeneous metal catalysts, and thus has proven to be an indispensable tool.!¢-3%-35-5

However, it is imperative to acquire a thorough knowledge of the intricacies involved in a
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system through a judicious survey of the molecular model that can justify the mechanistic

details of the catalytic cycle in order to obtain unambiguous results.

Homogeneous catalysts based on earth-abundant metals have been shown to be
efficient in converting protons to hydrogen gas.?’?*6%7! This work examines the
computationally derived structures involved in the catalytic cycle for hydrogen production
by tris-( pyridinethiolato)nickel (II), often reported as nickel (II) tris-(pyridinethiolate),
[Ni(PyS)s]", and its derivatives, originally developed by Eisenberg and co-workers.?®”° The
catalytic cycle has been proposed to proceed through a CECE (Chemical-Electrochemical-
Chemical-Electrochemical) mechanism, starting with protonation of one of the pyridyl N

atoms (Figure 2-1).%

Both computational and X-ray studies have shown that the three
pyridinethiolate (PyS’) ligands are oriented in a pseudo-octahedral meridional geometry
around the Ni(II) center.?**>7° The asymmetric chelation of bidentate PyS- ligands results
in each coordinated atom occupying a unique chemical environment. In this computational
work, we show that protonation of each of the three pyridyl N atoms results in geometric

isomers of the protonated intermediate with calculated pK, values varying by up to ~3 pK,

units between the isomers for a single compound.
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Figure 2-1. The proposed catalytic cycle of [Ni(PyS)s]™ catalyst. Compound 1" is
protonated at a pyridyl N to form 1-H. This is then reduced to 1-H". Subsequent addition
of another proton and electron makes the intermediate 1-Hz that can release H: to
regenerate 1-.

The formation of geometric isomers during the catalytic cycle of H> production by
[Ni(PyS)3]- has not been considered previously. By separately modeling all possible
isomers formed by the protonation of the starting [Ni(PyS)s]- catalyst, we are able to
identify structural elements that significantly impact the calculated thermodynamic
parameters of each geometric isomer. Specifically, we have found that intramolecular H-
bonding plays a key role in the pK, values of the different protonated isomers of the
catalyst. H-bonding has a pivotal role in explaining the structure-function relationship in
large macro-molecular systems like proteins.”>”> However, large changes in the pK, of
small inorganic complexes due to intramolecular H-bonding have been relatively

unexplored. Reports by Kass et al, showed the importance of inter- and intra-molecular H-
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bonding on the pK, of organic acids and their reactivity.”®”” The effect of H-bonding on
the transition metal catalysis has also been reported in experimental and computational
studies where they found H-bonding can facilitate the catalytic pathways by stabilizing
intermediates. For example, hydrogen evolution [Ni(P2N2)2]** type catalysts shows an
intramolecular Ni...H-N bonding during catalysis.”® Another Ni(0) catalyst operates in
reversible alkenyl functional group swapping reaction by the formation of catalytic
intermediates stabilized by H-bonding interactions.” Intramolecular H-bonding, however
rare, plays a crucial role in small molecule catalysis. Through computations, we have found
the calculated structure of protonated [Ni(PyS)s]- catalyst is complicated by both isomer
formation and intramolecular H-bonding. We have found that the lowest energy isomer
formed during the protonation step of the catalytic cycle is controlled through the H-bond

stabilization energy which overcomes the thermodynamic trans effect.
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Scheme 2-1. Pyridinethiolate (PyS’) ligands used to model the family of
[Ni(PyS)s]- catalysts: The unsubstituted ligand (L1, red); The homoleptic complexes
containing ligands L1-L7 (blue) has been investigated both experimentally and
computationally; The complexes containing ligands L8-L12 (green) have been studied
only computationally.

Ligand modification is often employed to improve catalytic turnover frequency and
overpotential by tuning the pK, and E”.2%3? We have found, through the modeling of several
catalysts with ligand modification, that structural changes result in unique population
distributions of the isomers for each catalyst, which do not directly correlate with the
electronic effects of the substituents. This work explores the role of intramolecular H-
bonding on the structure and stability of the catalytic intermediates of the proton reduction
catalyst, [Ni(L1)3] and six derivatives ([Ni(L2)3]" through [Ni(L7)3]") using computational
methodologies and compared to experimental results (Scheme 2-1). The knowledge
gathered from those compounds were further employed to five other derivatives with

ligands that are not commercially available ([Ni(L8)3]" through [Ni(L12)3]") using
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computational modeling (Scheme 2-1). The comparison to experimental data highlights
the necessity of computationally considering the structural isomers to provide an
explanation for unanticipated results. We have calculated pK, E’ values, and the
Boltzmann population distribution of the geometric isomers of each catalyst based on
computed thermodynamic energies. Topological analyses further revealed that the varying
stability of these isomers results from the strength of the intramolecular H-bond between
the H attached to the pyridyl N and the S atom from an adjacent PyS- ligand. The structure-
reactivity relationship uncovered herein highlights the importance of carefully considering
geometric isomers while conducting computational studies on octahedral complexes. This
report aims to benefit chemists studying the catalytic mechanism of octahedral metal-

ligand complexes to understand their system in greater detail.

2.2 Methods

2.2.1 Density Functional Theory (DFT) Studies.

The quantum chemistry package Gaussian 09 suite of programs was used to
perform all of the calculations in this report.?® The geometries of the starting catalyst, 1-
were optimized in both singlet and triplet spin states at three different DFT level of theories
namely, B3LYP, B3P86, M11-L with 6-311+G(2df,2pd) basis sets in polarized continuum
(PCM) water solvation model. The triplet configuration of the starting catalyst was chosen
by comparing the single-point energies to the singlet states at all the DFT level of theories
(Appendix Table 1).2° The B3P86 functional was chosen for the subsequent calculations,
as it best described the geometries of the starting catalysts with the most negative single-

point energies for all of the catalysts reported herein. The isomers of protonated
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intermediates, 1-H, were modeled with B3P86/6-311+G(2df,2pd) at a triplet spin state
employing both water and acetonitrile continuum solvation models, while the isomers of
reduced intermediates, 1-H-, were modeled at doublet spin state utilizing the same method
in both water and acetonitrile implicit solvent models. The frequency calculations were
performed on the stationary points and resulted in no imaginary frequencies. The Gibbs
energies (G) for each intermediate were obtained using the sum of thermal and electronic
energies from the thermochemistry calculation using normal mode analyses. The free
energy change (4G2.,,) for all the reactions were calculated using Hess 5 law of constant

heat summation.

2.2.2 Calculated pK, Values.
The complexes were protonated at the three different N atoms separately, creating
the protonated isomers. The geometry of each isomer was optimized, and the pK. of the

individual protonated isomers were calculated (eqn. 2.1).

AG°
RTIn10

pK, = — (2.1)

Here, AGY is the free energy change for reaction described by eqn. 2.2, R is the universal
gas constant and 7 is the absolute temperature of the system (298.15 K). For the following
acid-base reaction described by eqn. 2.2, the free energy change (4GY.,) of reaction is

calculated as follows (eqn. 2.3):

1"+ H* 51-H (2.2)

AGPn = Gy — (G- + Gy+) (2.3)
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The free energy change for this acid-base reaction was calculated using the parametric
value of -264 kcal/mol the energy for a water solvated proton (Gy+) that includes

translation entropy and solvation free energy.3-81-%3

2.2.3  Calculated E° Values.

Reduction potential values (E”) were calculated for the reduction steps for all the
protonated isomers. The AG” for the isodesmic reaction (eqn. 2.4) was used to obtain the
E of the reduction reactions employing eqn. 2.5, where F is Faraday’s constant and £’y

is the experimentally reported £ for the conversion of [Ni(PyS)s3]H to [Ni(PyS)s]H", -1.62

V vs. SCE.*?
[Ni(PyS);]JH+1—H~ — [Ni(PyS);]H-+1—H (2.4)
AG®
E®= —=—+ Eps (2.5)

Computational pKa and E° values, are compared to previously reported experimental

data.3229

2.2.4  Thermodynamic Population Analysis.

The relative population (x) of each of the isomers for the complexes were calculated
using the Boltzmann distribution formula at 298.15 K and normalized to unity with respect
to the most stable isomer, assuming the population was determined only by the
thermodynamic stability (eqn. 2.6), where AG/ is the difference in the free energy of the
most stable isomer relative to another isomer, R is the universal gas constant, and 7 is the

absolute temperature.®* Based on the population analysis, the weight-averaged pK, values
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were calculated for the protonated isomers by taking a weighted sum of the pK, values for
the individual isomers and dividing it by 100.

AG?
eXp(‘ L/ RT)

X = m x 100 (2.6)
2.2.5 Quantum Theory of Atoms in Molecules Analysis.

The intramolecular H-bonds that stabilize the isomers were investigated by the
topological analysis of the electron density distribution using Bader’s Quantum Theory of
Atoms in Molecules (QTAIM).?>8¢ Wavefunction files for the AIM analyses were prepared
from the optimized structures of the complexes using Gaussian 09 package and further
analyzed by Multiwfn 3.7 program.’®®” The bond energies (BE in kcal/mol) of the
intramolecular H-bonds were calculated using eqn. 2.7, where p(r) is the electron density

at the bond critical point (BCP) corresponding to the H-bonding interaction. %%

BE ~ —223.08 % p(r) + 0.7423 2.7)
2.3 Results and Discussion
2.3.1 Structure of catalysts.

The unsubstituted [Ni(L1)3], 17, adopts a pseudo-octahedral geometry, where the
Ni (IT) center is coordinated by three bidentate pyridinethiolate (PyS") ligands. Based on
the orientation of the ligands around the metal center, the compound might have two
geometrical isomers: facial (fac) or meridional (mer). X-ray crystallographic studies,

supported by computational investigations, reveal 1" is thermodynamically more stable in
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the chiral mer geometry over the fac geometry.”® Computational modelling of the mer
isomer of [Ni(L1)3]" was performed using three functionals, B3P86, B3LYP, and M11-L
using 6-311+G(2df,2pd) basis sets, in both singlet and triplet spin states. The triplet spin
state of the catalyst is calculated to be about 0.02 Hartrees more stable over the singlet spin
state, irrespective of the choice of the functional (Appendix Table 1). This is supported by
paramagnetic broadening observed in the NMR spectrum of the complex.?® The lowest
single point energy was obtained for the B3P86/6-311+G(2df,2pd) as a triplet state in the
mer geometry which best described the structure of the catalyst. Since the three bidentate
PyS™ ligands are oriented in mer configuration, the chelation is unsymmetrical resulting in
the three chelating pyridyl N atoms, and the thiolate S atoms all being different from one

another.

The same methods were followed while modelling the ligand modified [Ni(PyS)3]
catalysts. Ligand modification through substituting ED and EW groups on the pyridyl ring
shows an interesting effect on the structure of the catalyst. When there is a substitution on
the C-6 atom of the aromatic ring, the fac isomer becomes preferred, which is observed
through structure determination using X-ray crystallography for [Ni(L7)3]" and via DFT
optimized structures by comparing the single-point energies of both the fac and mer
isomers of the same compound.?® This is observed computationally when C-6 was
substituted with an ED methyl group (CH3) as well as EW trifluoromethyl group (CF3),
which led us to believe that this phenomenon is solely governed by steric effects and not
electronic effects.?® In the fac form of the catalyst, the three chelating N atoms are
equivalent due to an identical chemical environment which they belong to (all are trans to
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a chelating S). Hence, the chemical behavior of these atoms is identical and the pK, values
are the same. However, substitutions made on either C-3, C-4, or C-5 atom do not alter the
mer arrangement of the ligands around the metal center seen for the unsubstituted catalyst.
Hence, these ligand-modified catalysts also have asymmetrical pyridyl N atoms and will
result in isomers upon protonation that will need to be considered while computationally

modelling these compounds.

Compound 1° has been shown to catalyze the conversion of H" to Hz under both
photochemical and electrochemical conditions (Figure 2-1).2%23270 We have previously

reported that the catalytic mechanism is initiated by the protonation of one of the three
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Figure 2-2. a. Ball and stick representation of the geometry around the Ni-center
demonstrating the three different N and S environments, b. Nomenclature of the three
different pyridyl N atoms. N[R] lies right of the plane of S atoms, N[C] lies in the plane,
and N[L] lies to the left of the plane.

pyridyl N atoms, which forms a penta-coordinated 1-H intermediate.?’ The next step of the
catalytic mechanism is the reduction of 1-H to 1-H" intermediate. Computational modelling
was performed on 17, as well as 1-H and 1-H" in order to calculate the thermodynamic
parameters (pK, and E”) responsible for the catalytic activity. The asymmetric environment

around the Ni has not been previously considered, and the unique electronic and geometric
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environment of each N, form three possible protonation sites for the first step of the

catalytic cycle.

2.3.2  Protonation of Ni[(PyS)s] catalysts.

The three possible protonation sites on different N atoms can be visualized when
the molecule is oriented such that the two trans S atoms are placed on the equatorial plane
of the octahedron, one pointing away and the other into the plane of the page. The third S
atom is oriented to the apical position that is along the positive Z-axis, leaving the trans N
atom to be on the apical position along the negative Z-axis (considering the Ni center to be
the origin). Hence, the bottom apical N atom is connected to the S atom coming into the
plane of the page. In this orientation, we can identify the different pyridyl N atoms as N',
N2, and N3, and thiolate S atoms as S!, S, and S, where S! and N! are on the same ligand.
N3 is trans to S, and while both N! and N? are trans to one another, S! is trans to S* while
S? is trans to N° (Figure 2-2a). Due to the asymmetry of the three PyS- ligands, the pyridyl
N atoms are electronically and geometrically distinct from one another. The first step in the
catalytic cycle is protonation of a pyridyl N.>* Computationally, any one of the pyridyl N
atoms can be protonated. Care must be taken when performing computational studies on

such structures as appropriate choice of the correct isomer can alter computational results.
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We have established a nomenclature to identify the isomers formed through

protonation of each of the N in 1". Pyridyl N atoms can be distinguished by drawing an

imaginary plane containing S', S%, and S* atoms (yellow plane) (Figure 2-2b). If N* atom,

which belongs to the plane, is oriented down, then N! and N? atoms will be on the left and

right side of that imaginary plane, respectively. For clarity and simplicity, we have

identified N3 as the central (N[C]), N! as left (N[L]), and N? as right (N[R]) N atom. Thus,

if N[C] is protonated, we call the generated isomer the [C] isomer of 1-H; therefore,

protonation of N[L] and N[R] results in the formation of [L] and [R] isomers of 1-H,

respectively (Figure 2-3).
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Figure 2-3. Formation of isomers upon protonation of the different pyridyl N atoms
without considering the intramolecular hydrogen bonding between the introduced proton
on the pyridyl N atom and adjacent thiolate S atoms.
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The protonated intermediates, 1-H were modeled by optimizing structures formed
by separately dechelating each of the three pyridyl N atoms (N[C], N[L], and N[R]) and
protonating them. This generated different geometric isomers of 1-H that were studied
using QTAIM-based topology analyses. This revealed that the proton that is attached to the
pyridyl N atom can form an intramolecular H-bonding interaction with a S atom from either
of the two adjacent PyS~ ligands. For example, after protonating N[C], the newly
introduced proton can participate in an intramolecular H-bonding with either S[L] or S[R]
(N[C]-H...S[L] or N[C]-H...S[R]). Protonation of N[L] shows similar interaction with
either S[C] or S[R] (N[L]-H...S[C] or N[L]-H...S[R]) and protonation of N[R] leads to
the possibilities of two interactions, either with S[C] or S[L] (N[R]-H...S[C] or N[R]-
H...S[L]). This leads to the possibility of formation of six protonated complexes: N[C]-
H...S[L] or [CL]; N[C]-H...S[R] or [Cr]; N[L]-H...S[C] or [Lc]; N[L]-H...S[R] or [Lr];
N[R]-H...S[C] or [Rc]; N[R]-H...S[L] or [RL]. However, topology analyses assisted by
DFT calculations reveal that [Cr] and [Cr], and [Rc] and [Ry] respectively, are the same
compound with identical thermodynamic stabilities and properties, collectively referred to
as the [C] isomer of 1-H, and the [R] isomer of 1-H, but [Lc] and [Lr] optimize to distinct
compounds which reduces the number of isomers formed due to the protonation of 1, to

four: [C], [Lc], [LRr], and [R] (Figure 2-4).

The isomers have different thermodynamic stabilities, and hence calculated pK.
values (Table 2-1). For example, considering the unsubstituted [Ni(L.1)3]", the calculated
pKa’s of [C], [Lcl, [Lr], and [R] isomers are 11.4, 11.1, 12.2, and 12.4 respectively (Table
2-1). The [R] isomer is calculated to be 1.4 kcal/mol, 1.9 kcal/mol, and 0.4 kcal/mol more
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stable than the [C], [Lc], and [Lr] isomers, respectively. To compare these values to the

17° we could choose the most stable isomer

experimental pK, value that is reported to be 12.
(pKa 12.4), or attempt to consider all isomers. Calculation of the Boltzmann’s distribution
on the computationally modeled structures reveals that at room temperature isomer [R]
would have a 60% contribution, [C] has 5%, [Lc], and [Lr] have 2% and 32% contribution,
respectively (Table 2-1). The weight-averaged calculated pK, value of the individual
isomers is 12.3. The choice of how to correlate computational data to experimental values

will be system specific, however this highlights the importance of carefully considering all

possible structures in the computational investigation.
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Figure 2-4. Topology maps represented by ball and stick models of [C], [Lc], [LR],
and [R] isomers of [Ni(L1)sH] where blue, grey, yellow, white, and indigo balls represent
N, C, S, H and Ni atoms, respectively. Black arrows point toward the intramolecular N-
H...S H-bonding interactions.
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Table 2-1. The calculated pKa in an implicit water solvation for each isomer is
presented with the thermodynamic Boltzmann distribution of the isomers at room
temperature and the experimental pKa value.

Group Complex Calculated pK, Weight Experimental pK,
(%Distribution) averaged
pK.
[C] [Lcl [Lr] [R]

- [Ni(L1)s 114 11.1 12.2 12.4 12.3 12.1
H] (5.27) (2.51) 31.93) (60.30)

3-CF; [Ni(L2); 6.7 (1.52) 6.3(0.58) 7.0(3.19) 8.5 8.4 8.3
H] (94.70)

5-CF3 [Ni(L3); 6.7(1.12) 6.7(1.12) 7.3(5.38) 8.6 8.5 7.4
H] (92.37)

6-S-3- [Ni(L4)s 12.1 11.8 12.7 13.6 13.5 10.3

COOH H] (2.88) (1.37) (10.16) (85.59)

2-S-3- [Ni(L5); -4.6 -5.2 -3.9 -3.5 -3.7 8.6

COOH H] (5.45) (1.23) (24.01) (69.30)

5-Cl [Ni(L6)s 8.2(4.59) 8.0(3.00) 8.9 9.4 9.2 7.6
H] (20.23) (72.18)

4-CF3 [Ni(L9);s 6.9(1.36) 7.6(8.25) 8.3 8.4 8.3 -
H] (40.42) (49.97)

3-CH3 [Ni(L10) 12.0 12.2 12.3 12.7 12.5 -
sH] 9.15) (13.99) (21.37) (55.48)

5-CH3 [Ni(L11) 12.3 12.0 13.3 13.4 13.3 -
3H] (4.08) (1.94) (42.03) (51.95)

4-CH3 [Ni(L12) 12.0 12.0 12.7 13.2 13.0 -
3H] (4.52) (2.79) (13.69) (79.00)
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Isomers of the protonated intermediate also exist for the complexes with modified
ligands. For example, when the PyS-ligand is modified with EW -CF3 group on C-3 of the
pyridyl rings, it forms the [Ni(L2)3]" complex. The experimentally observed pK, of this
compound is 8.3, while the calculated weight-averaged pK, value is 8.4 for all protonated
isomers.*? It has been observed through DFT calculations that the [R] isomer is 1.4
kcal/mol, 3.0 kcal/mol, and 2.0 kcal/mol more stable than [C], [Lc], and [Lr] isomers of
the protonated intermediates of [Ni(L2)3]" complex, respectively. The thermodynamic
population analyses of these protonated isomers show that the contribution from [R] isomer
is 95% while [C], [Lc], and [Lr] forms contribute about 2%, 1%, and 3% towards the
equilibrium isomer distribution. When comparing the experimentally observed pK, value
of 5-chloro substituted tris-(pyridinethiolate)nickel(I) complex; [Ni(L6)]3 (7.6) with the
weight-averaged calculated pK, value (9.2), the [R] isomer is again the most contributing
(72%) followed by [Lr] (20%), [C] (5%), and [Lc] (3%).%? The trend remains consistent
among the catalysts substituted in the 3- or 5- position; the [R] isomer is
thermodynamically most stable. As mentioned earlier, when the thiopyridine ring is
modified with an ED methyl (CHs) group or EW trifluoromethyl (CF3) in the C-6 position,
the Ni compounds, [Ni(L7)3]", and [Ni(L8)3]", prefer the fac geometry rather than the mer
form as confirmed by both X-ray crystallography and DFT studies (Appendix Table 2).%
This observation hints that structural effects from substitutions at the C-6 position of the
ligand is purely guided by steric effects. In the corresponding fac isomer, all the pyridyl N
atoms are identical so there is no isomer formation upon protonation, hence not included

further in this study.
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Most of the calculated pK,’s are within the range of the systematic computational
error reported error using B3P86 level of theory of 2.6 pK, units.”! However, compounds
[Ni(L4)3] and [Ni(L5)3] have computed values outside of this error range, when compared
to the experimentally observed values. The calculated structures show close H-O (from the
-COOH group) distances, and as we will discuss below, the protonated structures are
stabilized by several H-bonds. The pK.-lowering effect of the stabilizing interaction seen
in the computational studies is not observed in the experimentally measured values

possibly due to solvent interactions.

Electron donating groups are added to make the catalyst easier to protonate and
thus able to operate under more basic conditions. The calculated pK, values, either taking
the weighted average, or considering the most stable isomer show the expected trend
(excluding the -COOH derivatives). It also shows position of the substituent is not as

important as the electron donating or withdrawing character.

2.3.3  Isomer stability.

To quantify the role of intramolecular H-bonding on isomer formation, we used
topology analyses based on QTAIM. Originally, we hypothesized that the thiolate S atom
would be a better trans-directing ligand than the pyridyl N atom, due to the higher m-acidic
character, a weaker N-Ni bond would result for the N trans to the S, resulting in the highest
pK. for the [C] isomer. The calculated N-Ni bond lengths support this theory with the N[C]-
Ni bond being consistently 0.02 A longer than both the N[L]-Ni and N[R]-Ni bonds as

observed in the crystal structure data (Appendix Table 3 and Appendix Table 4). If this
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were the main contributor to the thermodynamics of the protonated isomer, the protonation
would always take place on the N[C] atom as it is the only N atom trans to a S atom.
However, computations show that the [C] isomer is the least thermodynamically favored
for all of the protonated derivatives (Table 2-1). Thus, we performed QTAIM based
topology analysis to investigate additional factors controlling basicity of the different

pyridyl N atoms.

The thermodynamic stability for each of the isomers of the 1-H intermediates is
different (Table 2-1). QTAIM reveals that, after protonation of 1-, the newly introduced H"
attached to the pyridyl N atom forms a H-bond with one of the chelating S atoms from the
adjacent PyS™ ligands resulting in a distorted square pyramidal structure (Figure 2-4,
Appendix Figure 1-10). We calculated the energy for these intramolecular H-bonding
interactions (Table 2-2), and found the energy is directly related to the thermodynamic
stability of the protonated intermediates, i.e., the higher the energy of the H-bond, the
higher is the relative population of the isomer. Intramolecular H-bonding overcomes the
thermodynamic trans effect in most cases. It is for this reason; we hypothesize that the
formation of a stronger intramolecular H-bond is the key parameter for the protonation of

a specific pyridyl N atom and not the trans effect imparted by the thiolate S atoms.

Table 2-2. Topology analysis of the H-bonds in the 1-H structures for each isomer
and the corresponding H-bond strength.

Complex Calculated H-bond energies [H (ruep) kcal/mol] in implicit water
solvation
[C] [Lcl [Lr] [R]
[Ni(L1)sH] -6.32 -5.99 -7.36 -7.39
[Ni(L2)3H] -6.28 -5.94 -7.23 -7.19
[Ni(L3)sH] -6.47 -6.30 -7.34 -7.28
[Ni(L4)sH] -6.24 -6.27 -7.10 -7.06
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[Ni(L5)sH] -6.42 -5.95 712 -7.12

[Ni(L6)sH] -6.74 -6.63 -7.60 -7.62
[Ni(L9)sH] -6.40 -6.30 -7.33 -7.38
[Ni(L10)sH] -6.12 -6.09 -7.30 -7.23
[Ni(L11)sH] -6.40 -6.08 -7.42 -7.42
[Ni(L12)sH] -6.06 -6.06 -7.25 -7.29

The intramolecular H-bonds have energies ranging from -5.95 kcal/mol to -7.60
kcal/mol. The topology analysis further reveals a bonding interaction between the
introduced electron-poor proton and the electron-rich chelating S atoms characterized by
the presence of a (3,-1) critical point, or a so-called bond critical point (BCP). For example,
in the case of [Ni(L1)sH], [R] is the most stable protonated isomer with the highest
intramolecular H-bond stabilization energy of -7.39 kcal/mol, while the least stable [Lc]
isomer has the lowest stabilization energy of -5.99 kcal/mol. The stabilization energy of
these intramolecular H-bonds is thus correlated with the stability of the protonated
intermediates and the stability of different isomers. But there are some outliers: in some
cases, the [Lr] isomer is characterized by a higher H-bond energy than the [R] isomer (0.0
— 0.5 kcal/mol) even though the [R] isomers are consistently the highest contributor to the
equilibrium geometry of the protonated intermediates, as revealed by the Boltzmann
distribution analyses. These inconsistencies can be attributed to the electronic effects of the
ligand substituents as well as their positions. These modifications lead to the alteration of
the electron density on the chelating thiolate S atoms hence further effects on the strength
of the said H-bonds. We speculate that the formation of additional H-bonds explains why
we observe negative values for calculated pK,’s in the case of protonated [Ni(L5)3].

Therefore, due to the strong intermolecular H-bonds in the starting structure of the catalyst,
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it is thermodynamically unfavorable to protonate the [Ni(L5)3]" complex. However, under
experimental conditions these H-bonds are likely disrupted by solvent interactions.

To further comment on the nature and origin of the intramolecular H-bonds in
question, it is well-understood that these interactions are extremely dynamic, and we did
not incorporate the effect from intermolecular H-bonding in our modeling of the isomer
structures. The experimental verification of these H-bonds through NMR spectroscopic
methods is restricted due to the paramagnetic triplet spin state of the transition metal and
studying the evolution of the system using molecular dynamics simulation while
employing an explicit solvent model is computationally expensive. However, this
simplistic model describes the available experimentally observed results and provides

logical consistency without further expensive and complicated computational treatment.

2.3.4 Reduction of [Ni(PyS)3H] catalysts.

The next step in the catalytic cycle is a reduction of the protonated catalyst. We
expected to obtain four different isomers of the reduced intermediates (1-H") when we
computationally modelled the second step of the catalytic cycle (the reduction of 1-H). The
[C] 1-H isomer was expected to reduce to the [C] 1-H" isomer, while the [Lc] 1-H, [Lr] 1-
H, and [R] 1-H were expected to reduce to [Lc] 1-H-, [Lc] 1-H, and [R] 1-H" isomers,
respectively. Thus, we optimized the structure of each protonated isomer with an extra
electron at a doublet spin state to model the reduction step of the catalytic cycle employing
an implicit solvent model for acetonitrile.

Table 2-3. Topology analysis of the H-bonds in the 1-H" structures for each isomer
and the corresponding H-bond strength.

Complex Calculated H-bond energies [H (ruep) kcal/mol] in implicit
acetonitrile solvation
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[C] [Lc] [Lr] [R]

[Ni(L1)sH] -6.06 -6.39 -6.49 -6.06
[Ni(L2)sH] -6.08 -6.25 -6.59 -5.90
[Ni(L3)sH] -6.23 -6.43 -6.71 -6.26
[Ni(L4)sH] -5.96 -6.23 -6.47 -5.96
[Ni(L5)sH] -5.80 -6.12 -6.54 -5.78
[Ni(L6)sH] -6.53 -6.86 -6.98 -6.53
[Ni(L9)sH] -6.27 -6.53 -6.75 -6.27
[Ni(L10)sH] -5.85 -6.25 -6.41 -5.85
[Ni(L11)sH] -6.06 -6.33 -6.43 -6.06
[Ni(L12)sH]" -5.92 -6.30 -6.35 -5.92

Topological analysis was performed on all possible reduced isomers to examine the
intramolecular H-bonds between the H introduced in the first step of the catalytic cycle
and the thiolate S atoms of the adjacent PyS-ligands (Table 2-3) (Appendix Figure 11-
20). We calculated the bond energies of these intramolecular H-bonds using QTAIM for
the reduced intermediates, as before. In almost all cases, we unexpectedly observed that
the most stable isomers form the least stable H-bonds. For example, the [C] and [R]
isomers of reduced [Ni(L1)3H] are shown to have the highest Boltzmann populations of
about 44% each, while the [Lc], and [Lr] isomers contribute only 8% and 4% towards the
overall population distribution, respectively, based on calculated thermodynamic data. On
the other hand, QTAIM results suggest that the intramolecular H-bond in the [C] and [R]
1somer is about 0.33 kcal/mol and 0.43 kcal/mol less stable than the H-bonds in [Lc], and
[Lr] isomers. Thus, unlike the protonated intermediates, the stability of the reduced
compound is not correlated with the H-bond formed from the protonated pyridyl N. These
observations led us to examine the bond characteristics of the reduced isomers between the
central metal ion and ligand framework. After considering the central bonds of the reduced
complexes, we observed that in most cases the penta-coordinated reduced isomers form
either square pyramidal (sq. py.) or trigonal bipyramidal (#p) complexes. More
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importantly, #p intermediates are always formed in pairs, in this case the [C] and [R]
isomers of the reduced complexes, where one form is the enantiomer of the other with the
same thermodynamic energy, stability, and thus same extent of intramolecular H-bonding
between the H atom attached to the pyridyl N and thiolate S atom from the adjacent PyS-
ligand. Thus, after the reduction step the overall number of isomers decreases.

To classify the structures as sq. py. or #»p, we calculated the structure index
parameter, tau (7), for the DFT optimized penta-coordinated intermediates as introduced
by Addison et al. using eqn. 9 (Figure 2-5).°> This structure index parameter allows for
quantification of the extent of sq. py. or #,p geometry. The calculated t values (Table 2-4)
for the reduced isomers further validate the argument of the formation of two different

types of structural isomers upon reduction.

T=— (2.8)

The formation of the two structural isomers also justifies the two contradictory

observations obtained from Boltzmann distribution analyses and QTAIM. Since the crystal

Figure 2-5. The key angles used to calculate the structure index parameter 7 for sg.
py. and thp structures: § and « are the largest basal angles. For an ideal thp, = 180°, a =
120°, and thus 7 = 1; ideal sqg. py., 5 = a =180° so T = 0.

field stabilization energy of a f#»p is more than the sq. py. analogue, the Boltzmann
population of the #,p is higher than the sq. py.. However, the degrees of freedom in a sq. py.
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complex is more than that of its #,p analogue due to its higher symmetry, which allows the
former to create a more stable intramolecular H-bond; hence, the extent of stabilization
through H-bonding does not correlate with the overall stability of the reduced compounds.

Table 2-4. Structure index parameter (t) for the penta-coordinated reduced
intermediates.

T[C] 7[lc] 7[lr] 7I[R]

[Ni(L1)sH] 0.8 0.2 0.2 08
[Ni(L2)sH] 0.8 0.3 0.4 0.7
[Ni(L3)sH] 0.8 0.3 0.7 07
[Ni(L4)sH] 0.8 0.2 0.4 0.8
[Ni(L5)sH] 0.7 0.3 0.6 0.7
[Ni(L6)sH] 0.8 0.2 0.4 0.8
[Ni(L9)sH] 0.7 0.3 0.4 07
[Ni(L10)sH] 0.8 0.2 0.3 0.8
[Ni(L11);H] 0.8 0.2 0.2 0.8
[Ni(L12)sH] 0.9 0.2 0.1 0.9

For most of the reduced complexes, two different isomers have equal
thermodynamic stabilities and thus the same Boltzmann population. In the case of
[Ni(L1)3H] the [C] and [R] isomers optimize to the same structure. This means that the
reduction of the protonated isomers is not as straightforward as we predicted. For two
protonated isomers to form the same reduced isomer, the Ni-N and Ni-S bonds must break
and form; one of the ligands has to flip. This type of ligand rearrangement has been
experimentally observed in labile complexes with donating S atoms.”*

We calculated the E£? values for each isomer of all the complexes using the concept
of theoretical isodesmic reactions as given in eqn. 2.5. Using the experimental £’ value for

the unsubstituted [Ni(L1)3]- of -1.62 V vs SCE?® as a reference, the computational E” values

for each isomer of each catalyst was calculated. The reference reaction accounts for
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solvent, electrode effects, and systematic computational errors. The reported accuracy of
calculated E” values using an isodesmic reaction is ca. 0.1 V. We do not see a reasonable
correlation between calculated and experimental E” values although the calculated trends
match what we would expect for the substitutions. For example, the experimentally
reported reduction potential for [Ni(L2)sH] is -1.26 V vs SCE.,*? compared to the
calculated values of -1.41 to -1.49 V vs SCE. We do not currently have a good explanation
as to why computed and measured E’ values are inconsistent. The use of isodesmic
reactions heavily relies on intermolecular electron transfer between like species and does
not account for the bond breaking and new bond formation. Structural changes upon
reduction was observed in the optimization that suggests fluxional behavior of the catalyst
may result in bond making and breaking which would account for the poor correlation.
Table 2-5. The calculated E° values for each isomer are presented with the

thermodynamic Boltzmann distribution of the isomers at room temperature and the
experimental E° values.

Group Complex Calculated Reduction Potential (V vs. SCE) in acetonitrile
solvent model
(% Distribution)
[C] [Lc] [Lr] [R]

- [Ni(L1)sH] (44.29) (8.39) (3.72) (43.59)
3-CF; [Ni(L2)sH] -1.44 (49.02) -1.44(7.12) -1.41(5.77) -1.49 (38.09)
5-CF3 [Ni(L3)sH] -1.40 (23.57) -1.41(5.45) -1.37(5.22)  -1.41(65.76)
6-S-3- [Ni(L4)zH] -1.38 (47.93) -1.44(0.99) -1.37 (4.11) -1.40 (46.97)
COOH
2-S-3- [Ni(L5)sH] -1.57(8.53) -1.59(0.38) -1.55(1.82) -1.51 (89.28)
COOH

5-Cl [Ni(L6)sH] -1.48 (46.89) -1.59(0.18) -1.47(5.99) -1.49 (46.94)
4-CF3 [Ni(L9)sH] -1.70 (38.37) -1.72(11.07) -1.65(12.60)  -1.69 (37.97)
3-CHs [Ni(L10)sH] -1.70 (38.37) -1.72(11.07) -1.65(12.60) -1.69 (37.97)
5-CHs [Ni(L11)sH] -1.65 (45.07) -1.65(8.54) -1.68(1.70) -1.65 (44.69)
4-CHs [Ni(L12)sH] -1.67 (38.03) -1.67(15.78) -1.66 (4.92) -1.69 (41.27)
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Furthermore, since the use of isodesmic reactions calculates E” by the relative
difference in theoretically obtained Gibbs energy values for two similar systems, the choice
of the isomers in the reaction will affect the results. Although we speculate that the
measured £ values results from reduction of the most stable protonated isomer (Table 2-3
and Table 2-5), we cannot be certain which reduced product is ultimately formed. The
uncertainty regarding the structure of the final reduced compound is exacerbated by the
possibility that isomerization to a thermodynamically more stable compound could occur
either before or after the reduction step. However, the computational £ values track well
with our original expectation of ED groups will make the £’ values more negative while
EW groups will make the E£? values less negative when comparing with the experimental

E’ value of [Ni(L1)3sH]/ [Ni(L1)sH] couple, -1.62 V vs SCE.

2.4 Conclusion

This work identifies the impact of electronic and geometric ligand features on the
basicity of proton reduction catalysts through an exploration of structural isomers formed
by protonation of [Ni(PyS)s] type catalysts. The octahedral meridional geometry of the
catalyst results in the formation of geometric isomers upon protonation. The formation of
isomers depends on which pyridyl N atom is protonated and also the intramolecular H-
bonding network between the proton and the S atom from one of the adjacent PyS™ ligands.
This results in differences in the computed pK. values for each isomer by ~3 pK, units. The
basicity is largely dictated by intramolecular H-bonding with neighboring ligands, which
is reminiscent of H-bonding effects observed in proteins and other supramolecular

structures. In the first reduction step of the proposed catalytic cycle, the catalysts optimize
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to either a sq. py. or typ geometry, often with two of the isomers optimizing to the same
energy and structure. The #,p geometry rather than the intramolecular H-bond strength was
found to determine the most stable reduced isomer. Combining these findings with
previously published investigations we have updated proposed catalytic cycle to reflect the

most thermodynamically stable structures (Figure 2-6).%

S
7\ S A“\\N_ 1 @;N' I-‘
N-NISg (Oh) rll S
H | s
|:I_N\ /) Z
1-Hy 7 —|@ [RI1-H
(Oh) (Nm (sq. py.)
| S H
—Ni. N
{+H*, + e} ST s y +e
PCET =N
\_/
[RI1-H
(tbp)

Figure 2-6. Updated catalytic cycle that depicts the most stable isomers for each
step in the proposed mechanism.

This work demonstrates the importance of considering structural isomers when
computationally modelling catalytic cycles. The unexpected H-bonding in these structures
drastically influences the calculated and measured pK, values of homogeneous metal
catalysts by orders of magnitude which is under-estimated by the simple electronic
substitutions. The use of intramolecular H-bonding strength as a descriptor of acidity or
basicity (pK.) is often neglected in small-molecular transition metal catalysis. This report

also shows that the extent of H-bonding can possibly overcome the thermodynamic trans
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effect, which is of great interest in the field of catalyst design and reactivity. This
demonstrates the importance of carefully considering all electronic and structural

modifications aimed at tuning the catalytic activity.
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Chapter 3 Computational Investigation into Heteroleptic Nickel(II) Tris-Pyridinethiolate

Catalysts for Proton Reduction

This work has been submitted to the ACS Organic & Inorganic Au through the
contributions from Avik Bhattacharjee, Dayalis S. V. Brown, Trent E. Ethridge, Kristine
Halvorsen, Alejandra A. Montano, and Dr. Theresa M. McCormick. Dr. McCormick, Avik,
and Day designed this project. Trent, Kristine, and Alejandra assisted Avik with the

computational studies.

3.1 Introduction

Molecular hydrogen (Hz) is considered to be the fuel of future to address the
increasing global energy demand.!®?° Although H: is a non-condensable gas at ambient
temperature-pressure condition, with low volume energy density, it has the highest specific
energy of combustion of all the chemical fuels. The volume energy density exceeds all
batteries and burning H> does not lead to carbon-emissions. Hz can be accessed from the
reductive side of the water splitting reaction through the reduction of aqueous protons.*’
As fascinating and simple it might sound, producing molecular H, and O> from water in an
experimental setup is extremely challenging due to the high overpotential associated with
the reaction kinetics. It is for this reason, involvement of a suitable catalyst is imperative
to lower the overpotential of water splitting in ambient temperature-pressure

conditions.**

Due to lower overpotential for proton reduction, Pt and Pd complexes were most

frequently studied as H, generation catalysts.”® However, low abundance and higher cost
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of these metals limit the practical implementation of these catalysts, and the interest has
been shifted to the research of noble-metal-free catalyst design for water splitting.
Transition metal complexes containing Fe, Co, Ni have been proven to be effective for
water splitting,28:46-48.60.61.6669.78.99 The nickel(Il) tris-pyridinethiolate, [Ni(PyS)3], catalyst

has shown high efficiency in both photochemical and electrochemical systems.?"°

We have previously shown that H» production by [Ni(PyS)s]-, (1") follows a
chemical-electrochemical-chemical-electrochemical (CECE) mechanism.?” In the first step
of the catalytic cycle one of the three pyridyl N atoms is protonated and dechelates from
the Ni(Il) ion, to form the protonated intermediate (1-H). The next step is an electron
transfer to 1-H to form the reduced intermediate (1-H"), followed by a proton coupled
electron transfer (PCET) step to form a Ni-hydride intermediate (1-Hz"). And finally, two
H atoms come close to one another and leaves the system as molecular H; gas closing the

catalytic cycle (Figure 3-1).

52



Ry S
_H2 @S"'Nli"“N- +H+
~ N"— , '\S pKa | R
N contro 1
R4 —|® A N R,
— R, s 2\
R, s—/ \ S, & N=
S, = 1 7 % __Ni ]
& ] ‘\N Nf
\) NI — . H
N="'s S
= | S R, N
H | >
}:I—N\ / Z Ry

f] R4 —|@ 1-H
N E°
K hll"\\\sm-th control
{+H* , + e} s~ ‘I"s ) +e°
PCET R;@ ’Ié—)
\W,
1-H*

Figure 3-1. Catalytic cycle of Hz production by heteroleptic Ni(ll) tris-
pyridinethiolate catalyst (1°), where Ry is either a -CHs or -CFz while R: is either a -CF3 or
-CHs group. The first step of the catalytic cycle (protonation of one of the three pyridyl N
atoms and dechelation) is controlled by the pKa and the second step (reduction) is
controlled by E°. Protonation step can be optimized by introducing electron donating

substituents while reduction can be tuned by installing electron withdrawing groups on the
PyS- ligand environment.

In the previous chapter, we have shown that the protonation of homoleptic 1-leads
to the formation of four geometric isomers with different thermodynamic properties and
stability due to the different basicities of three pyridyl N atoms owing to the difference in
the relative position around the Ni center afforded by the meridional geometry.' A
topology analysis based on QTAIM on twelve homoleptic Ni(Il) tris-pyridinethiolate
catalysts supports that an intramolecular hydrogen bonding (H-bonding) interaction
between the H' on the pyridyl N atom and a S atom from one of the neighboring PyS-
ligands is responsible for the difference in the stabilities and properties of the isomers of

protonated and reduced intermediates (Figure 3-1). We demonstrated that the H-bonding
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strength overcomes the thermodynamic frans-effect during the protonation of the catalysts
and that these isomers should be considered in computational investigations of these types

of catalysts.

We can surmise that the catalytic efficiency of 1-is correlated with the ease of
protonation and reduction. From a thermodynamic standpoint better catalytic activity can

be achieved by tuning the pK, and E” of the original catalyst.>?

This can be attained by
ligand modification. The pK, of the catalyst can be increased by incorporating electron
donating group (EDG) on PyS- ligands enhancing the ability of the pyridyl N atoms to be
protonated even in higher pH. While, installing electron withdrawing groups (EWG) on
the aromatic rings will allow the £° value to be less negative signifying the occurrence of
a more spontaneous electrochemical step. Though it is necessary to modify the two
thermodynamic parameters, pK, and E’, to optimize the catalytic activity of 1, but they
cannot be tuned simultaneously in a homoleptic catalyst. In this work, we propose means
to simultaneously optimize both pK, and E’ through heteroleptic ligand modification of 1-
, meaning, installing separate PyS~ ligands with either ED or EW groups on the same
complex. We hypothesize that the ligands with EDG will tune the pK, while that with EWG
will optimize the E? of the catalysts. To investigate this hypothesis, we have
computationally considered the catalytic mechanism of two heteroleptic Ni(Il) tris-
pyridinethiolate catalysts with 2:1 and 1:2 ratios of electron donating -CH3 and electron

withdrawing -CF3; group containing PyS™ ligands and compared the results with the

analogous homoleptic complexes (Figure 3-2).
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Figure 3-2. The heteroleptic catalysts studied in this work (NiDW>, and NiD2W)
and the analogous homoleptic catalysts (NiWs, and NiD3) where D and W are the PyS-
ligands containing electron donating -CHz and electron withdrawing -CF3 groups at C-3
positions, respectively.

While modeling the heteroleptic starting catalysts (NiDW2, and NiD2W) the
possibility of isomer formation was considered based on the location of the unique ligand
(ligand with stoichiometric ratio of one), and protonation of the pyridyl N of the D (electron
donating) ligands generated a large number of protonated isomers. However, modeling the
reduction step was considered only for the most thermodynamically stable protonated
isomers. The Ni-hydride intermediates formed after the proton-coupled electron transfer
(PCET) step was modeled to gain insight on the relationship between the metal-hydride
bond strength and electronic properties of the surrounding PyS™ ligands. DFT calculations
assisted by topology analyses using QTAIM reveals ideal configuration of the water-
splitting heteroleptic [Ni(PyS)3] is to have one D ligand controlling the protonation step
while two W ligands lowering the overpotential for reduction. The systematic approach of
fine-tuning the catalytic efficiency of a well-known proton reduction catalyst through
heteroleptic ligand modification described herein, provides a novel strategy to optimize
photocatalytic system components, and can also be extrapolated to other related catalytic

systems. The results described here marks the importance of considering the formation of

the isomers to support an explanation for unanticipated results while performing molecular
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modeling on structurally similar molecules in order to understand the mechanism in a

greater detail.

3.2 Computational Methods

The Density Functional Theory (DFT) calculations were performed using the
quantum chemistry package Gaussian09 suite of programs.®® The geometry optimization
of the catalysts and catalytic intermediates were done using B3P86 functionals with 6-
311+G(d,p) basis sets employing implicit water and acetonitrile solvation models. The
frequency calculations were performed on the stationary points to extract the
thermochemical energies. Gibbs energy for each intermediate were obtained using the sum

of thermal and electronic energies resulted from the normal mode frequency analyses.

The pK. values were calculated by eqn. 3.1 using standard temperature and pressure
conditions (298.15 K, 1 atm). The parametric value of the Gibbs energy of a water solvated
proton (-264 kcal mol™!) was used to calculate the free energy change of the protonation

step as described by eqn. 3.2.30:33:81783

AGPxn
P, = — RTIn 10 (3.1
AGrOxn = G[R]l—H - (Gl— - 264) (3.2)

The reduction potential (E”) values were calculated using the principle of isodesmic
reaction. The experimental reduction potential of the parent [Ni(PyS)3;]H/[Ni(PyS)s3]H-

couple of -1.62 V vs. SCE was used as a reference (Ey) in eqn. 3.3.%?
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E'= — =+ EY, (3.3)

The relative population (x) of the protonated isomers were calculated employing
the Boltzmann population distribution formula (eqn. 3.4) at 298.15 K and normalized to
unity with respect to the most stable isomer, assuming the population was only determined

by the thermodynamic stability.!%!

AG?
__exp(=""tpp)

5 3.4
Yiexp (—AGL /RT)

The structural parameters such as bond lengths and bond angles of the optimized
structures of the catalytic intermediates were determined using the GaussView 5.0

visualization software.'??

The intramolecular H-bonds were investigated through the topological analysis of
the electron density distribution using Quantum Theory of Atoms and Molecules
(QTAIM).3>86:193 Wavefunction files of the optimized structures generated by Gaussian09
were analyzed using Multiwfn 3.7 package.®” The bond energies of the H-bonds (BE in
kcal mol™!) were calculated from the electron densities (p) at the bond critical points (BCP)

employing eqn. 3.5.%%°

BE ~ —223.08 X p + 0.7423 (3.5)
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3.3 Results and Discussion

3.3.1 Isomers of the heteroleptic starting catalysts.

The unsubstituted homoleptic Ni(Il) tris-pyridinethiolate catalyst adopts a pseudo-
octahedral geometry where the three bi-dentate PyS™ ligands are oriented in a meridional
(mer) fashion around the Ni(II) center.!”” This geometry is supported by the X-ray
crystallography.”® The computational modeling of these compounds in both mer and fac
configurations shows corresponding mer isomers are lower in energy. The mer geometry
results in different chemical environments and thus different basicities of the three pyridyl
N atoms owing to difference in their relative position. We have developed a scheme and
naming convention to distinguish between the N atoms based on considering an imaginary
meridional plane containing the three pyridinethiolate S atoms (Figure 3-3). The N atom
contained by the plane of S atoms is N[C], and the N atoms to the right and left side of the

plane are N[R] and NJ[L], respectively.

Right or [R] ]
PyS ligand
) \_|e
R2 S
S\ JN= .
Left or [L] 2R\ oo Imaginary

PyS ligand e — - I\Sk meridional plane

containing S

N atoms
/4 \ R1

X

Central or [C]

PyS ligand

Figure 3-3. Identifying the different pyridyl N atoms based on their relative
position with respect to the imaginary meridional plane containing the three S atoms
(yellow plane), where Ry is either a -CHz or -CFs group and Ry is either a -CFz or -CH3
group. The meridional plane contains [C] N atom, while [L] and [R] N atoms are to the
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left and right side of the plane, respectively. The position of the unique ligand with respect
to the meridional plane determines the identity of the isomer of the catalyst. The PyS- ligand
containing Rz group is placed on the left side of the meridional plane making it an [L]
isomer.

DFT calculations on the heteroleptic NiDW2 and NiD2W has revealed that mer
orientation of the ligands around the Ni(II) center is preferred thermodynamically over the
fac isomers, similar to the homoleptic compounds. But unlike the homoleptic complexes,
three isomers of the starting catalysts are possible for each heteroleptic compound based
on the position of the unique ligand prior to protonation. This is because the unique ligand
can be introduced to any of the three PyS™ ligands. For example, heteroleptic NiDW2
contains W (electron withdrawing) ligands with EW -CF3 groups and D ligand with ED -
CHj3 group in a ratio of 2:1. Hence, in case of NiDW2, D ligand is the unique ligand and
the position of D ligand relative to the meridional plane of S atoms outlined above, will
dictate the name of the isomer. If the D ligand is in the center and contained within the
plane of the S atoms, the isomer will be called [C] NiDW2, and if the D ligand is placed
on the right or left side of the imaginary plane of S atoms, it will be called [R] NiDW2 or
[L] NiDW2, respectively (Figure 3-4a). Similarly, in case of NiD2W, the unique ligand is
W (a PyS- ligand containing EW -CF3 group), hence the position of the W ligand with
respect to the meridional plane containing three S atoms will dictate the names of the
isomers, such as, [C] NiD:W, [L] NiD:W, and [R] NiD:W when W ligand is placed on,

to the left side, and to the right side of the plane, respectively (Figure 3-4b).
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Figure 3-4. Possible isomers of the starting catalysts based on the relative position
of the unique ligands in case of heteroleptic complexes.

Boltzmann population distribution of these isomers were calculated from the
optimized geometries using the thermodynamic energies and as anticipated the
contribution from each isomer is ~33% (Table 3-1). The uniform population distribution
of these isomers suggest that the thermodynamic properties and stabilities of these
complexes are very similar. Hence, when synthesized, it is reasonable to expect an

equimolar mixture of the three isomers.

Table 3-1. Calculated Boltzmann population distribution (% x) of the isomers of
the starting heteroleptic catalysts at room temperature.

Isomer

Heteroleptic  of the Boltzmzfnn
. population

complex starting (% x)

catalyst

[C] 33.9

NiDW, [L] 34.5

[R] 31.6

[C] 34.0

NiD,W [L] 33.7

[R] 323
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3.3.2 Effect of ligand modification on the pK..

To investigate the role of ligand modification on the protonation of the catalysts,
we have modeled all possible protonated isomers of the heteroleptic NiDW2, and NiD>2W
by protonating the pyridyl N atoms of the D ligands, separately. We hypothesize that ED -
CHj3 group containing D ligands will be preferentially protonated over EW -CF3 group
containing W thiopyridyl ligands. This was supported by calculating and comparing the
Boltzmann populations of D and W protonated ligands. The relative population of the
complexes were negligible when protonation of W ligands was considered compared to the
most stable isomers generated through the protonation of D ligands (Appendix Table 5
and Appendix Table 6). In the previous chapter, we have shown that the protonation of the
pyridyl N atoms are guided by the formation of an intramolecular H-bonding with one of
the adjacent thiopyridyl S atoms and not on the thermodynamic trans effect.!® The stability
of the protonated isomers are directly proportional to the H-bond strength. The existence
of the similar intramolecular H-bonding interactions was also observed in case of
protonated heteroleptic complexes. Hence to justify the difference and population of the
protonated heteroleptic isomers the H-bond strengths were calculated from the topology
analyses of the electron densities using Bader’s QTAIM.

Protonation of NiDW2 complex. The heteroleptic NiDW: catalyst have only one
protonation site; at D, the unique ligand. Hence, D ligands of all the three isomers of the
starting catalysts: [C] NiDW2, [L] NiDW2, and [R] NiDW2 were separately protonated. As
mentioned earlier, protonated intermediates involve in an intramolecular H-bonding

interaction where the protonated N atom is the H-bond donor and one of the adjacent
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thiopyridyl S atom is the H-bond acceptor. That leads to the formation of six possible
protonated isomers (Figure 3-5). We have named these such that the first letter denotes the
location of the unique ligand, the second letter denotes the location of the protonated N,
and the third letter denotes the ligand H-bonding to the proton. For example, protonation
of [C] NiDW: forms: [CCL] NiDHW:2 where, protonated [C] pyridyl N atom is the H-
bond donor and adjacent [L] thiopyridyl S atom is the H-bond acceptor; and [CCR]
NiDHW: where, protonated [C] pyridyl N atom is the H-bond donor and adjacent [R]
thiopyridyl S atom is the H-bond acceptor. While protonation of [L] NiDW2 leads to [LLC]
NiDHW:, and [LLR] NiDHW: where, [L] pyridyl N atom is the H-bond donor in both
cases but [C] thiopyridyl S, and [R] thiopyridyl S atoms act as H-bond acceptors,
respectively. Similarly, in case of protonated isomers [RRC] NiDHW:, and [RRL]
NiDHW: protonated [R] pyridyl N is the H-bond donor and [C], and [L] thiopyridyl S are
H-bond acceptors, respectively.

DFT calculations on these six protonated isomers followed by topology analyses
has revealed that, [CCL], and [CCR] are the same molecules with the same
thermodynamic energies and intramolecular H-bond strength, collectively referred to as,
[C] NiDHW.:. Similarly, protonation of [R] NiDW2 leads to only one protonated
intermediate, as [RRC], and [RRL] have the same thermodynamic energies. Conversely,
protonation of [L] pyridyl N atom of [L] NiDW2 forms two isomers: [LLC], and [LLR]
based on the identity of the H-bond acceptor thiopyridyl S atoms. This reduces the total
number of the protonated isomers of NiDHW?: catalyst to four (Figure 3-6). Of these four

isomers [R] NiDW2 is the most thermodynamically stable. Based on the thermodynamic
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stabilities we calculated the expected population distribution under standard conditions
(Table 3-2). To investigate the origin of the unequal relative population distribution of the
isomers of the protonated NiDW?2 heteroleptic complexes, we used topology analyses. The
electron density distribution of the H-bonded network in these isomers using QTAIM
enabled us to correlate the strength of these bonds with the relative thermodynamic
stabilities (Table 2-1). As anticipated, thermodynamically most stable [R] isomer of
NiDHW: (65.2%) forms the strongest intramolecular H-bonded network (-6.51 kcal mol
1, and the least stable [C] isomer (3.8%) forms the weakest intramolecular H-bond (-5.14
kcal mol ™) with the neighboring thiopyridyl S atom (Appendix Figure 21).

Table 3-2. Comparison of the intramolecular H-bond stabilization energy (kcal

mol™) with the Boltzmann distribution (% x) of the isomers of protonated intermediates
for NiDWo.

Protonatefl Boltzmann Population N-H...SBE
heteroleptic Isomers o
complex (% x) (kcal mol-1)
[C] 3.76 -5.14
. [LLC] 4.73 -5.33
NiDHW2 [LLR] 26.32 -6.44
[R] 65.19 -6.51
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Figure 3-5. Protonation of the unique D ligands of three isomers of NiDW- starting
catalysts to generate six possible protonated isomers. The intramolecular H-bonding
interactions between pyridyl N-H and one of the adjacent thiopyridyl S atoms are shown
using red dashed bonds.
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[LLR] NIDHW, [R] NIDHW,

Figure 3-6. Ball and stick structures of the optimized protonated isomers of
NiDHW: where blue, grey, yellow, white, indigo, and cyan balls represent N, C, S, H, Ni,
and F atoms, respectively. The intramolecular H-bonding interactions (N — H...S) are
shown using dashed bonds.
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3.3.3 Protonation of NiD2W complexes.

The protonation of heteroleptic NiD2W complex is more complicated as it contains
more than one ED -CH3 group containing D ligands. We hypothesize that the protonation
of NiD2W complex could lead to the formation of up to twelve isomers based on the
identity of the protonated D ligand and the identity of the H-bonded S atom from one of
the adjacent PyS~ ligands (Scheme 3-2). All the twelve complexes were modeled using
DFT by separately protonating each of the D ligands. As observed in case of protonated
isomers of NiDW?2, the isomers of NiD:2HW were of different thermodynamic stabilities.
The intramolecular H-bonded structures were studied using QTAIM based topology
analyses to correlate the strength of H-bonds with the relative population of the isomers

(Figure 3-7, Appendix Figure 22).

S atom
Heteroleptic Unique Protonated d.Of ¢ Protonated

complex ligand D ligand a lj)z;cs(?n isomer
ligand

[C] [CLC]

- (L] [R]  [CLR]

[R] [C] [CRC]

(L] [CRL]

CI

NiD,HW [L] ®] (] [LRC]

(L] [LRL]

[L] [RCL]

®] = [R]  [RCR]

] [C] [RLC]

[R] [RLR]

Scheme 3-1. Nomenclature of the protonated isomers generated from the NiD>W
heteroleptic complexes considering the intramolecular H-bonding network where pyridyl
N atom from one of the D ligands acts as a H-bond donor and a S atom from one of the
adjacent PyS™ ligands behave as the H-bond acceptor.
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Figure 3-7. Four isomers of [C] NiD2HW complexes considering protonation of
both [L] and [R] ligands and intramolecular H-bonded networks with the adjacent PyS
ligands through the S atoms, separately. The intramolecular H-bonding interactions are
shown using red dashed bonds.

The DFT studies supported by QTAIM based topology analyses reveals that
protonation of the D ligands of three isomers of starting catalysts form eight different
isomers instead of originally predicted twelve (Scheme 3-2, Appendix Figure 23).
Isomers are formed as pairs with exactly same thermodynamic stabilities and H-bond
strength e.g. [CRC] and [LRL] are the same molecules; similarly [CRL] and [LRC];
[RCL] and [LCR]; and finally, [RCR] and [LCL] are identical molecules with same
thermodynamic energies. However, [CLC], [CLR], [RLC], and [RLR] isomers of
NiD2HW are unique isomers with no structural conjugates. In summary, protonation of [L]
isomer of the starting NiD2W catalyst leads to four isomers which are structurally identical
to four other isomers formed through protonation of either [C] or [R]. Hence further on,
the only eight isomers formed by protonation of [C] and [R] isomers of NiD2WH will be
discussed and will be referred to as: [CLC], [CLR], [CRC], [CRL], [RCL], [RCR],
[RLC], and [RLR]. These isomers vary in terms of their relative population. The

Boltzmann populations were compared with the intramolecular N-H...S H-bond strengths
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(Table 3-3). These results deviated somewhat from the original hypothesis that the unequal
population distribution can be explained solely based on the strength of these
intramolecular H-bonds. For example, the most stable [CRL] protonated isomer (49.4%)
has lower H-bond stabilization (-6.97 kcal mol*) when compared to the [CRC] isomer (-
7.48 kcal mol™) which has a lower Boltzmann population (20.4%). However, when these
H-bonds strengths were plotted against the quantum mechanically derived single point

energies an overall linear correlation was observed (Appendix Figure 24).

—» CLC

— CLR
[C] NiD,W —
— CRC = LRL -=—

l— CRL = LRC —=—
— [L] NiD,W
—» RCL = LCR--—

— RCR = LCL -
[R] NiD,W —
—= RLC

——» RLR

Scheme 3-2. Protonation of three starting isomers of NiD2W catalysts produces
eight isomers instead of originally proposed twelve isomers.

Table 3-3. Comparison of the intramolecular H-bond stabilization energy (kcal
mol™) with the Boltzmann distribution (% x) of the isomers of protonated intermediates
for NiD2W.

Protonated

. Boltzmann Population N-H...SBE
heteroleptic Isomers o 1
(% x) (kcal mol™)

complex
[CLC] 2.51 -5.19
[CLR] 7.94 -7.02
[CRC] 20.36 -7.48

NiDHW [CRL] 49.42 -6.97
[RCL] 8.27 -5.81
[RCR] 0.72 -5.82
[RLC] 2.51 -5.66
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[RLR] 8.27 -6.60

In order to further refine the hypothesis to justify the unequal Boltzmann
distribution of the protonated intermediates a closer inspection of the metal-ligand
framework was performed. The penta-coordinated square pyramidal protonated isomers
can be broadly classified into two categories: (a) S atom capped square pyramids, and (b)
N atom capped square pyramids. N-capped square pyramids were consistently
thermodynamically more stable when compared with the S-capped square pyramids
(Figure 3-8). This can possibly be attributed to a lower steric interaction between the bulky
S atoms in the N-capped square pyramidal configuration. Thus, the stability trends with the

structural differences in these complexes, which will dictate the calculated pK, values.

S-capped square pyramids N-capped square pyramids
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I
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*j dﬁ J J \ i | ) 9 4
[cLC] [RCL] : [CLR] [CRC]
(2.51%) (8.27%) ! (7.94%) (20.36%)
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Figure 3-8. Ball and stick structures of the optimized protonated isomers of
NiD2HW including relative Boltzmann populations, classified in two groups: S-capped
and N-capped square pyramidal complexes. The blue, grey, yellow, white, indigo, and cyan
balls represent N, C, S, H, Ni, F atoms, respectively. The intramolecular H-bonding
interactions (N-H...S) are shown using dashed bonds.
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3.3.4 pK, values of the complexes.

The pK. values of all possible isomers of the protonated complexes were calculated
(Appendix Table 7). It has been observed that for a single compound the distribution in
the pKa values is 1.3 and 4 pK, unit for NiDW2 and NiD2W complexes, respectively. The
calculated pK. values of the most stable protonated isomers of NiDHW: ([R]), and
NiD>2HW ([CRL]) were compared to the homoleptic analogues NiW3, and NiD3 catalysts
(Table 3-4). An increase in the pK. of the catalysts is observed with increasing the number
of electron donating D ligands. It is possible to achieve better control over the basicity of
the pyridyl N atoms through the incorporation of ED substituents in the ligand framework
as hypothesized earlier. The tunability ranges from 8.5 to 12.7 pKa units with zero to three
D ligands, respectively and as anticipated the pK. values of the heteroleptic complexes are
intermediate between their homoleptic analogues.

Table 3-4. The calculated pKa of thermodynamically most stable protonated
isomers in implicit water solvation and the calculated E° values in an implicit acetonitrile

solvation of the reduced isomers of the heteroleptic complexes and comparison with that
for the homoleptic analogues at room temperature.

Calculated Calculated
Catalysts Most stable protonated isomer .
pKa values
SCE
NiW; - 8.5 -1.44
D i 9.5 -1.40
oy (CRL] 11.1 -1.53
NiDs - 12.7 -1.69

3.3.5 Effect of ligand modification on E’.
The reduction step of the most stable protonated isomers was modeled by adding
an extra electron to the system in an implicit acetonitrile solvation model. The reduction of

NiDHW:; leads to the formation of NiDHW2z", while reduction of NiD:HW generates
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NiD:HW- (Figure 3-9). The reduction step changes the oxidation state of the central metal
ion from +2 to +1. The ligand coordination around the Ni center also changes from a square
pyramid to a trigonal bipyramid. The structural changes were investigated by calculating
the structure index parameter (t) value of the metal-ligand framework as introduced by
Addison et al., where for an ideal trigonal bipyramid, t is 1, and an ideal square pyramid t
is 0 (Appendix Figure 25).°>% In case of the reduced complexes, T ranges from 0.7 to 0.8
(Appendix Table 8) indicating a more trigonal bipyramid structure. The reduction
potential values (E°) were calculated from the Gibbs energy change of these one-electron
reduction events using the concept of isodesmic reactions (Table 3-4). A balanced reaction
is created assuming an internal electron transfer from a reference reduction reaction with a
known reduction potential. The reduction potential of unsubstituted ([Ni(PyS)sH]

/[Ni(PyS)3H]) couple, -1.62 V vs. SCE, was used as the reference value (£%y). %1%

2J 9
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Figure 3-9. Ball and stick structures of the optimized reduced intermediates:
NiDHW?2, and NiD2HW". The modified PyS™ ligands are oriented in a trigonal bipyramidal
fashion around the Ni(l) metal cation. The blue, grey, yellow, white, indigo, and cyan balls
represent N, C, S, H, Ni, and F atoms, respectively.

In general, more electron withdrawing ligands results in less negative reduction

potentials. When compared with the homoleptic analogue NiDs, the E’ values of the
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heteroleptic catalysts increases to the more positive values with the increase in the EW W
ligands accounting for a more spontaneous reduction process. However, when NiWs3 is
compared with NiDW?: the latter is slightly easier to reduce even though the former has
more W ligands. This can be attributed to the difference in the extent of stabilities of the
protonated intermediates of NiW3H and NiDHWa:. Since the method of calculation of E°
values using isodesmic reactions utilizes the free energies of both protonated and reduced
intermediates and further compares it with the reference reaction of the unsubstituted nickel
tris-pyridinethiolate catalysts, the comparison of the free energy change of the reaction is
more appropriate than comparing the absolute value of E? calculated by the employment

of this method.

3.3.6 Effect of ligand modification on the hydride intermediates.

The final step of the catalytic cycle of water splitting using nickel(Il) tris-
pyridinethiolates is a proton coupled electron transfer (PCET) resulting in a Ni(0)-hydride
intermediate.?’ This is modeled by adding a proton and electron to the reduced complex.
Consequently, the nickel center regains an octahedral coordination. The hydride attached
to Ni(0) and proton on the pyridyl N atom are near each other to allow for a hydrogen
molecule to be released forming the original catalyst. The PCET intermediates of the
heteroleptic catalysts NiDH2W2", and NiD2H2W- were modeled in acetonitrile implicit
solvation (Figure 3-10). The structural parameters corresponding to H...H interactions
were measured along with the Gibbs energy change for the hydrogen release reactions for

the heteroleptic complexes along with their homoleptic analogues (Table 3-5).
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Figure 3-10. Ball and stick structures of the optimized metal-hydride intermediates
in acetonitrile implicit solvation: NiDH2W?2", and NiD2H2W-. The blue, grey, yellow,
white, indigo, and cyan balls represent N, C, S, H, Ni, and F atoms, respectively. The
interaction between the two H atoms (H...H) trapped between the Ni and a pyridyl N atom
are shown using dashed bonds.

Table 3-5. Structural parameters of the PCET intermediates of the heteroleptic and
homoleptic catalysts and the free energy change of the hydrogen release step to regain the
original configuration at room temperature.

PCET N-H bond Ni-H bond H...H Gibbs energy change
intermediate length (ang.) length (ang.) bond length for H; release (keal
) ) (ang.) mol™)
NiW;:H» 1.09 1.64 1.35 -28.7
NiDH,W; 1.07 1.64 1.41 -26.3
NiDH,W- 1.07 1.64 1.40 -25.8
NiDs;H» 1.07 1.64 1.40 -26.5

The similarities in the structural parameters of the Ni(0)-hydride intermediates of
the homoleptic and heteroleptic complexes indicate that ligand modification has little to no
effect on the final two steps of the catalytic cycle of hydrogen production using Ni(II) tris-
pyridinethiolates. The free energy change of hydrogen evolution reaction are very similar
for all four compounds. This observation indicates that tuning the catalytic efficiency of
the proton reduction Ni(II) tris-pyridinethiolate catalysts are appropriately modeled
targeting the first two steps of the catalytic cycle. The energetics of the full catalytic cycle

was compared for the heteroleptic complexes in acetonitrile solvation model (Figure 3-11).
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The parametric values of acetonitrile solvated proton (-260.2 kcal mol!) and electron (-
31.9 kcal mol™!) were used to calculate the free energy change of the catalytic steps.!'%+1%7
Protonation of more EDG containing NiD2W is 3.8 kcal mol! more favorable, while
reduction of more EWG containing NiDW2 is more favorable by 2.9 kcal mol™! in
continuum acetonitrile solvation at room temperature. From the calculated thermodynamic
energies, it is observed that the Ni(0)-hydride intermediates have similar energies (within
0.3 kcal mol™"). However, since the reduced intermediate of NiDW2 is more stable than
NiD2W, the PCET step of NiDW: is less energy demanding than NiD2W. Finally, the
hydrogen evolution step requires similar energy for both heteroleptic complexes. Based on
these calculations of the thermodynamic parameters, it can be concluded that the ideal
combination for the heteroleptic catalyst for proton reduction by Ni(II) tris-pyridinethiolate
would be to have one ligand containing electron donating group (D) that will tune the pK.,

value of the complex and two electron withdrawing ligands (W) to tune the £’ value of the

complex toward more positive value leading to a more spontaneous reduction process.
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Figure 3-11. Energy profile diagram for the catalytic steps of proton reduction
using NiDW2, and NiD2W heteroleptic complexes. The free energy changes are reported
in kcal mol. Presence of more D ligands accounts for an easier protonation while more W
ligands makes the reduction step more spontaneous characterized by higher a free energy
change. The final two steps (PCET, and H: evolution) are characterized by similar free
energy changes for both the complexes suggesting that ligand modification does not affect
these two steps of the catalytic cycle.

3.4 Conclusion

This work provides computational insight into tuning the catalytic efficiency of
proton reduction Ni(Il) tris-pyridinethiolate catalysts through heteroleptic ligand design.
The previously reported catalytic cycle outlines the role of pK,, and E° that need to be
simultaneously optimized in order to tune the catalytic efficiency. Introduction of ED
groups accounts for a higher pK,, however, a less negative E° requires EW groups. Since
these two properties require two opposing ligand modifications a heteroleptic catalyst
containing both ED and EW groups in a single complex can modulate both the
thermodynamic properties. To test the hypothesis two heteroleptic complexes NiDW2, and
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NiD:W were studied, and the calculated thermodynamic parameters were compared with
the corresponding homoleptic analogues (NiW3, and NiD3). DFT calculations along with
QTAIM results indicate that the ideal configuration for the heteroleptic catalyst design for
water splitting reactions is NiDW2, where one ED D ligand tunes the pK, to a higher value

and two EW W ligands accounting for a more favorable reduction process.

It was observed previously that catalytic mechanism of the homoleptic [Ni(PyS)3]
proceeds through the protonation of one of the pyridyl N atoms. Due to the asymmetric
ligand environment around the Ni center, protonation leads to the formation of geometric
isomers. The stability of these isomers is related to the strength of an intramolecular H-
bonding interaction between the pyridyl N-H and one of the adjacent thiopyridyl S atoms.
In case of heteroleptic complexes isomer formation through protonation was also observed
and due to higher structural complexity in the heteroleptic complexes, the number of
isomers is much higher than its homoleptic analogues. This work demonstrates the
importance of carefully accounting for contributions from all the isomers while
computationally modelling structurally intricate systems in order to achieve unambiguous
and meaningful results. This report also shows that introduction of ED -CH3 group in the
ligand environment of the heteroleptic complexes, systematically increases the pK,, and
increase in EW -CF3 group make the E” approach less negative values when compared with
their homoleptic analogues. To summarize, heteroleptic Ni(Il) tris-pyridinethiolates are
capable of hydrogen production at higher pH with lower overpotential when compared with

the homoleptic congeners.
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Chapter 4 Photocatalytic Aerobic Oxidation of Benzylic Alcohols And Concomitant

Hydrogen Peroxide Production

A provisional patent application has been filed to the United States Patent and
Trademark Office based on this work (Application No. 63/336,065). The project was
designed by Avik Bhattacharjee and Dr. Theresa M. McCormick. Serena M. Frazee assisted
Avik with the synthetic and experimental procedure. Avik conducted the computational

studies.

4.1 Introduction

Aerobic oxidation using transition metal compounds is widely used method for
transformation of small organic molecules in both laboratory and industrial scale. 23108
However, the major drawbacks of this processes include the production of large amount of
toxic waste, the use of heavy metal cocatalysts, and harsh reaction conditions.
Photocatalytic and metal-free aerobic oxidation of organic moieties is an emerging field in
the area of sustainable chemical research. The use of small organic molecules to activate
molecular oxygen has well-known applications in C-H and C-C bond activation
reactions.!® 113 These organo-catalysts are desirable due to their high reactivity and
tunability and most importantly the access to a greener alternatives. Herein, we report a
simple strategy to achieve aerobic oxidation of benzylic alcohols (benzhydrol, and benzyl

alcohol) in metal-free and photocatalytic conditions. This process has an added benefit as

it allows us to access hydrogen peroxide as the value-added byproduct.
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H,0: has widespread use in several laboratory and industrial processes.>*!° It is
one of the most important oxidants and has many household uses. Recent reports reveal
that H>O» can also act as a sustainable, carbon-neutral fuel in an electrochemical fuel cell,
producing only water as the waste material. This has a potential to become the “fuel of the
future”. Considering only current uses of H>O», reports show that market size is expected
to reach USD $6.41 billion by 2028 due to an increase in the global demand of this
chemical. In the United States, only a handful of production plants produce the over 4.5
million tons of H>O; that are used every year, which is then shipped to the point of use. The
current method of H2O» production utilizes the Anthraquinone Process (AP) that uses H»
and Oz and an expensive Pd-catalyst.*!!° This process requires large chemical production
plants and major disadvantages include energy intensive mass-transport limitations of
hydrogenation and oxidation steps, and substantial investments for purification, storage,
and distribution. Furthermore, the required H> gas is produced by steam reforming fossil

fuels, producing carbon emissions.!'®”

Direct synthesis of H»O> that use H> and O have an ideal atom-economy.'!%!7

However, mixtures of H> and O, are explosive at most concentrations, and the majority of
catalysts that activate Hz also activate decomposition of H>O». Dilution of the gas mixture
and judicious choice of catalyst have shown some success. However, most systems rely on
rare earth metal catalysts such as Ir, Pt or Pd. Thus, it is important to develop catalysts that
will allow O», preferably from air, to act as the stoichiometric oxidant for the two-electron
oxidation of water.!'®12% Traditionally, efforts in developing aerobic oxidation catalysts
have used homogeneous transition-metal catalysts. Since our goal is to develop an
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oxidation catalyst that can simultaneously oxidize a substrate and produce H>O», reactions

must avoid any metals to prevent decomposition.'®!

Use of N-hydroxyphthalimide (NHPI) as an organic oxidation catalyst has been
reported in literature for a variety of substrates, usually under thermal condition, with metal
activators.>* ¢ The oxidation of benzylic alcohols to corresponding carbonyl compounds
have been shown to occur without the over-oxidation that is observed for other alcoholic
substrates.!?! Oxidation reactions using NHPI follow a radical mechanism. First, homolytic
cleavage of the NO-H bond generates phthalimide-N-oxyl (PINO) radical. PINO reacts
with the substrates to generate carbon centered radicals that eventually react with O to
form a metastable hydroxy (perhydroxy) intermediate. Finally, hydroperoxyl leaves as
H>0O, generating a carbonyl compound as the final product. However, cobalt and/or
manganese co-catalysts are often used to initiate H-atom abstraction for NHPI to produce
the active radical species, PINO. Thus, any H2O: produced in these systems decompose
under these reaction-conditions and attempts to isolate it have not been reported.*’
Furthermore, thermal reactions require elevated temperatures (70-90 °C) where PINO is
prone to decomposition.'??'>* Hence, we are interested in utilizing low-temperature
photochemical reactions with no metal co-catalysts such that highly efficient reactions can
be developed that will allow both oxidized product and H2O: to be isolated. Photocatalytic
oxidation of the a-C of unsaturated hydrocarbons has been reported with NHPI as a radical
organocatalyst. In this work, CdS acts as a photo-redox catalyst to generate PINO and to
reduce oxygen to superoxide.'? Similarly, a report by Li ef al. demonstrated the excited-
state of graphitic-carbon-nitride (g-C3N4) can activate O2 to superoxide, which promotes
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hydrogen abstraction from NHPI, generating PINO to oxidize toluene.'?® This differs from
our proposed reaction mechanism where 'O, is the reactive-oxygen-species. In a recent
paper by Chen et al., Rose Bengal was used as a photosensitizer for the synthesis of -oxy
alcohols.'?” This work indicates that PINO is generated by the sensitized 'O, however this

reaction is not catalytic since PINO is consumed during the reaction.

Production of H2O> from water oxidation and O reduction is desirable because it
eliminates the need for explosive gas mixtures, and both water and O are readily available.
Coupled to a photochemical reaction, this is a green method for H>O; production. Reports
of Ru and Ir photocatalysts show H>O> can be produced from O, and water, but these
reactions require additives to stabilize the superoxide intermediate or sacrificial electron
donors.?>12%129 Reports by Hirai et al. show g-C3N4 containing electron-deficient aromatic
diimide can convert water to H>O> using O, and light."!'®!'7 By using an alcohol as the
electron-sink, H>O; is produced while simultaneously synthesizing a desired product. Our
preliminary results indicate that H>O is produced in the photo-oxidization of alcohols from
water and Oz without metal catalysts. Herein we propose a novel green photocatalytic
aerobic oxidation of benzylic alcohols to produce carbonyl compounds which can

simultaneously access H2O» as a value-added product (Scheme 4-1).
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Scheme 4-1. Reaction scheme of diphenylmethanol oxidation (top) and thermal
and photochemical production of PINO (bottom).

4.2 Synthetic Methods: Benzylic Alcohol Oxidation

In a previously published report on aerobic oxidation of alcohols to produce
H,0, Ishii et al. used thermochemical conditions (75 °C) to afford in-situ generation of
the PINO radical to carry out the conversion (Scheme 4-1).* Herein we report a novel
strategy of using visible light to access the oxidation products in comparable yield to the
thermal conditions (Figure 4-1). 5 mmol Diphenylmethanol (1) was reacted with
molecular O in presence of NHPI (5 mol%) photocatalyst and a photosensitizer Rose
Bengal (RB) in 5 mL acetonitrile (ACN) under white light irradiation at room temperature
for 72 hours to afford benzophenone (3) and H>O; (2) as identified by 'H NMR (Figure
4-2). The yield of the photochemical reaction was calculated by "H NMR by the use of an
internal standard (ethylene carbonate). The observed primary yields of benzophenone (3)

was 70% and that for hydrogen peroxide (2) was 50%.

80



Previous work reported by Ishii et. al. (thermochemical reaction):

OH

10 mol% NHPI
OO ™ e
AcOEt,
2

1 75°C, 24 h
PS40 510,

This work (photochemical reaction):

OH

5 mol% NHPI
O e
ACN, RB
2

1 white light, rt,
72 hrs 50%

o)

72%

o)

77%

Figure 4-1. Aerobic oxidation of diphenylmethanol (1) to hydrogen peroxide (2),
and benzophenone (3) using NHPI organocatalyst in thermal (top) and photochemical

(bottom) conditions.
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Figure 4-2. 'H NMR spectrum of the reaction mixture taken in CDsCN at 298 K
(400 MHz). Diphenylmethanol: 6 = 3.89 (s), 5.75 (s), 7.17-7.21 (t), 7.26-7.30 (t), 7.34-7.36
(d); benzophenone: 6 = 7.47-7.51 (t), 7.59-7.62 (t), 7.72-7.78 (d); H202: 6 = 8.69 (s);
ethylene carbonate (internal standard): 6 = 4.42 (s).

When a primary alcohol, phenylmethanol, was oxidized employing the same
reaction conditions a mixture of oxidized products were observed along with H>O» (17%).
Phenylmethanol was primarily oxidized to benzaldehyde (23%); however, a trace amount
of over-oxidized product, benzoic acid (4%) was also observed (Figure 4-3). The overall
yield of the oxidation products was lower in case of primary alcohol, which can be
attributed to the lesser stability of the benzylic radical due to the lower number of phenyl

rings, when compared to the secondary benzylic alcohol, diphenylmethanol.
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Figure 4-3. Aerobic oxidation of phenylmethanol to hydrogen peroxide,
benzaldehyde, and benzoic acid.

To evaluate the effect of each of the components of the reaction we ran a series of
control experiments and screened them for the production of H>O; using peroxide test-
strips (Table 4-1). The positive control reaction (Entry 1) was run using 5 mmol 1, and 10
mol% NHPI in 5 mL of 10 M Rose Bengal solution in acetonitrile. The reaction flask was
sealed with a balloon filled with oxygen gas. The reaction was stirred vigorously (1500
rpm) for 48 hours while being irradiated under white light. Hydrogen peroxide was
separated from the organic layer to the aqueous layer by liquid-liquid extraction with 5 mL
toluene and 5 mL of water. A dark blue coloration of the peroxide test-strip indicated the
presence of H>O» in the aqueous work-up of the reaction. To rule out the presence of any
other types of peroxides or reactive oxygen species (ROS) that might interfere with the
peroxide test-strips, we further performed absorption studies with a selective titanium(IV)-
porphyrin dye, 0x0[5,10,15,20-tetra(4-pyridyl)porphyrinato]titanium (Iv),
[TiO(TPyPH4)]**, and compared it with a known concentration of commercial sample of
H>0s. In presence of H>O; the characteristic absorption peak at 432 nm corresponding to
the dye was shifted to 445 nm confirming the presence of [TiO2(TPyPH4)]*" complex which
is selective to only H>O» and not any other source of peroxide or ROS (Figure 4-4 and

Figure 4-5).1° This indicated the production of hydrogen peroxide in these oxidation
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reactions. Thus, a color change on the test strip was used to indicate a positive control for

the reactions, and if no hydrogen peroxide was detected we assumed there was no reaction.

H20;

perchloric acid

[TIO(TPyPH,)1** [TiO,(TPyPH,)1**

Figure 4-4. Quantitative conversion of [TiO(TPyPH4)]*" to [TiO2(TPyPH4)]*" in
presence of hydrogen peroxide and perchloric acid.
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Figure 4-5. The UV-Vis spectrum of the Ti-porphyrin dye (blue) shows a
characteristic absorption band at 432 nm. The characteristic peak is missing in absence of
the dye (orange). The water extract of the reaction mixture (grey), and a hydrogen peroxide
solution of known concentration (yellow) shows a shift in the absorption peak to 445 nm.
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In absence of NHPI (Entries 3, 4, and 5), and light (Entries 5, 8, and 9) no H>O»
was detected. To investigate the role of temperature two reactions were ran at in the 0 °C
in presence, and absence of light. The reaction tested positive for H>O, production at 0 °C
in presence of light (Entry 10), however no H>O» was observed under the dark reaction
conditions (Entry 11). To evaluate the role of the photosensitizer (Rose Bengal), the
reaction was run without Rose Bengal (Entry 2). The blue coloration on the test-strip
confirmed the presence of peroxide, however, when the reaction mixture was subjected to
'"H NMR only trace amounts of oxidation product (3) and no peroxide was observed.
Production of trace amounts of oxidation products (2, and 3) in absence of a photosensitizer
could be caused by the direct excitation of NHPI under white light. In acetonitrile, NHPI
shows absorption bands at 218 nm (¢ = 39711 M cm™) and 293 nm (e = 1762 M! cm™)
with a tail out to 360 nm that could be directly excited by the white light (Figure 4-6).'!
Since the dissociation energy of the O-H bond is 88.1 kcal mol™!, excitation into the low-
energy absorption band of NHPI would be energetic enough to break this bond and directly

form the PINO radical.’*3>
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Figure 4-6. UV-Vis absorption spectra of NHPI, at two different concentrations
(10* M, and 10®° M) in acetonitrile (left) and the molar extinction coefficients (g) at
wavelengths, A =293 nm (top right), and A = 218 nm (bottom right).

Table 4-1. Control experiments by varying the reaction conditions. The '+' sign
denotes the presence and the '-' sign denotes the absence of the photosensitizer rose bengal.
The blue coloration on the test strips indicate the production of H.O> denoted by a '+ sign,
whereas a '-' sign denotes no color change on the test strip indicating no H.O> production.

Entry [1] [NHPI] O Light Temperature Rose H;0;
mmol mol% ‘o) Bengal test

1 5 10 + white 25 + +

2 5 10 +  white 25 - +

3 5 - +  white 25 + =

4 5 - +  white 25 - -

5 5 - s 25 - -

6 - 10 +  white 25 + -

7 5 10 - white 25 4+ =

8 5 10 + - 25 - -

9 5 10 s 25 + =

10 5 10 +  white O + +
11 5 10 + - 0 + -

4.3

Stability of the Reaction

The stability of the oxidation products (2 and 3) under the reaction conditions were

monitored using '"H NMR over a period of 18 days (Figure 4-7). The yield of the oxidation
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product (3) was calculated by taking the ratio of the integration of aromatic protons
corresponding to the products and the sum of the integrations of aromatic protons of the
product (3) and the starting material (1). Similarly, yield of H2O, was measured by the ratio
of the integration of protons of H>O; and the sum of integrations of aromatic protons of the
product and the aromatic protons of the starting material (1). Both the oxidation products
were stable under the reaction conditions throughout the experimental window of 18 days
as no decomposition products were observed in the NMR spectrum. The reaction
terminates at ~80% of 3 and ~55% of 2 around 12 days of irradiation time. These yields

persist without decomposition with continued an additional 6 days of irradiation.

=8=benzophenone

[Oxidation products]

hydrogen peroxide

0 5 10 15
Time (days)

Figure 4-7. Stability of the oxidation products (benzophenone, and hydrogen
peroxide) measured over a period of 18 days using *H NMR spectroscopy of the reaction
mixture.
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4.4 Reaction Optimization

The reaction condition was optimized by running a three variable full factorial
design of experiments (Table 4-2). The variables considered in this study were
concentration of the catalyst (NHPI in mol%), concentration of the photosensitizer (Rose
Bengal in M), and the irradiation time (in days). Using a full factorial design of experiment
allows for reaction optimizations with few experiments, and accounts for interacting
variables. The % yield was calculated using "H NMR with respect to an internal standard,
ethylene carbonate. After calculating the main and interaction effects of the variables it was
observed the yield was maximized at lower levels of catalyst loading (5 mol%) and
photosensitizer concentration (1x10* M) but longer irradiation time (3 days). In the
previous work by Ishii er al. in thermal condition 10 mol% catalyst loading yielded
maximum turnover.*’ In our photochemical conditions the better performance with a lower
catalyst-loading can be attributed to the decomposition of radical intermediates at elevated
temperatures. Longer irradiation time increasing the product concentration agrees with the

'H NMR stability experiments and validates the slower aerobic oxidation kinetics.

Table 4-2. Three variable full factorial optimization design for the photocatalytic
aerobic oxidation of diphenylmethanol. The effect of catalyst concentration,
photosensitizer concentration, and irradiation time were investigated for the optimization
experiments.

[NHPI] [Rose Bengal] Time

Reaction mol% x10* M (days) %oyield
3 2
1 10 4 2 10 6
2 5 1 1 4 -
3 15 1 1 3 1
4 5 7 1 5 1
5 15 7 1 5 1
6 5 1 3 77 50
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7 15 1 3 21 14
8 5 7 3 26 6
9 15 7 3 22 15

4.5 Quenching Experiments

To gain insight on the mechanism of the photocatalytic aerobic oxidation of
benzhydrol to benzophenone using NHPI in presence of a photosensitizer, quenching
experiments were run by the addition of different scavengers (Q) for intermediates (Table
4-3).'%% Addition of sodium azide as a singlet oxygen ('0>) scavenger entirely quenched
the reaction. No oxidation products were observed after three days of irradiation. Addition
of benzoquinone as a superoxide (O2") scavenger lowered the yield. These two experiments
together suggest the primary reactive oxygen species responsible for the reaction is 'O but
that superoxide may be present and contributing to the reaction yield. Similarly, the
suppression of the yield of the oxidation products upon the addition of ammonium oxalate
and tert-butyl alcohol suggests that the reaction is dependent on the hole and radical
intermediates, respectively. This observation further validates the lower yield of oxidation
products for the primary alcohol. The benzylic radical intermediate has a lower
stabilization for the primary alcohol when compared to the corresponding radical
intermediate generated from the secondary alcohol, lowering the overall yield of the

reaction.

Table 4-3. Quenching experiments to investigate the nature of the reactive
oxygen species (ROS) and the reaction intermediates.

Entry Q Q type Yield (%)
1 - - 70
2 NaNj3 '0, 0
3 Benzoquinone (073 12
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4 (NH4)2C204 hole 4
5 ‘BuOH radicals 19

The investigations on the role of each of the components and the determination of
the identities of the reaction intermediates by the quenching experiments provides valuable
information regarding aerobic oxidation mechanism of activated benzylic alcohols using a
photocatalyst, NHPI. Experimental results suggest that, white light irradiation converts
NHPI to PINO radical by the homolytic cleavage of the O-H bond. PINO initiates oxidation
mechanism by abstraction of a benzylic H atom which further reacts with a 'O. The
hydroxy (perhydroxy) radical intermediate, thus formed, undergoes a series of reactions
that ultimately leads to the formation of a carbonyl product along with the release of a H.O»
molecule. The reaction mechanism proposed herein, was explored using Density

Functional Theory (DFT) calculations.

4.6 Computational Studies

The energetics of this reaction was investigated using DFT calculations to further
support the proposed mechanism. The geometry of the intermediates were optimized using
B3LYP/6-311+G(d,p) method implementing an implicit polarized continuum solvation
model for acetonitrile in Gaussian09 software package.’>®" Three probable reaction
combinations were modeled using 'O, and *0,, and 205" to calculate free energy change
associated with the generation of PINO radical from NHPI (4G,), which is the most
crucial step in NHPI catalyzed aerobic oxidation (Table 4-4). PINO acts as the active
catalyst that initiates the radical chain reaction by abstracting the methylene H atom of the

secondary alcohol (1).
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Table 4-4. Different reaction combinations and calculated free energy changes
(4Grxn) for the formation of PINO.

AGrmin PCM acetonitrile

Entry Reaction Combinations (kcal mol)
1 INHPI + 30, — 2PINO + 2HOO 23.25
2 'NHPI + !0, — 2PINO + 2HOO -15.43
3 INHPI + 20," — 2PINO + 2HOO 12.07

Unsurprisingly, reactions involving the more energetic 'O, is thermodynamically
most favorable characterized by the highest negative free energy change value (Entry 2).
However, the less positive Gibbs energy change corresponds to a reaction that follows a
direct excitation of the catalyst using superoxide (Entry 3). These results suggest that 'O
can react with NHPI to generate PINO. Direct reaction with ground state O, was

energetically most unfavorable as seen in DFT calculations (Entry 1).

The catalytic mechanism for the aerobic oxidation of 1 to 3 were modeled using the
following steps (Scheme 4-2). The H atom abstraction by PINO from 1 to form the radical
intermediate (Int 1) has a free energy of -2.03 kcal mol™!. The second step of the catalytic
cycle of formation of the hydroxy (perhydroxy) intermediate (Int 2) was modeled using
both !0, and 30, as oxidants. DFT calculations reveal that formation of Int 2 is
thermodynamically more favorable in presence of !0z (4G = -40.25 kcal mol ™) than >0,
(-1.56 kcal mol ™). This observation supports the results from the quenching experiments
as it was established that excited state 'O: is the key reactive oxygen species in these
transformations. The metastable hydroxy (hydroperoxy) intermediate (Int 3) formation
followed by the release of H>O» (2) to form organic oxidation product 3, have

thermodynamic free energies of -5.11 kcal mol™!, and -15.53 kcal mol™!, respectively.
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Scheme 4-2. Computationally investigated (B3LYP/6-311+G(d,p) in polarized
acetonitrile solvation model) catalytic mechanism of aerobic oxidation of
diphenylmethanol including the free energies of the intermediate steps (shown in blue).

4.7 Conclusions

In summary, the use of NHPI to perform aerobic oxidation reactions addresses
different challenges in the field of aerobic oxidation catalysis. First and foremost, this
method is a greener alternative to most common alcohol oxidation reactions. NHPI is a
simple organic compound, this allows us to tune the efficiency through simple
modifications. Photochemical oxidation can be performed at room temperature or lower.
Most importantly, this method generates H,O: as a value-added product. Due to the absence
of any metal-containing strong oxidizing agent and mild reaction conditions, the generated
H>0O> will not be decomposed and can be extracted from the mixture with simple liquid-
liquid extraction procedures. The understanding of the catalytic mechanism of aerobic
oxidation catalyzed by NHPI through quenching experiments supported by DFT

calculations will allow us to broaden the scope of reaction by sampling a variety of
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substrates. These results show the potential of using an organocatalyst that is capable of
oxidizing alcohols to H>O> under photochemical conditions, which is of immense interest

at both laboratory and industrial scale.
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Chapter 5 Generalized Bonding Model for Hypervalent Diarylhalonium Complexes

Karandikar, S. S.; Bhattacharjee, A.; Metze, B. E.; Javaly, N.; Valente, E. J.; McCormick,
T. M.; Stuart, D. R. Orbital analysis of bonding in diarylhalonium salts and relevance to

periodic trends in structure and reactivity. Chem. Sci. 2022, 13, 6532-6540.

5.1 Introduction

Diarylhalonium compounds (ArX'Y", X = Cl, Br, I; Y = anion) have gained
attention among synthetic organic chemists over the past few years (Figure 5-1).4%1327136
These compounds are known to be used as catalysts and reagents in a wide variety of
conversion devoid of harsh conditions and metal containing reagents, proving to be suitable
candidates for practicing environment-friendly, sustainable chemical research in the fields
of natural products synthesis, drug precursor design, and generation of several important
organic scaffolds.'*’” Among the other group congeners, iodonium compounds are of
particular interest due to the reactivity owing to the properties of the central atom.*!:138-140
Atypical, metal like behavior of iodine atom, due to the presence diffused core electrons,

make these reagents extremely useful in carrying-out reaction at the organic-inorganic

material interface.'3’
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Figure 5-1. Acyclic and cyclic halonium compounds. X = F, CI, Br, I; Y = anions;
R, and R’ are other aliphatic or aromatic groups.

Understanding the structure-reactivity relationship is central to the idea of novel
catalyst design. Over the past few decades several attempts have been made to decipher the
unusual reactivity of these compounds in order to gain insight to the mechanism of
reactions performed by diarylhalonium complexes. Among those, the three center-four
electron (3¢-4e) model has been widely accepted to describe the structure.!*!~'** This model
can successfully shed light on the bonding of central atoms that can expand its valence
shell beyond the octet. This phenomenon is termed as hypervalency.'** It is widely accepted
that the central halogen atoms in diarylhalonium salts adopt hypervalency to accommodate
the surrounding ligands (L). The model compound PhIL: can be used to understand the
hypervalent bond L-I-L under 3c-4e framework. This model utilizes an unhybridized
vacant p- orbital on the central I atom that is directed toward two ligand group orbitals
(LGO), ¢1 and ¢2, formed through the linear combination of the valence atomic orbitals of
two ligands (L).!* This interaction leads to the formation of three molecular orbitals:
bonding (o), non-bonding (n), and anti-bonding (c*), constituting a linear hypervalent L-

I-L triad (Scheme 5-1).
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Scheme 5-1. Three center-four electron (3c-4e) bonding model for a hypervalent
PhIL> compound: generation of a hypervalent (L-1-L) bond starting from | with filled octet
(left), and the corresponding molecular orbital diagram for a 3c-4e bonding interaction

(right).

The 3c-4e model was further modified through symmetry adapted valence bond
treatment and further refined by the theory of recoupled-pair bonding model, where the
overall bonding is presented as a linear combination of terms that describe the interactions
between two centers (couples) at a time considering both ionic and covalent
arrangements.'*! Based on these theoretical models the C(Ph)-X-L bond angles will be 90°,
and L-X-L angles will be 180°, due to the involvement of only p-orbital from the central
halogen atoms, which has an orthogonal symmetry.'*! These models can broadly capture
the features of a hypervalent bonds observed in diaryliodonium (Ar2I"Y") complexes with
some structural deviations. However, when the bonding theories are extrapolated to lighter

halogen atoms, it fails to emulate the structural parameters observed in solid state structures
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through X-ray crystallography.'*> For example, the experimental C(Ph)-X-C(Ph) bond
angles for molecules 1 (97.4%), and 2 (97.0°) are close to the theoretical bond angle of 90°,
however, the C-CI-C bond angle in molecule 3 shows a +14° deviation from the

theoretically predicted bond angle (Figure 5-2).43146-150

BF,
©© O @ o
3
£C-X-C 97.4° 97.0° 104.0°

Figure 5-2. Comparison of the X-ray derived C(Ph)-X-C(Ph) bond angles for
diphenylhalonium (Ph2XY) complexes molecules: 1 (X =1), 2 (X = Br), and 3 (X = Cl).

Additionally, the observed C(Ph)-I-C(Ph) bond angles vary among the
diphenyliodonium (Ph2IY) complexes based on the identity of the anion (Figure 5-3).
These structural aspects are absent in the original 3c-4e description of the hypervalent
halogen containing salts. The simplistic and widely accepted bonding model for these
compounds suffer from major flaws owing to the exclusive involvement of p- orbital of the

halogen atoms.
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LClO, .BF,

17

THTHTH

1 4 5
/C-I-C 97.4° 96.6° 93.9°

6 7 8
/C-I-C 93.2° 92.7° 91.8°

Figure 5-3. Comparison of the X-ray derived C(Ph)-1-C(Ph) bond angles for
diphenyliodonium (Ph2lY) complexes: 1 (Y = PFs), 4 (Y = ClO4), 5 (Y = BF4), 6 (Y =),
7 (Y =Cl), and 8 (Y = Br).

Furthermore, since the structure of a molecule is associated with its reactivity, the
existing theoretical model fails to explain the periodic Lewis acidic properties of the
halogen atom in these complexes. To accommodate these observed variations in structure
and the reactivity of the diarylhalonium cations, it is necessary to redefine the bonding
model. We report herein a detailed computational investigation of a series of
diarylhalonium complexes and diarylchalcogenides (Scheme 5-2). The archetypal
compound for 3c-4e bonding model, PhICI> (9) was chosen to test the validity of the said
bonding theory, the widely studied diphenylhalonium (1 — 8), and isoelectronic

diarylchalcogenides (13 — 18) were used to standardize our novel bonding model and was

applied to three newly synthesized and characterized phenyl(mesityl)halonium
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tetrafluoroborate (10 — 12) to further validate our approach. This was achieved by

comparing the computationally derived bond parameters with the X-ray diffraction data.

©©©© @
©a©@©©
@@@gwm
o O o

OO0 OO

Scheme 5-2. Molecules studied in this work: diphenylhalonium complexes (1 — 8,
shown in black), prototypical compound for 3c-4e bonding model, Phl>Cl (9, shown in
red), phenyl(mesityl)halonium tetrafluoroborate complexes (10 — 12, shown in blue), and
isoelectronic diarylchalcogenides (13 — 18, shown in green).
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We report, herein, a novel and generalized approach to describe the bonding of
compounds within the Lewis’ octet framework as well as, so-called hypervalent
complexes.!> 132 This generalized bonding model is based on qualitative Bent’s rule and
was achieved by the inclusion of s-orbital contribution of the central atom in conjunction
with the p-orbitals, which was absent in the previously adopted bonding theories.'** The
prominent correlation of the computationally derived results with the experimental data
validates this approach and further justifies the use of this method to discuss structure of

similar compounds in order to derive a better structure-function relationship.

5.2 Computational Methods

All Density Functional Theory (DFT) calculations were performed using
Gaussian09 quantum chemistry package.®® To optimize the computational method,
geometry optimization calculation was performed with the crystal structure of
diphenyliodonium iodide, PhoII (6, CCDC id: DIRZOTO01) using two density functionals,
namely: B3LYP, and M06-2X; and a combination of a variety of basis functions in gas
phase.!>*!5% The optimized structures were subjected to single point energy calculation.
The combination that produced the lowest energy structure along with the best correlation
with the experimental parameters was: B3LYP/Def2QZVPP (for I atoms), and cc-PVTZ
(for lighter C,H atoms). Subsequently, geometry optimization of all molecules were
performed using B3LYP functional along with a split basis set combination of Def2QZVPP
(for I, and Te) and cc-PVTZ (for lighter atoms such as C, H, B, N, O, F, P, Cl, Br, S, and
Se). The optimized structures were subjected to frequency calculation using normal mode

analysis to ensure the achievement of stationary points with zero imaginary frequencies.
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Natural Bond Orbital (NBO) analyses at B3LYP/LanL2DZ (for all atoms) were
performed on the geometry optimized structures using NBO 3.1 module as implemented
in Gaussian09 to extract the atomic s- and p- orbital contributions to the bonds with central
halogen and chalcogens.!*!> Finally, Hirshfeld charge analyses were performed using
Multiwtn 3.7 wavefunction analyzer to correlate Lewis acidity with the atomic charges of

the central atoms.®’

5.3 Results and Discussions

5.3.1 Bents rule.

The theory of hybridization provides a semi-quantitative description of the
formation of covalent bonds.!#!!31:152 This involves a depiction of mixing of atomic orbitals
(such as s, p, d etc.) of the central atom in different proportions to create hybrid orbitals of
different nature (such as, sp, sp?, sp® etc.). These hybrid orbitals obey Pauli’s exclusion
principle while filling up with electrons to accommodate ligands in order to form a
molecule. The model successfully describes bonding and structures of several molecules
containing 2™ period elements as the central atom , for example, CHa, C2H>, NH; etc.
However, it fails to account for structural deviations observed in molecules containing
heavier central atoms. Furthermore, the description of orbital mixing is restricted to only
central atoms and does not account for different structural aspects based on the identity of
the incoming ligands. Henry A. Bent formalized a new bonding model where he combined
the mixing of atomic orbitals of central atom and the electronegativity of the approaching
ligand to account for the anomalies observed under the hybridization framework. In this

model, Bent introduced the concept of orbital contribution such as, %s- character, and %p-
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character, form the central atom that is being directed to the ligands during the formation
of'a covalent interaction. He showed that depending on the nature (electronegativity) of the
approaching ligands the same central atom might direct different hybrid orbitals with
unequal s- and p-characters. The statement of Bent’s rule is as follows: atomic s-character
concentrates in orbitals directed toward electropositive substituents.'> Conversely, for
electronegative substituents, hybrid orbitals directed by central atom will have higher p-

orbital contribution.

The inclusion of unequal orbital contribution toward substituents with different
electronegativities changed the existing bonding model for covalent interactions. This
could successfully explain the structural deviations observed not explained by
hybridization and Valence Shell Electron Pair Repulsion (VSEPR) theories. This model
provides a more generalized approach to understand bonding and incorporate periodic
trends for molecules formed by group congeners. We report herein a detailed investigation
of the bonding in acyclic diarylhalogen cations and isoelectronic diarylchalcogen
compounds through the lens of Bent’s rule using computational calculations of s and p

character of bonding orbitals.

5.3.2 Hypervalency and orbital contribution.

To investigate the applicability of Bent’s rule on the molecules containing
hypervalent central atom, phenyliodonium dichloride, PhICl2, (9) was chosen. It is
supported by the X-ray crystallography that this molecule contains two symmetric I-Cl
bonds (Figure 5-4). This means, if two Cl atoms are designated as Cl(a) and Cl(b), then

Cl(a)-I-C(Ph) and Cl(b)-I-C(Ph) are both 89.9°. The Cl(a)-I-Cl(b) angle is 179.9°. This
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bond parameters are very similar to the ones predicted by the theory of 3c-4e bond model

where C1-I-Cl should be 180°, and CI-I-C is 90°.

NBO analysis of the I-C(Ph) bonds reveal that the %p- character directed by the
atomic orbitals of I toward C(Ph) is 99.95% as predicted by the 3c-4e model. This further
validates the involvement of an unhybridized atomic p- orbital of I in the C(Ph)-I bond. In
summary, the inclusion of orbital contributions into well-known hypervalent compound is
acceptable and provides excellent correlation with the experimentally obtained bond

parameters.

Cl—I—Cl,

/Cl(a) -1 - Cl(b) = 179.9°
/Cl(a) -1 - C(Ph) = ZCI(b) - I - C(Ph) = 89.9°

Figure 5-4. Different bond angles involving the hypervalent | atom in PhICI;
molecule obtained from X-ray diffraction studies.

5.3.3 Correlation of orbital contribution and structure.

Excellent correlation (R’ = 0.98) was achieved when the X-ray derived bond angles
of the known diphenylhalonium compounds, PhoX"Y", (1 - 8) and diarylchalcogenides,
AnrE, (13 - 18) were compared against DFT calculated bond angles (Figure 5-5). This
further validates the computational method chosen for investigating a variety of
compounds. The strong correlation (R = 0.99) between the %p- orbital contribution to the

hybrid orbitals directed by halogen (X) and chalcogen (E) central atoms toward the
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substituents suggests that 3c-4e model is inapplicable in the case of understanding the

bonding in such compounds (Figure 5-6).
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Figure 5-5. Correlation of experimental and calculated bond angles for
diphenylhalonium (1 — 8) complexes and diarylchalcogenides (13 — 18).
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Figure 5-6. Correlation between the %p contribution from the central atom and the

DFT calculated bond angles for the diphenylhalonium (1 — 8) complexes, phenyliodonium
dichloride (9) and diarylchalcogenides (13 — 18).

The generalized bonding theory inspired by Bent’s rule, proposed herein, is capable
of accounting for the periodic trend observed in the structure of diphenylhalonium and
diarylchalcogen compounds, irrespective of the identity of the central atom. For example,
when compared for the chalcogenides (E =0, S, Se, Te) the C(Ar)-E-C(Ar) angle decreases
as going down the group (Table 5-1). The atoms with higher atomic mass and lower
electronegativities concentrate more p- character to the bond toward the aryl group
attaining an orthogonal symmetry, meaning bond angle closer to 90° as predicted from the
3c-4e bonding model. However, central atoms with higher electronegativities uses more s-
type orbital indicating a spherical symmetry resulting in higher bond angles, which is not

understood by the original 3c-4e description.
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Table 5-1. Correlation between periodicity and the structure of the molecules 13 -

18.
X-ray bond DFT calculated %os- %op-
Molecule E angle () bond angle (°) character character

13 (0) 118.3 121.2 32.2 67.8
14 (0] 119.4 122.2 32.6 67.4
15 S 100.8 101.2 16.5 83.5
16 0] 122.3 122.0 32.6 67.4
17 Se 98.3 101.2 14.8 85.2
18 Te 96.1 97.8 11.6 88.4

The similar observations were made with the diphenylhalonium (Ph2XY)
complexes (Table 5-2). The C(Ph)-X-C(Ph) bond angle becomes less obtuse going down
group 17. Less electronegative I atom utilizes more p- character in the hybrid orbital
directed toward the C atom of the phenyl group than more electronegative Cl atom (1 — 3).
The quantitative involvement of p- orbital from central I atom also change depending on

the identity of the anionic substituents, Y (1, and 4 — 8).

Table 5-2. Correlation between periodicity and the structure of the molecules 1 -

8.
X-ray bond DFT calculated Y%os- %op-
Molecule X Y angle () bond angle (°) character  character

1 I PFs 97.4 96.6 9.2 90.8
2 Br Br 97.0 94 .4 7.4 92.6
3 Cl BF4 104.0 106.4 19.1 80.9
4 1 ClO4 96.6 94.6 7.7 92.3
5 I BF4 94.0 95.9 8.6 91.5
6 | I 93.2 90.5 5.6 94 .4
7 I Cl 92.7 91.7 5.5 94.5
8 | Br 91.8 91.0 5.6 94.4

5.3.4 Bonding in unsymmetrical phenyl(mes)halonium compounds.

The generalized bonding model described in the previous section was tested for a
series of unsymmetric phenyl(mes)halonium tetrafluoroborates, Ph(Mes)XBF4, where mes

= 2,4,6-trimethylphenyl group, (10 - 12). These molecules were synthesized and
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characterized through X-ray crystallography (Thanks to Shubhendu Karandikar, and
Edward J. Valente) to obtain the structural parameters (bond angle, and bond length) and
compared with the DFT calculated structures (Scheme 5-3). Unsurprisingly, the halogen
atoms direct hybrid orbitals with different %p- characters toward the different aryl
substituents (phenyl, and mesityl). The C-X bond lengths are also different for a halonium

compound depending on the identity the aryl substituents (Table 5-3).

F4B, F4B,
bX X

o é O

bond length bond angle

X-C(Mes) = a C(Ph)-X-C(Mes) = a

X-C(Ph) = b

Scheme 5-3. Structural parameters (bond angles and length) for unsymmetrical
diarylhalonium molecules 10 — 12 as described in Table 3.

Table 5-3. Structural parameters and %p- character directed toward two different
aryl groups in the series of phenyl(mes)halonium tetrafluroroborate molecules 10 - 12 as
defined in Scheme 5-3.

0, - 0 _
Molecule X a( A) b ( A) o () "op- character of X "op- character of X

toward Mes group toward Ph group
10 cl 179 1.82 107.1 80.4 82.0
11 Br 1.94 1.96 102.6 86.3 86.1
12 I 2.13 2.14 96.7 90.7 88.1

For example, the C(Ph)-X-C(Mes) bond angle (o) decreases going from chloranium
to bromonium to iodonium complex with a subsequent increase in the %p- character of the
orbitals directed towards the aryl (phenyl, and mesityl) groups. This observation is

consistent with the current hypothesis based on Bent’s rule. However, it was observed that
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the bonding of the halogen atoms with two different aryl groups are different in nature. For
example, the C (Mes)-X bond length (a) is smaller than the corresponding C(Ph)-X bond
length (b). This can also be attributed to the involvement of more p- character containing
hybrid orbitals toward the bonding between the halogen atom and more electron-rich
mesityl ring. These observations from the DFT calculations were supported by X-ray
diffraction studies as experimental C(Ph)-X-C(Mes) bond angle decreases from 107.8°, to

104.6°, followed by 102.3° when moving down the group from ClI, to Br, to I, respectively.

Finally, in attempt to correlate Lewis acidity of these molecules with the nature of
bonding orbitals, Hirshfeld charge analysis was performed. This was achieved by mapping
the atomic charges on the electrostatic potential surface of the molecules (Figure 5-7).!%
It was observed that the anionic tetrafluoroborate (BF4") ligands prefer to occupy the site
trans to the mesityl ring and creates an electropositive site trans to the phenyl ring, usually
referred to as the sigma hole. Any Lewis acidity shown by these types of compounds is
related to the size and magnitude of the electropositive site on the halogen atoms. It was
observed on the charge density map that the area of the electropositive sigma hole and the
magnitude of electropositivity increases going from Cl to Br, to I, which can be correlated

to the atomic electronegativity order of the halogen atoms.
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Figure 5-7. Charge density map of the diarylhalonium molecules. The increase in
positive charge density on the halogen atoms from CI to Br to I is shown using black
arrows. The scale for atomic charge density is presented in atomic units.

5.4 Conclusion

The 3c-4e bonding model is an excellent tool to predict the structure and reactivity
of some hypervalent molecules. However, it fails to account for any role imparted by the
individual central atom toward different substituents with different electronic properties
beyond the Lewis octet framework. We report a more generalized bonding model by
including both %s- and %p- characters of the hybrid orbitals donated by the central halogen
atoms to a wide variety of substituents. As proposed by Bent, bonding interaction varies
depending on the electronegativity of the central atoms as well as the approaching ligands,

we observe similar behavior in the diarylhalonium complexes and diarylchalcogenides.

The halogen and chalcogen atoms with higher atomic mass and lower
electronegativity utilizes orbitals with more p- character when compared with the atoms
with lower atomic mass and higher electronegativity. This novel bonding model for these
classes of molecules can explain the orthogonal symmetry of the molecules containing I or

Te atoms, as predicted by the 3c-4e model along with the spherical symmetry shown by
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the molecules containing O or Cl, where 3c-4e model breaks down, through the use of
varying s- and p- orbital contributions. This work highlights the importance of considering
s/p- mixing as a parameter to describe the structure-function relationship of diarylhalonium
salts and may be applied to other types of non-covalent interactions shown by the main-

group elements.
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Chapter 6 Conclusions

Computational chemistry has proven to be an indispensable tool for molecular
modeling in the field of catalyst design since the discovery of Kohn-Sham DFT over
seventy years ago.”'%!%157 Since then, a number of sophisticated methods have been
developed to study chemical systems in greater detail.*®!>® Molecular models can be
useful, or even indispensable tools to investigate the structure-function relationship and
provide a better understanding of the underlying quantum mechanics of small molecular
systems. Computational chemistry has proved to be useful where the testing of hypotheses

using experimental techniques are unfeasible.'*

However, the use of molecular models developed by computational methods, are
only useful if they provide a better understanding of a system through experimental
evidence or if they can provide suitable objectives for experimental design. It is for this
reason; molecular modeling has to be adequate and the parameters used to develop the
models need to be defined with maximum precision and accuracy. Otherwise, the model is

considered insufficient and inefficacious.

This work entails the study of four chemical systems with the objective of
development of better computational means to understand the experimental observations
related to the structure-function relationship and furthermore, to develop a strategy for
experimental catalyst design through the assistance of computational tools. This was
achieved by 1) the study of a family of Ni(Il) tris-pyridinethiolates, well-known water

reduction catalysts that work under both photochemical and electrochemical conditions, 2)
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developing a novel strategy to produce H>O» by the photochemical reduction of aerobic
oxygen and simultaneous oxidation of benzylic alcohols, and 3) developing a generalized
bonding model for the class of hypervalent halonium salts by the inclusion of %ss-orbital

contribution into the existing 3c-4e bonding theory.

6.1 Effect of Intramolecular H-Bonding on the Catalytic Cycle of Water Splitting Using

a Ni(I) Catalyst

Photochemical and electrochemical conversion of protons (from water or acids) to
H; gas utilizing Ni(II) tris-pyridinethiolate catalysts has been studied for almost a decade.
These catalysts can efficiently convert H" to H» with a high turnover rate through a
chemical-electrochemical-chemical-electrochemical (CECE) process. In the previously
reported literature, the catalytic mechanism of these complexes were explored through
computational techniques. However, due to non-exhaustive configuration scan on the
potential energy surface of the catalytic mechanism, the effect of localized intramolecular

H bonding interactions were not explored.

In this work, we redefine the molecular model to study the catalysis in order to
identify the impact of electronic and structural effects on the catalytic cycle of the family
of [Ni(PyS)s]" catalysts. The most useful outcomes of this projects are: 1) The first
protonation step of the -catalytic cycle generates structural isomers of varying
thermodynamic properties and stabilities, 2) The unequal stability of these isomers can be
attributed to the strength of an intramolecular H bond between the proton on the pyridyl N

atom and one of the adjacent thiopyridyl S atoms, where the stronger H-bonding interaction
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results in a more stable isomer. This greatly affects the basicities of the pyridyl N atoms.
Furthermore, the protonation is guided by the intramolecular H-bond formation instead of
originally proposed thermodynamic trans effect. Intramolecular H-bonding is well-
observed and characterized in biologically relevant macro-molecular systems, such as
proteins, and nucleic acids, however, it is not explored in small molecules. (3) During first
reduction step of the catalyst, the overall coordination geometry around the Ni-center gets
altered due to the reorganization of the chelating ligands. The structure optimizes either to
a square pyramidal (sg. py.) intermediate or a trigonal bi-pyramidal (#,p) intermediate. The
tpp intermediates are more stable although, the sg. py. intermediates can form better H
bonding interactions. These observations demonstrate the importance of considering
structural isomers while performing computations on these complexes and other
compounds with allied structural features in order to gain unambiguous insight into the

mechanism and better correlation with the experimental results.

6.2 Heteroleptic catalyst design for proton reduction

This work provides computational insight on finetuning the efficiency of water
splitting by Ni complexes through heteroleptic catalyst design. As mentioned earlier, the
mechanism of proton reduction by [Ni(PyS)s] is initiated by protonation of a pyridyl N
atom followed by the reduction of N(II) center to a Ni(I). The two main thermodynamic
parameters responsible for the catalysis are pK, and E’. The pK, of the catalyst can be
modified by the introduction of an electron donating group (D) while tuning the £’ requires
an electron withdrawing group (W) in the ligand framework for a better catalytic activity

in basic media. Since these two thermodynamic properties need to be optimized
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contemporaneously, simultaneous inclusion of both D and W groups are necessary. This

can be achieved by heteroleptic catalyst design.

For this work, we have explored the catalytic cycle of two heteroleptic complexes,
NiD,W and NiDW,, and the thermodynamic properties were compared with the
homoleptic analogues, NiD3; and NiW3. In this work we have included the contribution
from all possible isomers generated from the protonation of the ligands and explored the

role of intramolecular H bonding in the catalytic cycle.

The DFT calculations in conjunction with the topology analyses using QTAIM on
these catalysts indicates better performance of a heteroleptic catalyst than the homoleptic
analogue for water splitting reactions. The ideal configuration for a suitable heteroleptic
catalyst for water splitting is NiDW3, where one D group dictates the protonation of a
specific pyridyl N atom while two W ligands optimize the reduction reaction. This work
provides a comprehensive objective for the synthetic chemists to achieve a better proton

reduction catalyst that performs well in elevated pH conditions with low overpotential.

6.3 Metal-free photocatalytic aerobic oxidation and H2O; production

This work describes a novel strategy of oxidation of benzylic alcohols
(diphenylmethanol, and phenylmethanol) to the corresponding carbonyl products
(benzophenone, and benzaldehyde, respectively) using aerobic oxygen, light, an organic
photocatalyst (NHPI), and a photosensitizer (Rose Bengal) and the concomitant production
of H20». The use of NHPI as a photocatalyst is reported along with the use of metal and

non-metal co-catalysts for aerobic oxidation reactions. However, the photochemical
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oxidation of organic small molecules exclusively in presence of NHPI has not been
previously reported. In addition to the use of a milder oxidant (air), and non-toxic organic
photocatalyst, this method allows us to access H>O» as a value-added by-product which is
an industrially relevant molecule including the potential to be an alternative carbon-neutral

fuel.

The computational investigation of the oxidation process supported by
experimental results reveals that NHPI, in presence of light and O, forms a radical
intermediate, phthalimide-N-oxyl (PINO). PINO initiates the oxidation reaction by the
abstraction of a H atom from the alcohol. The photosensitizer converts the ground state O
to an excited state 'O, which attaches on the radical organic intermediate. Through several
intermediate steps the alcohol is oxidized to the corresponding carbonyl compound and a
molecule of H>O:z is released. In the process NHPI is regenerated. The catalytic system is
stable for over two weeks as no decomposition products were observed by the 'H NMR
spectroscopy of the reaction mixture over time. The generated H>O; can be isolated from

the reaction mixture by a simple liquid-liquid extraction.

This process addresses different challenges in the field of aerobic oxidation
catalysis. Most importantly, this method provides a greener alternative to the most common
alcohol oxidation methods and generates H>O2 as a by-product. This process has a potential
to be able to replace the current industrial production method of H>O2, namely the
Anthraquinone Process. Understanding of the catalytic mechanism in greater detail will

allow us to design similar photocatalysts that are capable of performing similar reactions
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on a variety of substrates, which is of immense interest in both laboratory and industrial

scale.

6.4 Generalized Bonding Model for Hypervalent Compounds

This work outlines the importance of structure-function relationship of a series of
hypervalent central atom containing diarylhalonium compounds and the underlying
importance of a better representation of structural theories that is capable of illustrating the
reactivity of such compounds. The most common model that describes the bonding
utilizing a hypervalent atom is the three center-four electron (3c-4e) model. This theory
accurately describes the bonding in symmetric A\’-iodanes, such as phenyliodonium
dichloride however fails to account for the structural features in asymmetric halonium
series. Furthermore, the model does not account for the identity of the central atom or the
nature of the incoming ligands. Due to poor description of the bonding in such compounds,
the understanding of the reactivity and non-covalent interactions such as, halogen bonding,

and Lewis acidity of these compounds are not well-understood.

In our work, we have modified the existing bonding model so that the updated
theory is capable of describing bonding in all hypervalent halonium salts and isoelectronic
chalocogenides, not solely based on the atomic orbital contribution to the molecular
orbitals directed toward the substituents, but also the electronegativity of the incoming
ligands. This work is based on the qualitative description of molecular bonding put-forth
by Henry Bent. The simplistic 3c-4e model fails to account for the bonding in such species

owing to involvement of only an unhybridized p-orbital from the halogen atom to bonding.
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In our updated model, we have included orbital mixing, where both atomic s- and p-

orbitals of the central halogen and chalcogen atoms are considered for bond formation.

This model successfully describes the bonding in a wide variety of compounds with
excellent correlation to the experimental structure parameters, such as bond length and
bond angles. Under the description of s- and p- mixing, it was revealed that elements with
lower atomic numbers involve more s-character while higher atomic number elements
utilizes more p-character while forming hypervalent interactions. This highlights the
importance of structure-function relationship in these classes of compounds and can be

further extrapolated to other types of compounds formed by the main-group elements.

While this work describes four unique projects, they are all entangled by one
common theme: that the use of an appropriate molecular model are necessary for the
accurate understanding of the experimental observations. As mentioned earlier, in order to
harness the power and promise of computations in chemical systems an exhaustive and
suitable treatment is imperative. It would be appropriate to remind ourselves with the
aphorism originally proposed by statistician George Box in a 1976 paper published in the

Journal of American Statistical Association: Al models are wrong but some are usefil.'*
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APPENDIX Computationally derived structure parameters and topology maps

Appendix Table 1. Single point energies (in a.u.) of the starting catalysts at
different spin states (singlet and triplet) using different functionals (B3LYP, B3P86, and
M11-L) and 6-311+g(2df,2pd) basis sets in gas phase.

Single point Energy (a.u.)
B3LYP B3P86 M11-L
Singlet Triplet Singlet Triplet Singlet Triplet
[Ni(L1)s] -3446.4713  -3446.4907 -3450.2148 -3450.2333 -3446.3773 -3446.3936
[Ni(L2)s] -4457.9704 -4457.9942 -4463.3839 -4463.4066 -4457.5641 -4457.5832
[Ni(L3)s] -4457.9881 -4458.0114 -4463.3998 -4463.4222 -4457.5753 -4457.5940
[Ni(L4)s] -4012.4289 -4012.4469 -4017.3341 -4017.3510 -4012.1822 -4012.1963
[Ni(L5)s] -4012.3832 -4012.4655 -4017.2892 -4017.3752 -4012.1388 -4012.2104
[Ni(L6)3] -4825.3524 -4825.3756 -4830.0155 -4830.0379 -4825.1749 -4825.1942
[Ni(L7)s] (fac) -3564.4603 -3564.4799 -3568.6444 -3568.6565 -3564.3476 -3564.3700
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Appendix Table 2. Gas phase single point energies (in a.u.) of the computationally
modeled fac and mer- isomers of five substituted [Ni(PyS)s] catalysts in both singlet and
triplet spin states.

Single point Energy (a.u.)

fac mer

Singlet Triplet Singlet Triplet
[Ni(L8)3] -4463.3715  -4463.3855  -4463.3614  -4463.3853
[Ni(L9)3] -4463.3909  -4463.4115  -4463.3956  -4463.4158
[Ni(L10)s] -3568.6441  -3568.6657  -3568.6501  -3568.6696
[Ni(L11)s] -3568.6362  -3568.6554  -3568.6424  -3568.6601
[Ni(L12)s] -3568.6418  -3568.6615  -3568.6479  -3568.6658
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Appendix Table 3. Comparison of the different Ni-N and Ni-S bond lengths (in A)
between the X-ray structure and computationally modeled structures (in gas and water

solvated phases) of tris(pyridinethiolato)nickel (1), ([Ni(L1)s]").

Bond length (A) % Error
B3P86/6- ra

311+G(2df,2pd) Y

Gas Water Gas  Water
Ni-N1 2.049 2.055 2'((4)‘?;4 0.74 1.03
Ni-N2 2.054 2.051 2'((‘):)‘1 0.64 0.49
Ni-N3 2.079 2.071 2'((331 0.10 0.48
Ni-S1 2.540 2.534 2'(51‘)‘1 0.04 0.28
Ni-S2 2.503 2.543 2'(536 0.91 0.67
Ni-S3 2.537 2.533 2'(5&8 0.75 0.60

146



Appendix Table 4. Ni-N and Ni-S bond distances (in A) of the computationally
modeled starting catalysts in water solvated phase.

Ni-N bond length (A) Ni-S bond length (A)
Ni-Nc  Ni-N.  Ni-Ng  Ni-Sc¢ Ni-Sp Ni-Sgr

[Ni(L1)s] 2071 2055 2051 2533 2534 2543
[Ni(L2)s] 2076 2.056 2055 2507 2510 2.508
[Ni(L3)s] 2073 2056 2056 2518 2522 2520
[Ni(L4)s] 2073 2056 2054 2518 2519 2.509
[Ni(L5)s] 2057 2043 2042 2515 2512 2528
[Ni(L6)s] 2077 2058 2057 2521 2522 2520
EI’,,\';C()@J 2119 2116 2118 2495 2496  2.496
Egé)ﬁ8)3]' 2193 2204 2211 2427 2427 2427

[Ni(L9)s] 2072 2057 2054 2521 2520 2522
[Ni(L10)s]  2.073 2056 2051 2531 2526 2545
[Ni(L11)s]>  2.071 2055 2051 2540 2538 2.548
[Ni(L12)s]  2.069 2.053 2049 2540 2539 2554

*For the fac complexes [Ni(L7)s] and [Ni(L8)s], all three Ni-N bonds are
equivalent.
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[C] isomer of [Ni(L1);]H [Lc] isomer of [Ni(L1);]H [Lg] isomer of [Ni(L1);]H [R] isomer of [Ni(L1);]H

Appendix Figure 1. Topology maps of the computationally modeled protonated
intermediates (1-H) for [Ni(L1)s]H represented using ball-stick drawing method. Blue,
White, Light Yellow, Dark Yellow, Pink, and cyan balls represent N, H, C, S, Ni, and F
atoms, respectively. Yellow lines are the bond paths. Black arrows point toward the
intramolecular H-bonding interaction stabilizing the structure.
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[C] isomer of [Ni(L2);]H [Lc] isomer of [Ni(L2)5]H [Lg] isomer of [Ni(L2);]H [R] isomer of [Ni(L2);]H

Appendix Figure 2. Topology maps of the computationally modeled protonated
intermediates (1-H) for [Ni(L2)s]H represented using ball-stick drawing method. Blue,
White, Light Yellow, Dark Yellow, Pink, and cyan balls represent N, H, C, S, Ni, and F
atoms respectively. Yellow lines are the bond paths. Black arrows point toward the
intramolecular H-bonding interaction stabilizing the structure.
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[C] isomer of [Ni(L3);]H [Lc] isomer of [Ni(L3);]H [Lg] isomer of [Ni(L3);]H [R] isomer of [Ni(L3);]H

Appendix Figure 3. Topology maps of the computationally modeled protonated
intermediates (1-H) for [Ni(L3)s]H represented using ball-stick drawing method. Blue,
White, Light Yellow, Dark Yellow, Pink, and cyan balls represent N, H, C, S, Ni, and F
atoms, respectively. Yellow lines are the bond paths. Black arrows point toward the
intramolecular H-bonding interaction stabilizing the structure.
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[C] isomer of [Ni(L4);]H [Lc] isomer of [Ni(L4);]H [Lg] isomer of [Ni(L4);]H [R] isomer of [Ni(L4);]H

Appendix Figure 4. Topology maps of the computationally modeled protonated
intermediates (1-H) for [Ni(L4)3]H represented using ball-stick drawing method. Blue,
White, Light Yellow, Dark Yellow, Pink, and Red balls represent N, H, C, S, Ni, and O
atoms, respectively. Yellow lines are the bond paths. Black arrows point toward the
intramolecular hydrogen bonding interaction stabilizing the structure.
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[C] isomer of [Ni(L5);]H [Lc] isomer of [Ni{L5);]H [Lg] isomer of [Ni(L5);]H [R] isomer of [Ni(L5);]H

Appendix Figure 5. Topology maps of the computationally modeled protonated
intermediates (1-H) for [Ni(L5)s]H represented using ball-stick drawing method. Blue,
White, Light Yellow, Dark Yellow, Pink, and Red balls represent N, H, C, S, Ni, and O
atoms, respectively. Yellow lines are the bond paths. Black arrows point toward the
intramolecular hydrogen bonding interaction stabilizing the structure.
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[C] isomer of [Ni(L6);]H [Lc] isomer of [Ni(L6)5]H [Lg] isomer of [Ni(L6);]H [R] isomer of [Ni(L6)5]H

Appendix Figure 6. Topology maps of the computationally modeled protonated
intermediates (1-H) for [Ni(L6)s]H represented using ball-stick drawing method. Blue,
White, Light Yellow, Dark Yellow, Pink, and Green balls represent N, H, C, S, Ni, and ClI
atoms, respectively. Yellow lines are the bond paths. Black arrows point toward the
intramolecular hydrogen bonding interaction stabilizing the structure.
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[C] isomer of [Ni(L9);]H [Lc] isomer of [Ni(L9);]H [Lg] isomer of [Ni(L9);]H [R] isomer o% [Ni(L9);]H

Appendix Figure 7. Topology maps of the computationally modeled protonated
intermediates (1-H) for [Ni(L9)s]H represented using ball-stick drawing method. Blue,
White, Light Yellow, Dark Yellow, Pink, and cyan balls represent N, H, C, S, Ni, and F
atoms, respectively. Yellow lines are the bond paths. Black arrows point toward the
intramolecular hydrogen bonding interaction stabilizing the structure.
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[C] isomer of [Ni(L10),]H [Lc] isomer of [Ni(L10),]H [Lg] isomer of [Ni(L10),]H [R] isomer of [Ni(L10),]H

Appendix Figure 8. Topology maps of the computationally modeled protonated
intermediates (1-H) for [Ni(L10)s]H represented using ball-stick drawing method. Blue,
White, Light Yellow, Dark Yellow, and Pink balls represent N, H, C, S, and Ni atoms,
respectively. Yellow lines are the bond paths. Black arrows point toward the intramolecular
hydrogen bonding interaction stabilizing the structure.
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[C] isomer of [Ni(L11),]H [L] isomer of [Ni(L11);]H [Lg] isomer of [Ni(L11);]H [R] isomer of [Ni(L11),]H

Appendix Figure 9. Topology maps of the computationally modeled protonated
intermediates (1-H) for [Ni(L11)s]H represented using ball-stick drawing method. Blue,
White, Light Yellow, Dark Yellow, and Pink balls represent N, H, C, S, and Ni atoms,
respectively. Yellow lines are the bond paths. Black arrows point toward the intramolecular
hydrogen bonding interaction stabilizing the structure.
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[C] somer of [Ni(L12),]H [Lc] isomer of [Ni{L12),]H [Lg] isomer of [Ni{L12);]H [R] isomer of [Ni(L12)5]H

Appendix Figure 10. Topology maps of the computationally modeled protonated
intermediates (1-H) for [Ni(L12)3]H represented using ball-stick drawing method. Blue,
White, Light Yellow, Dark Yellow, and Pink balls represent N, H, C, S, and Ni atoms,
respectively. Yellow lines are the bond paths. Black arrows point toward the intramolecular
hydrogen bonding interaction stabilizing the structure.

157



[C] isomer of [Ni(L1);H] [Lc] isomer of [Ni(L1);H]- [Lg] isomer of [Ni(L1);H]- [R] isomer of [Ni(L1);H]-

Appendix Figure 11. Topology maps of the computationally modeled reduced
intermediates (1-H") for [Ni(L1)s]H" represented using ball-stick drawing method. Blue,
White, Light Yellow, Dark Yellow, and Pink balls represent N, H, C, S, and Ni atoms,
respectively. Yellow lines are the bond paths. Black arrows point toward the intramolecular
hydrogen bonding interaction stabilizing the structure.
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[C] isomer of [Ni(L2);H] [Lc] isomer of [Ni(L2);H] [Lg] isomer of [Ni(L2);H]- [R] isomer of [Ni(L2);H]

Appendix Figure 12. Topology maps of the computationally modeled reduced
intermediates (1-H") for [Ni(L2)s]H" represented using ball-stick drawing method. Blue,
White, Light Yellow, Dark Yellow, Pink, and cyan balls represent N, H, C, S, Ni, and F
atoms, respectively. Yellow lines are the bond paths. Black arrows point toward the
intramolecular hydrogen bonding interaction stabilizing the structure.
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[C] isomer of [Ni(L3);H]- [Lc] isomer of [Ni(L3);H] [Lg] isomer of [Ni(L3);H] [R] isomer of [Ni(L3);H]-

Appendix Figure 13. Topology maps of the computationally modeled reduced
intermediates (1-H") for [Ni(L3)s]H" represented using ball-stick drawing method. Blue,
White, Light Yellow, Dark Yellow, Pink, and cyan balls represent N, H, C, S, Ni, and F
atoms, respectively. Yellow lines are the bond paths. Black arrows point toward the
intramolecular hydrogen bonding interaction stabilizing the structure.
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[C] isomer of [Ni(L4);H] [Lc] isomer of [Ni(L4);H] [Lg] isomer of [Ni(L4);H] [R] isomer of [Ni(L4);H]

Appendix Figure 14. Topology maps of the computationally modeled protonated
intermediates (1-H") for [Ni(L4)s]H" represented using ball-stick drawing method. Blue,
White, Light Yellow, Dark Yellow, Pink, and Red balls represent N, H, C, S, Ni, and O
atoms, respectively. Yellow lines are the bond paths. Black arrows point toward the
intramolecular hydrogen bonding interaction stabilizing the structure.
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[C] isomer of [Ni(L5);H] [Lc] isomer of [Ni(L5)sH] [Lg] isomer of [Ni(L5);H] [R] isomer of [Ni(L5);H]

Appendix Figure 15. Topology maps of the computationally modeled protonated
intermediates (1-H) for [Ni(L5)s]H" represented using ball-stick drawing method. Blue,
White, Light Yellow, Dark Yellow, Pink, and Red balls represent N, H, C, S, Ni, and O
atoms, respectively. Yellow lines are the bond paths. Black arrows point toward the
intramolecular hydrogen bonding interaction stabilizing the structure.
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[C] isomer of [Ni(L6);H] [Lc] isomer of [Ni(L6);H] [Lg] isomer of [Ni(L6);H] [R] isomer of [Ni(L6);H]

Appendix Figure 16. Topology maps of the computationally modeled protonated
intermediates (1-H") for [Ni(L6)s]H" represented using ball-stick drawing method. Blue,
White, Light Yellow, Dark Yellow, Pink, and Green balls represent N, H, C, S, Ni, and ClI
atoms, respectively. Yellow lines are the bond paths. Black arrows point toward the
intramolecular hydrogen bonding interaction stabilizing the structure.
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[C] isomer of [Ni(L9);H] [Lc] isomer of [Ni(L9);H] [Lg] isomer of [Ni(L9);H] [R] isomer of [Ni(L9);H]

Appendix Figure 17. Topology maps of the computationally modeled reduced
intermediates (1-H") for [Ni(L9)s]H" represented using ball-stick drawing method. Blue,
White, Light Yellow, Dark Yellow, Pink, and cyan balls represent N, H, C, S, Ni, and F
atoms, respectively. Yellow lines are the bond paths. Black arrows point toward the
intramolecular hydrogen bonding interaction stabilizing the structure.
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[C] isomer of [Ni(L10);H]- [Lc] isomer of [Ni(L10)5H] [Lg] isomer 6f [Ni(L10)3H]' [R] isomer of [Ni(L10);H]

Appendix Figure 18. Topology maps of the computationally modeled reduced
intermediates (1-H") for [Ni(L10)s]H" represented using ball-stick drawing method. Blue,
White, Light Yellow, Dark Yellow, and Pink balls represent N, H, C, S, and Ni atoms,
respectively. Yellow lines are the bond paths. Black arrows point toward the intramolecular
hydrogen bonding interaction stabilizing the structure.
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[C] isomer of [Ni(L11);H] [Lc] isomer of [Ni(L11);H] [Lg] isomer of [Ni(L11);H] [R] isomer of [Ni(L11);H]-

Appendix Figure 19. Topology maps of the computationally modeled reduced
intermediates (1-H") for [Ni(L11)s]H" represented using ball-stick drawing method. Blue,
White, Light Yellow, Dark Yellow, and Pink balls represent N, H, C, S, and Ni atoms,

respectively. Yellow lines are the bond paths. Black arrows point toward the intramolecular
hydrogen bonding interaction stabilizing the structure.
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[C] isomer of [Ni(L12);H] [Lc] isomer of [Ni(L12);H] [Lg] isomer of [Ni(L12);H] [R] isomer of [Ni(L12);H]

Appendix Figure 20. Topology maps of the computationally modeled reduced
intermediates (1-H") for [Ni(L12)s]H represented using ball-stick drawing method. Blue,
White, Light Yellow, Dark Yellow, and Pink balls represent N, H, C, S, and Ni atoms,
respectively. Yellow lines are the bond paths. Black arrows point toward the intramolecular
hydrogen bonding interaction stabilizing the structure.
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Appendix Table 5. Relative population of the protonated NiDHW:2 complexes
calculated based on the most stable [R] isomer when protonation of both W and D ligands
are considered.

Protonated isomer Identity .of protonated Boltzmann Population
ligands (% x)
[CRC] w 0.6
[LRC] W 0.2
[R] D 99.2
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Appendix Table 6. Relative population of the protonated NiD2HW complexes
calculated based on the most stable [CRL] isomer when protonation of both W and D
ligands are considered.

Protonated isomer Identity .of protonated Boltzmann Population
ligands (% x)
[CRC] D 233
[LRC] D 76.5
[RRL] 4 0.2
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¢ A
[C] NIDHW, [LLC] NiIDHW, [LLR] NiDHW, [R] NIDHW,

Appendix Figure 21. Topology maps of the isomers of protonated
NiDHW: complexes. The orange, blue, white, yellow, pink, and cyan balls represent S,
N, H, C, Ni, and F atoms, respectively. The intramolecular H-bonds between the
protonated pyridyl N atoms and the adjacent thiopyridyl S atoms (N-H...S) are marked
with black arrows.
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Appendix Figure 22. Protonation of D ligands of [L], and [R] isomers of the
NiD2W starting catalysts to generate eight possible protonated isomers. The intramolecular
H-bonding interactions between pyridyl N-H and one of the adjacent thiopyridyl S atoms
are shown using red dashed bonds.

171



)

@)
[RCL] NiD,HW [RCR] NiD,HW [RLC] NiD,HW [RLR] NiD,HW

Appendix Figure 23. Topology maps of the isomers of protonated NiD2HW
complexes. The orange, blue, white, yellow, pink, and cyan balls represent S, N, H,
C, Ni, and F atoms, respectively. The intramolecular H-bonds between the
protonated pyridyl N atoms and the adjacent thiopyridyl S atoms (N-H...S) are
marked with black arrows.
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Appendix Figure 24. Graph depicting the correlation between the total energy (in
a.u.) of the protonated isomers of NiD2HW heteroleptic complexes and the intramolecular
H-bond strength (kcal mol™?) of the N-H...S interactions observed in the corresponding
isomers.
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Appendix Table 7. Calculated pKa values of all possible isomers of the protonated
heteroleptic NiDW2 and NiD2W complexes in polarized continuum water solvation model
at 298 K.

Calculated pKa values in

Protonated complex Isomer

water

[C] 8.2

: [LLC] 8.6

MR [LLR] 9.3

[R] 9.5

[CLC] 9.7

[CLR] 7.1

[CRC] 10.7

. [CRL] 11.1

MDA [RCL] 10.1

[RCR] 9.0

[RLC] 9.5

[RLR] 10.0
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Appendix Figure 25. Structure index parameter (t) for the penta-coordinated
metal-ligand complexes: trigonal bipyramid (left), and square pyramid (right) as
introduced by Addison et al. where 1 is the ratio of the difference of the two largest basal
angles (o, and ) and 60. For an ideal trigonal bipyramid t is 1; while that for an ideal
square pyramid is 0.
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Appendix Table 8. Calculation of the structure index parameter (t) for the reduced
intermediates NiDHW?2", and NiD2HW- of heteroleptic NiDW?2", and NiD2W" complexes,
respectively.

B in degrees o in degrees T
NiDHW? 157.25 115.42 0.70
NiD2HW- 159.26 113.62 0.76
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