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Abstract— Chemistry is, roughly speaking, the branch of the
natural sciences investigating the proper- ties, composition
and transformation of depend. inside theoretical chemistry,
this is finished not via commentary, but by a mathematical
description of the bodily system of hobby. The discipline is
additionally referred to as ‘quantum chemistry’ or
‘computational chemistry’, due to the fact often the
descriptions are derived from quantum mechanics, and a big
amount of computer energy is required to resolve the complex
equations. The constant development inside the exceptional
of mathematical descriptions, mixed with the sizeable
advancement of laptop technology inside the past a long time,
has allowed the sphere of theoretical chemistry to boost as
properly. In recent times, it's miles viable to computationally
take a look at a huge kind of molecular systems and chemical
strategies with, for plenty purposes, enough accuracy.
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. INTRODUCTION

Despite the fact that some of the romance of doing realistic
experiments is lost, theoretical chemistry opens up an entire
new international of research by way of getting rid of many
realistic limitations. Theoreticians can, as an instance,
effectively observe explosives, recklessly experiment on ex-
pensive substances, investigate methods on timescales too
short to be measured, or too long.

To be located, or gain perception into interstellar
procedures from a relaxed office chair. Theoretical fashions
also can be useful to gain perception right into a synthetically
beneficial chemical response that, however, does now not
occur, and therefore cannot be studied experimentally. such a
procedure may be studied in silico to show the motives why
it isn't possible, and what can be executed to exchange this
example for the better.

Furthermore, you'll be able to achieve a fundamental
information of a positive chemical component based on the
theoretical description itself. whereas many experimental
research are most effective descriptive of a phenomenon,
theoretical sciences can pass one step in addition and
regularly offer a proof, and thereby knowledge, of the
phenomenon. inside this thesis, such an information is looked
for several components of the oxidative addition response, in
addition to for the mechanism of halogen bonding
interactions. each phenomena involve the stretching, and
subsequently breaking, of a chemical bond, and involve
charge transfer from one molecular moiety to some other.
Catalysis is normally defined as growing the rate of a
chemical reaction due to the participation of a further
substance, without converting its final results. the extra
substance then acts as a catalyst, and need to not be consumed
inside the procedure. The elevated charge of the chemical
reaction is carried out by way of reducing its activation
electricity: the minimum power needed for a chemical
reaction to occur. as a result, catalysis can result in huge
power savings. besides, while the fee of the preferred
response is better as compared to that of an unwanted facet

reaction, catalysis can result in massive waste reduction. In
an era of growing human energy demands and environmental
problem, the importance of catalysis is consequently evident.

An crucial class of chemical reactions involving
catalysis is that of coupling reactions.[1-22] those reactions
are completed to shape carbon-carbon bonds, that are the idea
of natural molecules, and thereby the very basis of the
chemistry of lifestyles itself. In these reactions, frequently a
homogeneous catalyst is used, meaning that the catalyst is co-
dissolved in a solvent with the reactants. figure 1.1 shows a
schematic representation of a widespread catalytic cycle for a
coupling reaction catalyzed through a transition steel
complicated MLn. more specifically, the scheme functions an
instance of a pass-coupling response, since the coupling
partners in this case are not identical.

A. Hydrogen and Halogen Bonds

Hydrogen bonds are one of the most crucial intermolecular
interactions recognized.[64,65] Being responsible for
specific features of water, in addition to playing a key
function inside the shape of DNA and its replication, the
significance of hydrogen bonds for human life can rarely be
overrated. A hydrogen bond, DHA, is a bonding interaction
that normally occurs between a hydrogen, H, bound to an
electronegative atom D, inclusive of nitrogen, oxygen, or a
halogen atom, and a 2nd electronegative atom A. Of route, D
and A may be part of a bigger molecular shape, as for
example in the Watson-Crick base pairs in DNA. In a
hydrogen-bonded molecular moiety, a number of the electron
density around hydrogen may be shifted toward the
electronegative atom D, main to a partial effective fee located
at the hydrogen atom. based totally on this selection,
hydrogen bonds are frequently taken into consideration to
arise because of the electrostatic appeal that occurs between
this partial effective fee at the hydrogen, and the partial
terrible rate OO on the electronegative atom A (see parent
1.2a). It have to be cited, however, that despite the fact that
the electrostatic thing of the bonding interaction is essential,
it has been proven that a description primarily based on
merely Coulomb appeal is incomplete.[66]

In analogy to the hydrogen bond in DHee*A, a
halogen bond can arise in DXee¢A, in which the hydrogen
atom H is replaced by using a halogen atom X. Halogen bonds
are acknowledged for already greater than 150 years,[67] and
nowadays obtain hobby from chemists running in diverse
fields,[68,69] which includes supramolecular chemistry,[70-
77] and biochemistry.[78-83] often it is found that halogen
bonds can, both in phrases of practical applications and bond
energy, compete with hydrogen bonds.[84-92] This has
brought about a comparison of the character in their bonding
mechanism, but applying a similar explanation based totally
on electrostatics to halogen bonds makes little feel, as a
partial advantageous price would then be assigned to the
imperative halogen X. This immediately opposes chemical
intuition, considering halogens are widely recognized to be
electronegative factors.
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however, experimental research[85,93-95] on
intermolecular interactions regarding halogen atoms endorse
that the electron density round a covalently certain halogen is
not isotropic, but, in truth, oblate: it's miles slightly flattened
along the extension of the D—X bond. around the halogen
atom X, the electrostatic capability therefore frequently
suggests a vicinity of nice signal at this flattened vicinity,
which means that a negative point charge at that place might
revel in net Coulomb appeal inside the route of the nuclei of
the X atom.[96] primarily based on this locating, the location
of advantageous electrostatic ability, termed the -hollow,[97]
has been recommend as an explanation of the halogen bond,
much like the hydrogen bond, in electrostatic terms, as shown
schematically in parent 1.2. curiously, there may be certainly
frequently a correlation among the importance of the -hollow
and the strength of the halogen bond, in addition to among the
location of the -hole and the directionality of the halogen
bond. carefully conducted numerical manage experiments,
but, demonstrated some of disasters of the -hollow
description. it has been proven that, when the D-XeesA
perspective inside the halogen-bonded compound is bent
around the crucial X, the electrostatic enchantment frequently
will increase in energy, notwithstanding the reality that the
electronegative A is no longer dealing with the -hole. as a
consequence, the directionality of the halogen bond is a end
result-of minimizing repulsive interactions, and is not related
to the electrostatic interactions with the -hole.[98-100]
moreover, there are documented examples of series of
halogen-bonded compounds with increasingly more robust
interplay energies and electrostatic enchantment, even though
the maximum potential at the placement of the -hole will
become much less effective.[101] considering a polarization-
brought about strengthening of the -hole[102] does now not
clear up the discrepancy.

{a} ot h— {b} e}l ‘*)—
D—H".“‘ﬂ" D "-"-A

Figure 1.1: Schematic depiction of (a) a hydrogen bond
DH---A with partial charges indicated, and (b) an analogous
halogen bond DX:--A showing the anisotropic charge
density around the halogen atom X which gives rise to a
region of positive electrostatic potential, indicated by the
shaded area.

B. Why Can’t We Tell Today’s Al Is as Clever as Human
Beings

The hollow description fails usually because the molecular
electrostatic capability on an iso-density surface of the DX
fragment famous the Coulomb interaction with a factor price,
even as, on the scale of atoms, the houses of fragment A are
drastically different from those of a factor charge: it has a
three dimensional, diffuse electron density extending in all
guidelines in area. The shortcomings of a description in
which each fragments are perceived as factor fees (Coulomb
enchantment between partial atomic prices) can't be
completely resolved by means of treating one fragment as a
three dimensional shape, at the same time as nonetheless
treating the opposite one as a factor charge, as is
accomplished in the -hollow version. paradoxically, however,
the erroneous conceptual reduction of atoms to point

expenses is every so often supplied as a controversy in want
of an outline based at the molecular -electrostatic
capacity![103] Furthermore, descriptions the use of the
molecular electrostatic capacity forget the overlap of the
wavefunctions of the interacting fragments. The interactions
are not most effective electrostatic in nature: quantum
mechanical consequences and properties must be taken into
consideration as nicely.

Proponents of the hollow hypothesis have argued in
favor of a simplified description of the bonding mechanism,
confined to specifically electrostatics (with some
contributions from polarization and dispersion[104]), and to
pass over the contribution of rate switch, because it is tough
to make a physical difference among price transfer and
polarization. additionally, it's been argued that, in the end, the
two are the equal, because they can each be defined via
overlapping an occupied orbital with an unoccupied
one.[105] the two arguments aren't specially robust. certainly,
it's miles authentic that the boundary among price switch and
polarization is not clean to outline, however this might also
be perceived as an argument to abandon this dichotomous
view, and to bear in mind the phrases as describing
components of a non-stop spectrum. furthermore, inside a
fragment-primarily based description, which isn't an
unreasonable place to begin to describe the bonding among
molecular moieties, these terms discuss with two results that
may be separated conceptually: polarization may be appeared
as the reorganization of the density of 1 fragment due to the
electrical discipline prompted with the aid of the presence of
the opposite fragment, whereas fee switch is used to suggest
a internet depletion of density on one fragment, because part
of its density is transferred to the opposite fragment. still, this
doesn't mean that the 2 consequences may be carefully
separated and their man or woman significance can be
uniquely quantified (which is consequently also not tried in
many power decomposition schemes, inclusive of the EDA
method carried out during this thesis and mentioned in
segment 2.6). however, this additionally does not constitute a
legitimate reason to leave fee transfer out of the outline of the
bonding mechanism, and maximum truly not when the reason
of this omission is to lessen the description to at least one that
is based on deceptive, and conceptually fallacious molecular
electrostatic ability plots.

In some of instances, also the precept of Occam’s
razor (also referred to as Ockham’s razor, or lex parsimoniae
in Latin) has been inferred as an argument to restrict the
description of halogen bonds to in particular
electrostatics.[105] once in a while, this argument is observed
with the aid of an appeal to authority, quoting J. W. Gibbs:
“one of the essential objects of theoretical studies in any
branch of know-how is to locate the point of view from which
the subject appears in its best simplicity”.[104,105] but, to
kingdom that Occam’s razor dictates that the most simple
clarification must be favored, is a misrepresentation of this
important principle. cutting-edge-day science philosophers
greater typically interpret the precept as pointing out that, out
of numerous competing feasible reasons, the one that
introduces the fewest new assumptions must be desired.
however, most significantly, this precept simplest applies
after the first choice system, which is the evaluation of
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1) the agreement between the description and empirical
data, and

2) the best of the predictions which might be made the
usage of the version. consequently, it seems unlikely that
Gibbs might have encouraged a literal interpretation of
his referred to quote. A more suitable, but of path
similarly improper

Enchantment to authority, might be “the entirety
have to be stored as simple as possible, however no less
difficult”, that is generally attributed to Albert Einstein, even
though its beginning has by no means been verified.

despite the fact that the mechanism of halogen bonds
(and probable many different chemical interactions) can't be
appropriately described by using molecular electrostatic
potential plots, investigating those plots has despite the fact
that brought about the development of force fields to describe
halogen bonding interactions with classical molecular
mechanics (MM) methods.[106-109] those methods are not
able to account for the quantum chemical effects that play
such an important role in halogen bonds. with the aid of
adding a digital particle with a partial fine rate inside the Van
der Waals location of the halogen atom to imitate the -hole,
some of the stabilization due to quantum chemical
consequences (rate switch) can be recovered by way of the
induced extra electrostatic interactions.

To acquire no longer simplest a clearly satisfying
degree of expertise for these interactions, however
additionally toconsolidate the. bodily description with
consequences obtained by using studies on different subjects
in chemistry, many studies were accomplished to get to the
bottom of the character of hydrogen bonds,[110-117] and
halogen bonds.[84,86,99-101,118-127] a number of studies
immediately compared the 2 interactions.[85,90-92,128-131]
In chapter 8 a detailed assessment of the bonding mecha-
nisms of each halogen bonds and hydrogen bonds is presented
in phrases of molecular orbital concept. To this give up, a
number strongly halogen-bonded trihalides DXA and
analogous strongly hydrogen-bonded hydrogen bihalides
(with D, X and A being one of the halogens F, Cl, Bror 1) is
subjected to big computational analyses. thru a diffusion of
analysis tools, it's miles proven that each bonding interactions
can be defined at a satisfactory stage with molecular orbital
theory: both kinds of bonds arise because of big donor-
acceptor orbital interactions, which occur on top of
electrostatic interactions.

Chapter nine demonstrates the similarities between
hydrogen bonds and halogen bonds even further. in advance
work already furnished an in depth description of the
hydrogen bonds in Watson-Crick base pairs in phrases of
molecular  orbital idea.[114,132,133] extra lately,
additionally the cooperative impact determined in guanine
quartets has been elegantly explained.[115] Guanine quartets
consist of 4 basically coplanar guanine bases that engage thru
hydrogen bonds in a circular pattern. those quartets arise
inside the telomeric a part of the chromosome and play a vital
role in shielding the genetic code. it is known that the overall
bonding strength of such guanine quartets is more strongly
stabilizing than 4 instances the hydrogen bond strength of 1
pair of guanine bases. within this bankruptcy, it's miles
investigated whether or not those characteristics are retained
while the hydrogen bonds inside the certainly going on

hydrogen-bonded base pairs and quartets are changed by
halogen bonds. The resulting halogen-bonded N-halo-base
pairs N-halo-guanine quartets are determined to indeed own
the equal traits, again indicating that hydrogen bonds and
halogen bonds are similar in nature. furthermore, those results
provide proof that the physical description given in
bankruptcy 8 is equally valid for greater practical, and more
weakly interacting complexes, and that a description in in
basic terms electrostatic terms is inadequate.

1. OXIDATIVE ADDITIONS
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Fig. 2.1: General catalytic cycle for a metal-catalyzed cross

coupling.

The first step in lots of coupling reactions is the oxidative

addition of a substrate RX to the metal middle of a catalyst,

thereby breaking the R-X bond, at the same time as
concurrently forming new M-R and M-X bonds. In next
steps X is changed by way of R', and by reductive elimination,
that's the opposite response of oxidative addition, the product

RR'"is obtained, and the catalyst MLn recovered.

The oxidative addition step is of essential
importance for both the efficiency and selectivity of the
manner, and additionally plays a position in, for example,
hydro  formylations, hydrogenations and [2+2+2]
cyclotrimerizations.[2] This response step has consequently
been studied considerably the usage of
experimental [9,13,23-31] as well as theoretical
techniques.[7,8,32-35] The catalysts utilized in practice are
typically based totally on a late transition metal, consisting of
palladium, to which ligands are attached. The interest of the
catalyst complicated depends at the digital nature of the
metallic center, which is laid low with the variety and form
of ligands, as well as the structural homes of the catalytic
complex.[36-48] of those structural parameters, the chunk
attitude, that is, the ligand-metallic-ligand attitude, is
probably the most great parameter that is adjusted in attempts
to gain the desired reactivity.[49-56]

Besides these examples, there are several other
parameters that influence the characteristics of a catalytic
complex. Consequently, the reactivity of a catalyst is, sadly,
difficult to are expecting, and deciding on a catalyst is still
too often a system of trial-and-mistakes. Theoretical
chemistry can play an important function in facilitating this
selection technique, bereason it allows systematic variation
of one parameter at a time, under strictly managed conditions
and without any experimental dilemma. Concurrently, the
introduced gain of to be had analysis equipment allows for an
evidence of the observed consequences and sooner or later
their interaction. A tremendous part of this thesis is
consequently committed to the oxidative addition response
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and the function of the catalyst. it's miles part of an in depth
studies line, which pursuits at.

Accomplishing a fundamental expertise of the
reactivity of catalyst complexes within the activation of
different goal bonds. This method of progressively building
up perception into catalytic hobby, beginning from detailed
research on the impact of 1 variant in small version systems
and ultimately proceeding toward mixtures of numerous
results in greater practical, large structures, has been termed
‘Fragment-orientated design of Catalysts’.[57-60] Its goal is
to permit chemists within the destiny to rationally design
catalysts with the desired selectivity and optimized
performance.

The reason of numerous of the following chapters is
to provide an explanation for how reaction obstacles and
response energies change whilst certain aspects of the
catalysts are changed in a systematic manner. To explain the
discovered consequences, the bonding mechanism among
molecular fragments needed to be similarly elucidated, in
order to reap a better knowledge of the intrinsic structural
houses of the catalyst complex. for that reason, in chapter
three, the geometries of a number of dicoordinated d10-ML2
complexes are investigated. The metallic center M is varied
alongside the metals from organization nine, 10 and 11 from
the first three transition metal rows of the periodic table,
that is, Co, Rh, Ir, Ni, Pd, Pt, Cu, Ag and Au. The ligands are
varied along NH3 (a strong donor), PH3 (a donor and O
acceptor) and CO (a strong [ acceptor). Although such d10-
ML2 complexes are generally assumed to have linear
ligandmetal-ligand angles, this chapter describes a variety of
ML2 complexes with significantly smaller angles, and, by
careful studies on the bonding mechanism of the metal-ligand
bonds, the origin of this nonlinearity is uncovered. When the
latter are sufficiently strong, d10-ML2 complexes can end up
bent. Chapters four and 5 elaborate on those findings by
consisting of greater bulky ligands, specifically the collection
PH3, PMe3, PiPr3, PtBu3, PCy3 and PPh3, and the collection
along PF3, PCI3, PBr3 and PI3. those chapters offer insights
into the way to attain a nonlinear ligand-metal-ligand
perspective and the way to regulate this chew attitude through
both digital, as well as steric mechanisms.

These chapters also encompass a quick dialogue on
the consequences of this nonlinearity for the reactivity of the
catalyst complexes in oxidative addition reactions.

Chapter 6 then discusses how the reaction barrier for
oxidative addition of the methane C-H bond is affected by
the character of the steel center and the presence of various
varieties of ligands. To this quit, a large and steady set of
seventy two model reactions is studied. primarily based at the
consequences, blended with those of the preceding chapters,
new mild is shed on the character of the bite angle in oxidative
addition reactions. apparently, it isn't the value of the chew
angle itself this is essential, but as a substitute the flexibility
of the catalyst towards assuming a nonlinear ligand-steel-
ligand angle for the duration of the bond activation manner.
Furthermore, the results show that the choice of steel and
ligands not simplest determines the bite-attitude flexibility,
however additionally the catalyst’s binding functionality
in the direction of the substrate. The standards of the d
regime and the s regime of catalysts are delivered. within the
former, the primary mode of catalyst-substrate interplay is

electron donation from the catalyst’s d hybrid orbitals to the
* acceptor orbital of the substrate, whereas within the latter
the catalyst’s s hybrid orbital acts as an acceptor for electrons
donated from the orbital of the substrate. The consequences
imply that ligands affect the digital nature of the catalyst
further within each regime. Importantly, but, for the reason
that catalyst takes opposite roles within the dominating
donor-acceptor interactions found in these regimes, the
impact of ligands on the reaction barrier may be reversed
while switching among d-regime and s-regime catalysts.
Altogether, the results reveal causal relationships between
oxidative addition response barriers and the orbital-digital
and structural properties of the catalyst complex.

In chapter 7 the oxidative addition of the ethane C—
H and C-C bonds is studied, using the identical large and
steady set of catalyst complexes. The standards delivered in
bankruptcy 6 are verified, but, more importantly, additionally
subtle variations are found out among the ethane C—H and C—
C bond, in addition to among the methane and ethane C-H
bonds. based totally on a cautious expertise of the differences
among those bonds and via applying the formerly brought
layout principles, catalyst complexes are devised that permit
selective activation of every of those bonds.

I1l. CONCLUSIONS

Despite the fact that there are several crucial new insights
discussed in these chapters, additional studies may be
required for the actual optimization of a catalyst for a specific
process. that is only in element due to the fact there are
nevertheless many greater feasible mixtures of metallic
centers and ligands that can be blanketed, in addition to a
plethora of versions of the substrate, and also the results of
different reaction conditions and viable side reactions. word,
however, that one ought to not only don't forget the response
step in which the general reaction barrier takes place,
however additionally take into account the stableness of
intermediate species that arise throughout the catalytic cycle.
For kinetic assessments of catalytic cycles, which isn't
pursued on this thesis, the lively span model has been
evolved.
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