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Summary: The main objective of the present thesis is to get a better under-
standing of the Pd-catalyzed cross-coupling reactions, using the tools of computa-
tional chemistry. In particular, a detailed mechanistic study of all the possible re-
action paths was carried out with different supporting ligands at palladium (phos-
phines and N-heterocyclic carbenes) in order to understand the elctronic in u-
ence of the latter on the three main steps: oxidative addition, transmetalation
and reductive elimination. To probe the electronic in uence of the ligands, the
well-known Natural Bond Orbital (NBO) analysis and the innovative Charge Dis-
placement via Natural Orbital for Chemical Valenc€NOCV) were used. In addition,
two computational studies of Pd-catalyzed transformations were carried out in col-
laboration with some experimental groups: hydrophosphonylation of alkenes and
direct arylation of uorinated substrated aromatic rings. The main purpose of these
studies was to identify the factors at the origin of the regioselectivity observed.

Keywords: threorical chemistry, catalysis, DFT calculations.

R@sum@ L objectif principal de cette thkse est de pervenir, au moyen des
m@thodes de la chimie computationelle, une meilleure compr@hension des pro-
cessus de couplage catalysds par le palladium. Una attention toute particulitre a
OtD apportde a | Gtude de | in uence Jlectronique des ligands du palladium (pho-
shpines ou carbkne N-h@terocyclique) sur les prols @n@rgetique des trois prin-
cipales transformations: addition oxydante, transmetallation et @limination r@-
ductrice. Pour quanti er cette in uence @lectronique, deux m@thodes d analyse
diffdrentes ont Gt@ utilis@es: NBONatural Bond orbital) et NOCV (Charge Dis-
placement via Natural Orbital for Chemical ValengeLa m@thode NBO est calssique
alors que la m@thode est plus recent. Il convnait pour cette dernik.re de tester sa
pertinence pour le probldme @tudid.

De plus, en collaboration avec diff@drent groupes d exp@rimentateurs, le m@cani-
sme de deux r@dactions catalys@es au palladium ont @td Gtudids: hydrophosphonyla-
tion du styrkne et arlyation directe de ddrivds aromatiques uor@ds. Dans chacun
des cas, | objectif principal @tait d indenti er les facteurs | origine des rdgios@lec-
tivitds observds.

Mots clds chimie theorique, catalyse, calculs DFT.
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Chapter 1

Palladium Catalyzed Cross-Coupling
Reactions

1.1 Introduction

Cross-coupling processes have a rich and intriguing history originating in the 19"
century. The early discoveries of the metal-mediated homocoupling processes, for
example Ullmann and Kharasch, originally inspired chemists to ponder over the
possibility of forming carbon-carbon bond selectively between two different, rather
than two identical, structural fragments. The issue of selectivity in cross-coupling
reactions is of decisive signi cance, since a number of possible side reactions (e.g.
homocoupling, isomerization, -hydride elimination and functional group interfer-
ences) must be avoided to develop a practical method for use in organic synthesis.
The introduction of palladium to this chemistry by Richard Heck, who developed
coupling reactions of aryl compounds in the presence of either stoichiometric or
catalytic amounts of palladium(ll) in the late 1960s (Figure 1.1), designates a
breakthrough toward the fascinating area of palladium-catalyzed carbon-carbon
bond forming reactions.* Today, palladium catalyzed reactions provide extraordin-
arily useful and widely applied tools for organic synthesis. Famous representat-
ives are the Heck? Negishi® and Suzuki-Miyaura* reactions whose importance
and excellence in organic chemistry were acknowledged by awarding the Nobel
Prize in Chemistry in 2010.°> The award of the 2010 Nobel Prize in Chemistry
to Richard Heck, Ei-ichi Negishi and Akira Suzuki was a monumental event that
was applauded by chemists worldwide: indeed the pioneering work in the 1960s
and 1970s of the three Nobel Prize winners has led to cross-coupling reactions
nowadays becoming extremely valuable and reliable transformations in complex
natural product syntheses, and even more importantly for numerous pharmaceut-
ical and agrochemical applications, as well as for the production of new materials.
The work of the three Nobel Prize winners ushered in a new era in organic chemi-
stry, which stimulated dedicated research efforts worldwide towards broadening
the scope of all of these reactions. As a consequence, coupling reactions under
milder conditions with lower Pd loadings were developed, using more ef cient

9



10 Palladium Catalyzed Cross-Coupling Reactions

catalytic systems by incorporating a plethora of ligands with different steric and
electronic properties. These powerful ligands ultimately led to the discovery of new
cross-coupling reactions generating other bonds. Researchers worldwide strove to
extend, apply, and discover new variants of these powerful transformations and,
indeed, such efforts continue at an ever increasing pace today. As depicted in Fi-
gure 1.2, substantial growth in this area has taken place during the last decade in
terms of publications and patents with the Suzuki-Miyaura cross-coupling proving
by far the most popular, followed by the Heck and Sonogashira coupling reactions.
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Figure 1.1: Timeline of the discovery and development of metal-catalyzed cross-
coupling reaction.

In this chapter we present a brief overview of the palladium catalysis. We give
rst some historical information, explaining why this metal captured the attention
of the chemists over the last decades and mentioning the most important discover-
ies in this eld. Then we discuss the peculiarities of this kind of catalysis and the
reasons for which the palladium is preferred to other coinage metals, although it
is more expensive. In conclusion we present a brief discussion about the aid that
the computational chemistry can give for a better understanding of such catalysis
and, consequently, for its improvement.

1.2 Historical background

1.2.1 Copper mediated process

The development of metal-catalyzed cross-coupling reactions begins with some
of the oldest known transformations in organic chemistry-stoichiometric metal-
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Figure 1.2: Growth in the number of publications and patents on named metal-
catalyzed cross coupling reactions.

promoted homocouplings. The rst examples of the use of metal salts to assemble
carbon-carbon bonds between appropriately functionalized sp, sp or sp® centers,
are found in the late nineteenth century literature. Historically, in the eld of
coupling chemistry, copper was the rst metal used. In 1869 Glaser reported the
homocoupling of metallic acetylides (Figure 1.3).%7 Although the initial method
involved the isolation of the potentially explosive copper acetylene intermediate,®
the advantage of this new sp-sp bond forming reaction was appreciated by the
synthetic community during the following decades.

/: \: — CuCl . /< \: ——
= NH4OH, EtOH =

isolated 2

O I N = = <_>
NHOH, EtOH  \— \ 7

Figure 1.3: The Glaser coupling (1869).

Following the development of C(sp)-C(sp) homocoupling, the copper method
was extended to C(sp)-C(sp?) bond formation. In 1901, Ullmann reported the
dimerization of 2-bromo and 2-chloronitrobenzene promoted by the use of super-
stoichiometric copper sources (Figure 1.4)°%!

As is typical of the early copper-mediated reactions, the transformation required
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NO,
@ Cu (3Tequw) Q O
X 200 C neat

Figure 1.4: The Ullmann reaction (1901).

fairly forcing conditions. The Ullmann dimerization, although linked to the Glaser-
type process, differed in one fundamental aspect:the dimerization occurs between
carbons bearing halogens rather than between simple unfunctionalized carbon sys-
tems Although catalytic quantities of copper had been shown to promote the C-O
coupling reaction of phenols with aryl halides as early as 1905 by Ullmann,*? the
use of metals in catalytic amounts for the formation of C-C bonds somehow re-
mained an elusive concept during the rst part of the the 20 ™ century. The origin
of catalysis for the construction of C-C bonds is shrouded by the fog of World War
l.

In 1939, Meerwein reported the effects of catalytic copper(ll) salts on the coup-
ling of aryldiazonium salts with substituted alkenes (Figure 1.5). 3

L
Cl
e o
CuCl, (30 mol%)
® O AcONa, 25% HCI “‘*
Cl N, CIl ——————%
acetone o~ 0

46%
@] Meerwein 1939

Ph/U\OH

o o CuCk (@1 mol%) NO;
OzN@Nz of AONaZSRHOI

acetone
48%

Meerwein 1939
Figure 1.5: Meerwein couplings.

Although the reactions described were limited to coumarins and cinnamic acids,
and would themselves be expanded in later years, the signi cance of Meerwein’s
observations in the eld of cross-coupling, especially decarboxylative coupling, ap-
pears to have been lost.

The rst systematic investigation of transition-metal-catalyzed C(sp?)- C(sp?)
coupling is found in a publication by Kharasch in 1941 concerning the observation
of homocoupling of Grignard reagents.* In 1943, this work was extended to the
cross-coupling of vinyl bromide with aryl organomagnesium species using cobalt
chloride (Figure 1.6).

Meerwein and Kharasch’s works represent the earliest reports of @ross-coupling
product, i.e. the use of metals to connect two different coupling partners
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Figure 1.6: Kharasch couplings.

Although the early Meerwein and Kharasch-type couplings were extremely lim-
ited in substrate scope and functional-group compatibility, they had demonstrated
a fundamental premise that would serve as the foundation for all the coupling
chemistry to follow: transition metal could be used in catalytic quantities to form
carbon-carbon bonds

Unfortunately, many limitations rendered these conditions unsuitable for broad
applications in synthesis. In particular, a fundamental problem of selectivity lays at
the core of the cobalt and nickel promoted couplings, namely the ratio of the homo-
coupling to cross-coupling products observed was highly substrate speci ¢, produ-
cing uncontrollably variable yields. Thus, advances in the eld awaited discovery
of conditions which increased selectivity in favor of the cross-coupling products.

Moreover, at this point in the history of coupling chemistry, a set of stand-
ard requirements for coupling processes became apparent. In the broadest sense,
any coupling procedure required three components to achieve a selective cross-
coupling event:

an organohalide usually aryl or alkynyl, as a coupling partner.

a stoichiometric organometallic partneto prevent homocoupling of the halide
coupling component.

a transition metal, in stoichiometric or catalytic quantities, to effect the C-C
bond forming event.

These components would prove to be the guiding principle in coupling chemi-
stry throughout the following 50 years.

1.2.2 The rise of palladium:
Heck and Suzuki-Miyaura coupling
Following Wollaston’s discovery of palladium in 1802, later reported in 1805,

his attempts to reap nancial bene t were ineffective. Without a useful function,
the new element remained a mere chemical curiosity and, on his death, 97% of
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the palladium he had extracted remained unsold.'® For the next hundred years,
the chemistry of palladium would be superseded by its more active cousins, plat-
inum and nickel, as researchers investigated these metals reactivity in oxidations,
reductions and hydrogenations of unsaturated hydrocarbons.

Post World War Il Europe was being rebuilt, and to rebuild required materials.
The economic boom was accompanied by surging demand for cheap sources of
plastic and precursor ne chemicals.'’” As part of this effort, chemists led by Walter
Hafner, began on a quest to synthesize ethylene oxide from ethylene. On exposure
of a stream of ethylene and oxygen to a bed of palladium on charcoal, however,
the distinctive pungent smell generated suggested the production of acetaldehyde.
This fruitful observation, known as Wacker process (Figure 1.7) established the
importance of palladium as a metal for the synthesis of organic compounds?’

PdCl, o
CUC[Z

HCI/H,0

=

Wacker Chemie GmbH 1959
Figure 1.7: The Wacker process.

The work of Wacker would serve as the inspiration for one of the most im-
portant discoveries in organic synthesis during the 20" century. In the late 1960s
Heck discovered that the transmetalation of organomercury compounds provided
arylpalladium salts that could be employed as substrates for several types of ole nic
substitution reactions. 824 A few years later, Heck?®® and Mizoroki 2® independantly
found that organic halides could be coupled with ole ns in the presence of cata-
lytic Pd and base. This versatile transformation, known as the Heck reaction (or
Mizoroki-Heck reaction), creates new carbon-carbon bonds and has become widely
used for the synthesis of pharmaceuticals and natural products, as well as for other
industrial applications. Mechanistically, an initial oxidative addition of a vinyl or
aryl halide to an unsaturated Pd(0) complex results in a Pd(ll) intermediate, which
then forms a complex with the alkene substrate. The alkene undergoes migrat-
ory insertion into the palladium-carbon bond, followed by -hydride elimination,
to give a substituted alkene product. The catalyst is regenerated via base-assisted
reductive elimination of HX (Figure 1.8). %’

Together with the Heck reaction, the Suzuki-Miyaura reaction is one of the
most widely used methods for the formation of carbon-carbon bonds?283° Suzuki
reaction is routinely used in pharmaceutical industry for the assembly of biaryl
synthetic targets and this transformation is overwhelmingly the most common Pd-
catalyzed coupling for the large scale drugs synthesis candidates! This reactions
consists of the coupling between an organoboron compound and an organic halide
(or tri ate), mediated by a palladium catalyst in the presence of a base (Figure
1.9).
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Figure 1.8: The Heck reaction (A) and its mechanism (B).
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X—B(OH)2 Transmetalation R ’—B(OH )2

Figure 1.9: Generally accepted mechanism for the Suzuki-Miyaura cross- coupling.
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Beside these recently awarded reaction types, many other cross-coupling reac-
tions with palladium as catalytic metal exist. Figure 1.10 gives an overview of the
typically applied Pd-catalyzed cross-coupling reactions! Whereas the similarity of
these reactions, apart from the catalyst, is the organo-halide (or pseudohalides),
the second reactant varies.

Negishi

R'-B(OH);

Buchwald—Hartwig
amination

Tsuji-Trost R'-B(OH);

R = allyl

R'-ZnX

Sonogashira

Liebeskind-Srogl
X = (CO)SR?

Fukuyama
X = (CO)SR?

Figure 1.10: Overview of well-established Pd-catalyzed cross-coupling reactions
(R=organic group; X=halogen atom or pseudohalide such as tri ate; 'Pd’= Pd cata-
lyst; Nu=nucleophile such as enolate or amine.
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1.3 Features of palladium catalysis

Regarding cross-coupling reactions, palladium as catalyst competes with non pre-
cious metals such as coppe?? nickel®® and, more recently, iron.34 Although these
and some other d-block transition metals have been shown to be useful elements
in C-C cross coupling, Pd proves to be clearly the most useful catalyst. Though
nickel, copper, and iron are more cost effective, several advantages of palladium-
catalyzed bond formations are decisive. In particular, palladium catalysts show
clearly higher activity than their metal alternatives in most cases, enabling the con-
version of less reactive substrate at relatively low temperature and providing high
catalyst turnover numbers (TONSs). In fact, the outstanding role and the particu-
lar properties of palladium in catalysis compared to other transition metals can be
understood only in the context of the whole catalytic cycle. Of course palladium
shares some important features with other transition metals, such as the ability
to readily interact with non polar -bonds, such as those in alkenes, alkynes and
arenes. This interaction leads to facile, selective, and often reversible oxidative
addition, transmetalation, and reductive elimination (Figure 1.11).

(a) n-complexation-dissociation

xcomnloxabm A_
>=< = adisscciation > < = e'-‘.“'

¥ Pdl_...

PdL,

(b) oxidative addition—reductive elimination

X—Y Mo
oxidative addition X Y
! reductive slimination F‘r\d{n -
PdL,,

(c) oxidative addition-reductive elimination of alkenyl halides under retention

& oxidative addition
¢ reductive elimination > <Pd &
+ L,,-X BP d

PdL,

Figure 1.11: Dewar-Chatt-Duncanson synergistic bonding schemes.

In addition, palladium is the metal of rst choice in the cross-coupling pro-
cesses, for different reasons: In contrast to the high reactivity of organic halides,
most of the traditionally important heteroatom-containing functional groups, such
as various carbonyl derivatives, are much less reactive toward Pd and their pres-
ence is readily tolerated. The speci c features of Pd are the facile coordination of

-electrons, the reversible two-electrons processes, and the facile reductive elimin-
ation. The metal needs to participate in redox processes in both directions under
one set of reaction parameters and in one vessel. In comparison with the other
members of the Ni group all of which full Il the required frontier orbital condi-
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tions, only Pd preferentially undergoes two-electrons redox reactions, being stable
as P, Pd! and PdV. Oxidative addition and reductive elimination are two-
electrons reactions. For Ni and Cu, one-electron processes are possible leading
to highly reactive carbon radical intermediates and thus increasing the number
of possible products resulting in lower selectivity. Ni-catalyzed cross-coupling re-
actions generally display lower TONs by a factor of 1¢ and lower stereo- and
regioselectivity. For Pd-catalyzed cross-coupling reactions, often TONs of millions
have been observed® The higher activity of palladium allows conversion of less
reactive substrate under milder conditions (especially low temperature) providing
higher TONs. Of similar importance is the tolerance of functional groups when pal-
ladium is employed: group protection is not required. High stability of organopal-
ladium compounds to water and air (except some phosphane complexes) enables
easy processing and lower costs. General disadvantages of the Pd-mediated reac-
tions are rooted in high noble metal prices and toxicity of the metal residue that
can become problematic in pharmaceutical products. Thanks to excellent activities
of palladium catalysts, these problems can be minimized, because only very small
amounts are required for high conversion and yields. In addition to palladium
complexes in homogeneous solution, a series of new, highly active, and effect-
ive heterogeneous (supported) palladium catalysts have been developed in recent
years.®® They can be repeatedly used and thus contribute to ef cient and eco-
nomic application of coupling reactions. Thus, this palladium-catalyzed approach
has very often made possible the transfer from gram-scale synthesis in academic
laboratories to large-scale production in the pharmaceutical, agrochemical, and
ne chemical industries in the past two decades.

1.4 Development of new palladium-catalysis:
the challenge of computations

A number of variables must be considered when studying the mechanism of a
palladium-mediated reaction. The choice of ligand can have a dramatic effect on
a reaction, as both steric and electronic factors have an impact. Also, the solvent
used and the additives present in the reaction mixture are particularly important.
These variables can in uence which palladium species function as the active spe-
cies in a reaction, as well as de ne the substrate scope and affect the selectivity in
the various steps of the catalytic cycle®’ Experiment can be used to some extent
to investigate the mechanism; however the complexity of a catalytic cycle reac-
tion and the eeting nature of many intermediates can render the investigation of
mechanistic pathways via experiment and spectroscopy alone challenging, if not
impossible.

To prove a mechanism one may use experimental methods to detect the interme-
diates in situ. The history of mechanistic inorganic chemistry is full of attempts to
isolate or detect more or less short-lived species hypothesized to be formed during
a given reaction. However, some species are very hard or indeed impossible to
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detect, and theory and computations have provided invaluable help in establish-
ing which intermediates are likely to be formed. Crucially, computations can also
predict features of these intermediates, such as their structure or their likely spec-
troscopic properties that can assist in their identi cation or at least provide support
for their involvement in a given reaction.

Further, computations enable to examinate the elementary reaction steps linking
these species. Indeed, computationally, nding transition states for individual steps
is needed to characterize the mechanism. Although, with the development of im-
proved computer power, the use of computational studies have become a powerful
tool in chemistry, it faces its own challenges and limitations, particularly in the
eld of metal-based catalysis.

In catalysis several competiting reaction pathways of similar energy frequently ex-
ist, and small changes in terms of solvent, additive or ligand can therefore result in
completely different pathways being favoured, which is computationally challen-
ging to capture. Also, the relatively large ligands within palladium catalysis may
result in various possible conformations of intermediates or transition states that
require individual computational assessment. However, the study of one particular
step of the catalytic cycle (e.g. oxidative addition or reductive elimination), and
the focus on the relative energy differences (e.g. selectivity), rather than absolute
energy barriers, may provide valuable insights, as one may bene t from error can-
cellations of structurally similar geometries. Moreover, this approach allows one to
indirectly acquire mechanistic information about speci ¢ steps, and the computed
differences in selectivity for the individual step of interest can be directly compared
with experiments.

Indeed the present work is devoted to a better understanding of the cross-
coupling reactions, mediated by Pd catalysts by using the tools of computational
chemistry. Our main goal is to study in detail all the possible reaction paths and to
clarify the electronic effect of different auxiliary ligands on such cycles.

In particular we divided this work in two main parts. In the rst part (REAL
SYSTEMS) we carry out a detailed mechanistic study, at the DFT level, on two
experimental Pd-catalyzed processes:

Hydrophosphonylation of alkenes with dialkyl-H-phosphonates (Chapter 3).

Arylation of Fluorobenzenes (Chapter 4).

In these computational studies, our goal was to reproduce and rationalize ex-
perimental data, such as activation barriers and regioselectivity.

In the second part (MODEL SYSTEMS) we investigate in detail the electronic
effect of different ligands on the most common steps of Pd-catalyzed processes:

Oxidative addition (Chapter 5)
Transmetalation (Chapter 6)

Reductive elimination (Chapter 7)
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The theoretical models we used to characterize the various reaction pathway
and the electronic effect of the ligands are discussed in the Chapter 2.
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Chapter 2

Theoretical Models for the Chemical
Analysis

2.1 Synopsis

In this chapter, the theoretical models that we applied for the chemical analysis
will be discussed. This general discussion includes a brief introduction to the DFT
model for the characterization of the energetic pathways and the importance of
calculating and including the dispersion correction in such paths. Then we intro-
duce the two theories we used to investigate the chemical bond in the Pd-based
catalysis: the Natural Bond Orbitals Theory(NBO) and the Charge Displacement
Analysis via Natural Orbitals for Chemical ValencgCD-NOCYV).

2.2 Density functional theory (DFT)

Density Functional Theory (DFT) has become very widely used to study the elec-
tronic structure and related properties of transition metal complexes. The devel-
opment of DFT has led to a huge change in the eld of transition metal chemistry.*
Such development in the late 1980s and early 1990s of new, more accurate fun-
ctionals and of ef cient, user friendly computer codes led to an explosion in the
number and the breadth of applications. DFT computations have become an accep-
ted tool for analyzing structure, bonding, reactivity and properties. The reason of
this remarkable development is that DFT is both relatively cheap and relatively ac-
curate. This means that useful results can be obtained in a routine way for realistic
models of the target molecule, or indeed for the molecule itself.

The basic idea of DFT is that the energy of a system composed of xed nuclei
(Born Oppenheimer approximation) and electrons can be expressed as a functional
E[ ] of the electron density function. ? This represents a considerable simpli cation
over the ab initio traditional electronic structure theory, in which the central object
is the electronic wavefunction , which depends simultaneously on the coordinates
of all the electrons (3N variables). The electronic density function only depends
on three variables.

23
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The foundations of DFT are the two Hohenberg-Kohn theorems® which state
that the external potential associated to the mutual position of the nuclei de nes
the density of the ground state of the system, and that the density can be derived
from a variational procedure. However, the form of the exact functional is not
clearly de ned. In practice the energy is usually written as a sum of three well
de ned terms and one smaller, less well understood term, the exchange correlation
term, in which the uncertainties concerning the form of the functional are collected
(equation 2.1):

Z
E[1=To[ ]+ J[ ]+  (r) (r)dr+ Exc[] (2.1)

To[ ]is an approximation to the electronic kinetic energy. J[ ] is the Coulomb
energy, and represents the repulsion between the electron density and itself. This
term is nongero even for one-electron systems because it includes electron self
interaction. (r) (r) term represents the electromagnetic interaction of the elec-
tron density with the external potential, in most cases this simply corresponds to
the Coulombic interactions between electrons and nuclei. The kc[ ] term, the
exchange correlation functional, corrects the rst three terms. First, it contains a
term for electronic exchange to re ect the fermionic nature of the electrons. This
term also serves to correct for the spurious self interaction introduced by the Cou-
lomb energy. Next, it accounts for electron correlation. Finally, it could in principle
correct for the approximate nature of the kinetic energy term, although common
functionals do not usually contain a term explicitly aimed at correcting for this
effect. The energy expression given in equation (2.1) leads to a set of equations
de ning the shape of the orbitals that are used to expand the density. These are
the Kohn Sham equations that are the foundation of all modern DFT applications?

%SZ’L off) i= i (2.2)

The Kohn Sham equation is de ned by a local effective ( ctitious) external
potential in which the non-interacting particles move, typically denoted as (r),
called the Kohn Sham potential. As the particles in the Kohn Sham system are non-
interacting fermions, the Kohn Sham wavefunction is a single Slater determinant
constructed from a set of orbitals that are the lowest energy solutions. Here, ; is
the orbital energy of the corresponding Kohn Sham orbital, i, and the density for
an N-particle system is

X
(n=jini (2.3)
|
Solving these equations leads in principle to the exact energy and density of the
target system. The degree of accuracy obtained depends on the form given to the
exchange correlation functional.
Over the years, many exchange correlation functionals have been developed.
In the rst generation of exchange correlation functionals, the energy was ob-
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tained from a purely local integral over the density, local density approximation,
LDA (equation 2.4). In this equation, separated local exchange and correlation
terms x and ¢ are introduced.

V4
Excl1=  x[(O1+ c[(N] (ndr (2.4)

In the LDA approximation, x and ¢ are functions which depend only on the
scalar value of the electron density at a given point in the space. A simple exchange
correlation functional is that due to Slater: ®

3 3 3
LOl= 5 =0

The expressions used for local correlation functionals are more complicated.
The local density approximation is a remarkably accurate method given the rela-
tive simplicity of the energy functional. It leads to very good predicted molecular
geometries, and to a reasonable description of molecular electronic structure and
thermochemistry. However, bond energies (and atomization energies) are almost
always overestimated compared to experiment, with a quite large deviation.

A second generation of exchange correlation functionals includes not only fun-
ctions of the scalar density, but also functions of the gradient of the density (Gener-
alized Gradient Approximation, GGRA Whilst more fundamental theoretical reasons
can be given for including the gradient terms, they can be justi ed in hand-waving
terms based on the fact that the energy functional is expected to be different in re-
gions such as those surrounding the nuclei (where the density varies rapidly) and
those far from the nuclei (where it varies only slowly).

Many different GGA exchange and correlation functionals exist. Some are
de ned as corrections to the local exchange and correlation functionals mentioned
above, whereas some include both local and non-local effects. For example, one
of the most popular exchange functionals, proposed in 1988 by Becke, is written
as a sum of the local exchange of equation 2.5 and a correction term that depends
on the gradient of the density. (equation 2.6, the index refers to up and down
spin, separately).® This functional was developed so as to reproduce the correct
long-range behavior of the Coulomb potential:

(2.5)

X 1=3 2

-~ 3 3
_ 1=3 9 S
x[1= 2 4 "1+6 sinh I (2.6)

when =| 5 [/ 3

The use of local exchange and correlation functionals leads to signi cant over-
estimates of atomisations energies. Many GGAs also lead to the same type of over-
bonding, if to a lesser extent. However, the Hartree-Fock method substantially
understimates these energies. This suggests that some combined treatment might
yield improved thermochemical results, and this is indeed the case. It is also pos-
sible to put forward sophisticated theoretical arguments based on the adiabatic
connection in favour of using the resulting functionals, which are referred to as
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hybrid. In the rst application of this approach, the exchange correlation energy
was calculated using one half of the Hartree Fock type exchange energy of the
Slater determinant formed from the Kohn Sham orbitals, and one half of the LDA
exchange energy of the corresponding density, and this led to accurate results for
a number of test cases.

More sophisticated hybrid functionals were then developed, including the very
popular B3LYP functional. This was based on an earlier three-parameters func-
tional in which the exchange correlation energy was expressed as a combination
of the local exchange correlation energy, the HF exchange energy, and the gradient
corrections to the exchange and correlation energies as shown in equation 2.7¢

Exc = Exc °™" + a(Ex"F  Ex""")+ ax Ex°®+a Ec”V (2.7)

In the original form of this functional, the non-local exchange and correlation
terms were taken from the GGA exchange and correlation functionals of Becké
and Perdew? respectively. The semi-empirical coef cients &, ax and ac were tted
to reproduce as well as possible a set of ca. 100 atomization energies, ionization
energies, proton af nities and atomic energies.

The description above of the four types of functional suggests that there has
been constant development of more and more accurate functionals, with the latest
developments leading to methods that can be used as black-box tools yielding very
high accuracy for all sorts of problems.

Despite the many successes obtained using modern functionals, care is still
needed as quite large errors can occur. These can be best understood by taking
into consideration how density functional theory works, and how well it performs
for the simpler case of main-group compounds. This serves to highlight the critical
role of the exchange functional, which describes such varied effects as electron self-
interaction, static (or non-dynamic) correlation , and dynamic correlation. A poor
balance between these effects can lead to signi cant errors even for main-group
compounds. This is even truer for transition metal compounds.

Overall, DFT is already a tremendously useful method for studying structure,
properties, and reactivity in metallic compounds, in such diverse areas as inor-
ganic, organometallic and bioinorganic chemistry. Even non-expert users can ea-
sily predict geometries, binding energies, mechanisms and activation energies to
a useful level of accuracy. It should however be realized that all currently used
functionals are still liable to yield very inaccurate results, especially for energetic
guantities. This type of problem occurs more often for transition metal compounds
than for other species.

2.3 The dispersion correction

Dispersion interactions play an important role in physical organic chemistry.®1°
For example, self assembly processes, ranging from small organic molecules cry-
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stal formation, to protein folding, can be driven primarily by dispersion intera-
ctions.*1?2 These systems share many common features, including the fact that
their properties arise from non-covalent interactions, especially dispersion, between
monomer components. Computational modeling is critical for providing insight
into these systems and to allow their unique features to be exploited. Theoretical
techniques, to treat large organic systems with signi cant dispersion interactions,
have been undergoing constant development over the last decade.

Dispersion interactions are generally described as the interactions between in-
stantaneous dipole moments within the electron distributions of two atoms or mo-
lecules.!® The dispersion energy, Eisisp between two atoms or molecules at large
separation takes the form of a series expansion:

Ce Cg Cypo

RS R® RO (28)

Edisp =

The dispersion coef cients can be determined experimentally* or theoreti-
cally.*> There are several approximate methods to evaluate the dispersion coef-
cients, such as the London?® and Slater-Kirkwood models.!” In most of the cases,
dispersion attraction is modeled only by the rst term in the series. For example,
in molecular mechanics (MM) force elds, a Lennard-Jones 6-12 potential is used
to describe non-bonded interaction with the R® term accounting for dispersion at-
traction and the R*? term corresponding to Pauli repulsion.*®

In the wavefunction approach of quantum chemistry, dispersion is a dynamical
correlation effect. The Hartree-Fock method, which is the simplest wavefunction
approach, does not include dynamical correlation. Therefore, the HF method can-
not model dispersion interactions and produces entirely repulsive potential energy
surface (PESSs) for dispersion-bound complexes. Figure 2.1 shows this repulsion in
the case of parallel structure of the benzene dimer, which serves as a good model
for dispersion interactions.'® HF-based wavefunction can be improved by expand-
ing the wavefunctions with additonal electronic con gurations. These methods,
which create correlated wavefunction, usually provide more reasonable treatments
of dispersion. A perturbative approach such as MP2 predicts the bonded nature of
the benzene dimer, accurately. Accurate dispersion-binding is predicted by the
computationally intensive coupled-cluster theory, provided that large basis sets are
used. The time and resources required to perform such calculations quickly become
very large as the size of the systems increase.

Dispersion-Correction DFT

All standard DFT methods predict repulsive interactions between nominally dispersion-
bound complexes at large separation?® rather than the -C4/R® behavior that is
characteristic of dispersion attraction. This includes LDA, GGA and meta-GGA fun-
ctionals. Ideally, the DFT exchange terms should reproduce the exact exchange of
the system. Therefore, DFT exchange terms should predict completely repulsive in-



28 Theoretical Models for the Chemical Analysis

E 1F |
© | I'.I
g \
§ 0 i
g \ P

Ak \ -
) \ /_// .
] ~— —T
“a2} MP2

—_ CCSD(T),
a3l
A L s 1 . 1 M 1 " 1 x 1 M
30 35 4.0 45 50 55 6.0 6.5

Ring-Center Distance (A)

Figure 2.1: Parallel benzene dimer (B symmetry) PESs generated using the HF, and
CCSD(T) methods at the estimated complete basis set limit.

teractions in dispersion-bound systems. Likewise, since dispersion is a dynamical-
correlation effect, the DFT correlation terms should ideally predict an attractive
interaction in dispersion-bound systems. However, most of the popular correla-
tion functionals do not predict the correct dispersion physics, and the dispersion-
like binding of some functionals has been shown to originate from the exchange
terms.2°

A simple and intuitive approach for correcting conventional DFT methods for
dispersion is to add explicit, attractive C¢/R® terms between all atomic pairs. The
use of G/R® terms to correct DFT is termedDFT-D Within the general set of DFT-D
methods, several approaches have been used to obtain the empirical dispersion-
coef cients, including use of the Slater-Kirkwood ?1??> model and London-type ap-
proximations. 2324

DFT-D methods, particularly the approaches of Grimme?24 and of Hobza,?®
have been successfully used in many applications. The technique does not add
any computational cost over conventional DFT calculations, but generally requires
the use of relative large basis sets to ensure reliable results. Therefore, the DFT-D
methods implemented by Grimme may be quite time consuming essentially be-
cause large basis sets are required. Nevertheless, the DFT-D approach works quite
well. For example, Grimme has shown that their BLYP-D/TZV(2d,2p) approach
gives a MAPE of 10.1 % for the binding energies of the S22 set® To illustrate the
long-range behavior of DFT-D, in Figure (2.2) is reported the generated PES, using
BLYP-D, for the benzene dimer potential.

The inclusion of dispersion corrections using a DFT-D approach can be easily
performed in a posteriori fashion. That is, electronic energies of dispersion-bound
complexes may be calculated using the DFT approach. Following this, dispersion
energy corrections can be calculated with relatively little computational effort. The
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Figure 2.2: Parallel benzene dimer (B symmetry) PESs generated using BLYP-
D/TZVP. The potentials generated with default potential and ultra ne integration
grids with B971/6-31G(d,p)-DCP are also shown. The surface obtained using
CCSD(T)/CBS is also shown.

general form for the dispersion energy (which is simply added to the Kohn Sham
energy) is:

bFT b _ X ChB
Edisp - Snh R_n fdamp(RAB) (29)
AB n=6;8;10;:: AB

where, the sum is over all atom pairs (A,B) in the system, G”® denotes the
averaged (isotropic) n'"-order dispersion coef cient (orders n = 6,8,10,...) for
atom pair AB, and Rag is the internuclear distance. §, are scaling factors used to
adjust the correction to the repulsive behavior of the chosen parametrized func-
tional. In order to avoid near singularities for small R, and double counting ef-
fects of correlations at intermediate distances, damping functionsfy.m, are used,
which determinate the range of the dispersion correction.?” The contribution of
the higher-ranked multipole terms n > 6 is important at short range and rather
strongly interferes with the (short-ranged) description of electronic correlation.

In our computational investigations, we used the Grimme model to calculate

the contribution of the dispersion correction to the molecular energy. In such
model, the dispersion corrected total energy is given by??

N 1 Kat Cg
Edisp = Sg R_Gfdamp(Rij ) (2.10)

i=1 j=i+l



30 Theoretical Models for the Chemical Analysis

where N is the number of atoms in the system, @ ¢ denotes the dispersion
coef cient for atom pair (i,j), S ¢ is a global scaling factor and R, is the interatomic
distance. To avoid near singularities for small R, a damping function f;amp, must be
used which is given by

1
1+ e (R=Ro 1)

fdamp(R) = (2.11)

where Ry is the sum of atomic van der Waals radii.
Different combination rules for the composed C! ¢ coef cients have been care-
fully tested for many complexes. A simple average of the form

CiCl

Cl =2 _6=6_
° Tci+cl

(2.12)

is used. The atomic coef cients are taken from the work of Wu and Yang2*

The DFT-D atomic dispersion coef cients are highly empirical molecular mech-
anics like parameters. They only depend on atom type and do not respond to
changes in an atom electronic environment. This is a good approximation for or-
ganic systems because like atoms tend to have very similar £values in neutral
molecules. DFT-D methods tend to perform very well for dispersion interactions
involving neutral, organic systems.

In general, because dispersion is an electronic correlation effect, it operates
also intramolecularly (between atoms or functional groups that are not directly
bonded). This contributes to the internal energy of (essentially larger) molecules
and must be considered for accurate thermochemical computations.

2.4 Natural Bond Orbital (NBO) analysis

Natural Bond Orbital methodology (NBO) is based essentially on the wavefunction

and its practical evaluation (to suf cient chemical accuracy) by modern compu-
tational methods. 282° Unlike conventional valence bond (VB) or molecular orbital
(MO) viewpoints, NBO theory makes no assumption about the mathematical form
of . Most essential to natural methods is thereducedform of  given by the one-
electron density operator DI, This is derived by averaging over (integrating out)
all but one of the N electronic space-spin coordinates, namely,

V4
DO =N j@;2::;N)j2drodrs:dry (2.13)

As originally introduced by Lowdin, natural orbitals { }are the eigenfunctions
of DO satisfying
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DM = ng « (2.14)
where

ya
ng=< D®j y>= DO dry (2.15)

is the occupancy (electronic population) of  subject to the usual Pauli exclu-
sion principle (0 n¢ 1 for the spin orbital and 0 ny 2 for the spatial orbital).
Each | represents a principal component of BY with extremal occupancy. Each
k could alternatively be de ned as a maximum occupancyor maximum density)
orbital, contributing incremental electron density = nyj j? that gives the most
compact description of the total electron density .

The key distinguishing feature of NBOs is their formulation in terms of natural
atomic orbitals (NAOs), a complete orthonormal set for optimally describing the
effective atom-like constituents within the molecule environment. 3 These NAOs
{ A} of atom A are obtained by diagonalizing the matrix representing D® on the
AO centered on A.

At large interatomic separations, the NAOs { (A)} essentially reduce to the cor-
responding atomic natural orbitals of the isolated atoms.3! However, in a given mo-
lecular environment, the NAOSs re ect the chemical give and take of electronic inte-
ractions, with variations of shape and size, which distinguish them from free-atoms
form. In contrast to Gaussian-type orbitals (GTOs), Slater-type orbitals (STOs), or
other atomic orbital basis function in common usage, the NAOs are most strongly
distinguished by their strict maintenance of intra- and interatomic orthonormality.
Indeed such orthonormality

< Wi sz (2.16)

is an elementary mathematic prerequisite for eigenorbitals of any physical Her-

mitian operator. Note that the NAO and, NBO, and associated occupancies are in
principle uniquely determined by D® | and thus by itself. In practice, the NBO-
based quantities are found to converge rapidly to well-de ned numerical limits, in-
dependently of the numerical basis set or other arbitrary details of approximating

. Thus, these orbitals can be used to represent exactly any property of the system
in localized terms. The NAOs divide naturally into a leading high-occupancy set
(the natural minimal basis) and a residual low-occupancy set (the natural Rydberg
basis), where the occupancies of the latter orbitals are usually quite negligible for
chemical purposes.

In an isolated ionic or neutral species, each NAO retains the characteristic an-
gular shape of the pure s and p hydrogenic orbitals. However, in the presence
of another atom or ion this symmetry is broken, and the optimal valence orbitals
acquire sp hybrid form (assumed for simplicity to include only valence s and p
orbitals), as represented mathematically by
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h (s+ p) (2.17)

S @

In this expression, the hybridization parameter varies between 0 (pure s) and
1 (pure p), with any integer or non-integer value in this range being physically
allowed. The general relationships between and percentage s and p characters
are given by

1
0%s = 100—1 - (2.18)
or equivalently
%op
= — 2.20
Vs (2.20)

The N/2 Lewis-type NBOs of highest occupancy can be directly associated with
the localized electron pairs of the chemists Lewis-structure diagram. Each Lewis-
type NBO can be decomposed into constituent natural hybrid orbitals (NHOS) h
and hg on atoms A and B,

AB = Caha + Cghp (2.21)

with polarization coef cients ¢ o and ¢z satisfying [ca|2 + |c g|2 = 1. The
bonding hybrids ha and hg are constructed from NAOs on atoms A and B in a
manner that closely resembles the classical Pauling hybridization picture, but all
details of NHO hybridization and polarization are numerically optimized to give
the best possible description of electron density. The two valence hybrids R and
hg give rise to two valence-shell NBOs: an in-phase Lewis-type NBO (equation
2.21) and a corresponding out-of-phase non-Lewis NBO 4z,

ae = Cshs  Caha (2.22)

which is unoccupied in the Lewis-structure picture. The set of Lewis-type NBOs
typically includes a one-center core (labeled CR in the NBO program output) and
valence lone pair (LP) as well as two-centers bond (BD) orbitals. The non- Lewis
set includes unoccupied valence nonbonding (LP) and extra-valence-shell Rydberg
(RY ) orbitals as well as the valence antibonds (BD) (equation 2.22).

Thus, the NBOs form a chemist basis set of Lewis-type (unstarred) and non-
Lewis-type (starred) orbitals, each member being closely associated with some as-
pect of the localized Lewis structure diagram or its capacity for chemical change.

The localized wavefunction () formed from N/2 doubly occupied Lewis-type
NBOs,

© = AL as)?( cp)?:] (2.23)
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corresponds to an idealized natural Lewis-structure picture. As usual, the wave-
function (2.23) can be associated with an Hamiltonian H ) and an energy E-) of
a strictly localized Lewis-structure model chemistry, with Schrodinger equation

RO O = gL W (2.24)

Let us consider the hydrogen uoride as a simple example. The conventional
Lewis structure diagram of this molecule corresponds to a sigma bond (g ) and
three uorine lone pairs (n ', n?c and n®:), as well as the uorine core pair (K ¢).
A portion of the NBO output is shown below:

NATURAL BOND ORBITAL ANALYSIS:
(Occupancy) Bond orbital/ Coefficients/ Hybrids

1. (2.00000) BD ( 1) H1- F 2

( 22.39%) 0.4732* H 1 s( 99.89%)p 0.00 ( 0.11%)

( 77.61%) 0.8810% F 2 s( 20.93%)p 3.77 ( 78.95%)d 0.01( 0.12%)
2. (1.99994) CR (1) F 2 s (100.00%)
3. (1.99940) LP ( 1) F 2 s ( 79.14%)p 0.26( 20.86%)d 0.00( 0.00%)
4. (1.99791) LP ( 2) F 2 s ( 0.00%)p 1.00( 99.97%)d 0.00( 0.03%)
5. (1.99791) LP ( 3) F 2 s ( 0.00%)p 1.00( 99.97%)d 0.00( 0.03%)

NBO listhe yr bond (BD), which can be written in the form of equation 2.21
as

we = 0:88(sp*"")r +0:47(1s)y (2.25)

The uorine sp*'" hybrid with 78.95% p character also has weak d-orbital
contributions (0.12%) that can usually be ignored. The polarization coef cients
indicate that about 77.6% of the electron density is polarized toward the more
electronegative F atom.

NBO 2 is the KF core (CR) orbital, of 100% s character. NBOs 3 to 5 are the
three uorine lone pairs (LP). As shown by the occupancies and hybrid composi-
tion, these lone pairs are inequivalent. LP(1) is the s rich -type sp”2® lone pair
(n:(); 79% s character), directed along the bond axis opposite to H. LP(2) and
LP(3) are the p-rich -type lone pairs (ng¢ ) and n'r( ); 99.97% p-character), per-
pendicular to the bond axis. The lone pairs have occupancies slightly less than 2
(due to weak delocalization into Rydberg orbitals of the adjacent H), but overall,
the correspondence with the elementary Lewis-structure description is excellent.

The general object of NBO method is to translate accurate calculations into
chemical insights. Such insights are formulated in terms of commonly bond con-
cepts such as

atomic charge
Lewis structure

bond type (covalent vs. dative vs. ionic; vs. etc.)
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hybridization

bond order

charge transfer

resonance weight

sterics

energy decomposition (EDA)
spectroscopic description

Even through the NBO method provides several insight that are directly for-
mulated in terms of bonding concepts, here we brie y discute the ones we have
applied in the present thesis.

2.4.1 Second-Order Perturbative Analysis
of Donor-Acceptor Interactions

The NBOs method provides the picture of the wavefunction in terms of Lewis-type
NBOs ( (1), Naturally the complete NBO basis set { ;} separates into Lewis and
non-Lewis components.

fig=f Mg+t Mg (2.26)

The total electron density ( ) and the system energy (E) can be similarly divided
into Lewis and non-Lewis contributions,

= Lt N (2.27)

E=E"+EN (2.28)

Equations (2.26), (2.27) and (2.28) form the starting point for a systematic
perturbation theory analysis.

The unperturbed (%) corresponds to an idealized single-con guration picture,
in which each Lewis-type NBO has exact double occupancy (or single occupancy
in the open shell case). In this limit, the model N-electron Schr dinger equation
leads to a corresponding Lewis-type one-electron eigenvalue equation,

hg%) i(L) - i(L) i(L)(i =1;2;::;N) (2.29)

where h,,© is the Lewis-type Hamiltonian operator. The rst N eigenfunctions
{ { lare the lled Lewis-type NBOsS ( ag, cp....) With corresponding orbital
energies ;).

However the eigenfunctions of h,,@ also include the remaining non-Lewis-type
NBOs { ")} as , cp .-
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hf)%) j(NL) — J_(NL) J_(NL)(J- = N+1;:) (2.30)

that are formally vacant. We refer to the lled (Lewis-type) NBOs of equation
(2.29) as donor orbitals and the vacant (non-Lewis-type) of equation (2.31) as
acceptororbitals.
In the resonance free world, the donor-acceptor NBOs have no interaction (due
to their mutual orthogonality)
Z

Oh@ Mg =0 foralli] (2.31)
However, the corresponding real-world effective Hamiltonian operator Fy, (i.e.
Fock, Kohn Sham) has non-vanishing donor-acceptor interactions,

z
Fi= “Fp Md 60 (2.32)

and hence will lead to real-world donor-acceptor mixing (delocalizations) that
bring in contributions from non-Lewis NBOs.

The perturbation theory of NBO-donor acceptor interactions can be expressed
quite simply in graphical or equation form for the leading (second-order) correc-
tion E®@; ; foreach ;(t)- ;(NL) donor-acceptor pair. The schematic perturba-
tion diagram for doubly occupied donor NBO (1) interacting with vacant acceptor

; (NL) is depicted in Figure (2.3).

Figure 2.3: 2e-stabilizing interaction between a lled donor orbital ;(~) and a vacant
acceptor ;(NL) | leading to energy lowering E?;, ; .

The unperturbed energy levels have respective NBO energies"), ;(N&) on the
vertical energy scale. However, in the presence of the perturbation, these levels
mix (dashed line) and split to become the nal perturbed levels (center), with
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the lower level (marked ) now below ;) while the higher level (marked )
rises above ; (NY). Because only two electrons are involved in this interaction, they
naturally occupy the lower _level.

The net perturbative energy lowering E@;, ; can be expressed by the follow-
ing simple equation:

_ aiFj?
(NL) (L)
] |
where q; is the occupancy of the donor orbital ( 2), F; is given by equation
(2.32)and ), ;(NL) are the respective donor acceptor orbital energies.
Upon a general perturbation between a Lewis and non-Lewis type orbitals (; ()
I (NL)y the starting Lewis NBO orbital acquires a weak antibonding character in
the nal (doubly occupied) NLMO ( Natural Localized Molecular Orbita) ; orbital.
More generally, each occupied NLMO may be expressed as a parent L-typg(‘)

with weak NL-type delocalization tails (governed by coef cients c; ) from each
(NL)-
J -

EQ (2.33)

=g P+ ¢ Mi=12,...N2 (2.34)

¢ =1 (2.35)
B =)
The tails of the ;(X) NLMOs represent the intrinsic contribution (nonvanishing
occupancy) of each NL-type ;(N) in delocalizing the parent L-type NBO in the
molecular environment.

The magnitude of coef cients c; represents the contribution that each Non-
Lewis NBO orbital ;(N“) has in the formation of the NLMO ; orbital.
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2.5 Charge Displacement Analysis via Natural
Orbitals for Chemical Valence (CD-NOCYV)

The coordination between a transition metal (M) and an unsaturated substrate (S)
is usually described in terms of the well known Dewar-Chatt-Duncanson (DCD)
model323® as a donor-acceptor interaction, involving the donation of electrons
from the substrate to empty orbitals of the metal (S! M) and the back-donation
from lled d orbitals of the metal to empty substrate orbitals of appropriate sym-
metry (M! S). The DCD model was introduced to describe the 2-coordination
of ethene to a coinage-metal and has since enjoyed enormous popularity among
the chemists. It is, in fact, the standard framework for analyzing the electronic
properties of ligands and metal fragments, with the desirable aim of rationalizing
coordination chemistry and/or controlling the outcome of metal catalyzed reac-
tions. Nevertheless, the dif culty of nding rigorous relationship (of either empir-
ical or theoretical nature) between experimental observables and the DCD bond
components, makes the assessment of the relative importance of donation and
back-donation a still ambiguous and controversial issue3*3’ From a theoretical
point of view, the problem stems from the very de nition of the DCD (donation and
back-donation) components, that are not very well de ned quantum mechanical
observables, and thus require the development of adequate quantum mechanical
models.383°

Recently a simple yet powerful method, for analyzing a chemical bond in terms
of the charge rearrangement taking place upon formation of an adduct from two
constituting fragments, has been proposed. This model is based on the so called
Charge-Displacement (CD) function®®

Z Z,,7Z,,

q(z) = Z dz (x;y;z)dxdy (2.36)

1 1 1

de ned as a progressive partial integration along a suitable z axis of the dif-
ference  (x,y,z) between the electron density of the adduct and that of its non-
interacting fragments placed in the same position that they occupy in the adduct.
The z axis is usually chosen to be the bond axis between the fragments. Accord-
ingly, the CD function at a given point z quanti es the exact amount of electron
charge that, upon formation of the bond, is transferred from right to left (the di-
rection of decreasing z) across a plane perpendicular to the bond axis through z.
Negative values of the CD function identify charge ow in the opposite direction.

The CD function was rst introduced to study the chemical bond between gold
and the noble gases® It was later on successfully employed to study the charge
transfer in hydrogen bonding*4* and halogen bonding* in weakly bound ad-
ducts, to characterize charge transfer effects on the conduction band of dye sensit-
ized solar cells*® and also to describe the charge rearrangement in excited stateg’
Above all, it proved to be extremely versatile in coordination chemistry. 4852

By studying the metal-substrate chemical bond in symmetric complexes, it has
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been shown that the CD function can be decomposed into additive symmetry com-
ponents providing a quantitative, spatially detailed picture of the DCD donation
and back-donation charge ows. 485!

Furthermore the estimates of the donation and back-donation charge transfers
in M-ethyne complexes were found to predict very accurately experimental obser-
vables such as ethyne distortion from linearity and C-C stretching frequency?? This
proved the reliability of the CD analysis and suggests that the DCD components
may, in principle, be measured through simple experiments.

It is clearly a severe limitation that such CD analysis, in its current formulation,
can only be carried out if both the systems and its constituting fragments have
suitable symmetry properties, which is of course not the case for most systems of
interest in coordination chemistry. This limitation can be entirely eliminated by
taking advantage of the recently proposed Natural Orbitals for Chemical Valence
(NOCV).5354

Theoretical Aspects

As already mentioned, the CD approach is based on the analysis of the electron
density rearrangement ( in equation 2.37) taking place upon the formation of
an adduct AB from two molecular fragments A and B. This quantity is formulated as
the difference between the electron density of AB and that of its two constituting
fragments A and B frozen at their in-adduct geometries. Accordingly, in terms
of occupied Kohn Sham (or Hartree-Fock) spin-orbitals ( ;) of the AB, A and B
systems, can be written as®®

X X X
= M i M2 j B2 (2.37)

If both the adduct and its constituting fragments can be classi ed in the same
symmetry group, the electron density difference can be partitioned into additive
symmetry components according to the following equations

= ) (2.38)

X

X
o= B i M2 i Pj2 (2.39)

i2p i2p i2p

where p labels are the different irreducible representations of the (unique) sym-
metry point group of AB, A and B. The overall CD function q (see equation 2.36)
is similarly decomposed into additive symmetry components (de ned as in equa-
tion 2.39 for each ) which, for suitable cases when the symmetry compon-
ents correspond unambiguously to DCD components, give a quantitative picture of
donation and back-donation charges?5!
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While the (q) curves accurately depict charge displacement over the whole
molecular region, one can obtain a reasonable measure of donation, back-donation,
and net charge transfer (CTyon, CThack @and CTro, respectively) between the frag-
ments by taking the value of the corresponding CD function at a plausible inter-
fragment boundary along z. Our standard choice is the z point where isodensities
surfaces of the isolated fragments intersect.

As an example we report the CD analysis of the gold carbon coordination bond
in [Au(CO)] *.%8 In Figure (2.4) are shown the CD functions (CDF) for the overall
density difference and its symmetry separated components. We recall here that,
at a given point z, a positive CDF value corresponds to a charge ow from right
to left (i.e., in the Au®™  CO) direction, while a negative value corresponds to a
charge ow in the opposite (Au* ! CO) direction. The total CDF is positive over
both the Au-C and C-O bond regions and also the oxygen far side of CO, indicating
a continuous ow of electrons in the direction from CO towards gold.
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Figure 2.4: Total CDF and its symmetry (&) components for the Au-CO bond in
the complex [Au(CO)I . Black dots indicate the z position of the atomic nuclei. A
solid vertical line marks the boundary between the Auand the CO fragments. The
boundary between the two fragments is the z point in which isodensity surfaces of the
isolated fragments intersect. At the top: isodensity surfaces (0.0025 e aX.for the

A1, B1, and B, components of (X,y,z). Red surfaces identify charge depletion areas,
while blue surfaces identify charge accumulation areas.

The negative values of the curve on the left side of Ad indicate a rearrange-
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ment in the opposite direction. The total CDF results from an A, component which
is large and positive in the Au-carbon region (identifying -donation) and B; + B,
component which is negative in the same zone (identifying -backdonation) plus a
negligible A, component. These components are easily recognized in the isodensity
plots of the respective density difference shown at the top of the gure.

The net charge transfer CT; from CO to Au* (the CDF value at the boundary
solid vertical line) amounts to 0.16e resulting from a donation component CT 4o,
of 0.34e and a back-donation from a donation component CT 5« Of 0.18e. The
rst important comment here is that the back-donation is actually a signi cant
component of the interaction, estimated to be more than half as large as the dona-
tion.

However, when the system under study and its fragments do not satisfy the
symmetry requirements recalled above (as happens for most cases of interest),
the above decomposition cannot be applied. Therefore a different, more general,
decomposition scheme has been propose&® Such a scheme can still provide the
desired identi cation of the donation and back-donation components of the intera-
ction, using the properties of the Natural Orbitals for Chemical ValencéNOCVSs). In
the NOCV scheme, the charge rearrangement taking place upon the formation of
AB from fragments A and B is de ned with respect to a slightly different reference
density, which is no longer the simple superposition of the densities of A and B. In
other words, rather than two separate A and B wavefunctions, their antisymmet-
rized product ©); is taken as reference (the so called promolecule). The resulting
density rearrangement,

. X X
= M j 9 (2.40)

can be brought into diagonal contributions of the valence operatoof Nalewajski
and Mrozek theory®”:%8 that can be de ned in terms of molecule ( ;{B)) and pro-
molecule ( ;@) occupied spin-orbitals, as

X
V=" (%) >< B 05 9 (2.41)

NOCVs feature the peculiar property that they can be grouped in pairs of com-
plementary orbitals (" x, © ) corresponding to eigenvalues with same absolute
value but opposite sign,>®

\l)’ kK = K oke (242)

In terms of NOCV pairs, ° reads
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0 X . D sy -2 X 0.
= (G d® T d) = k- (2.43)
k k

Equation 2.43 sheds light on the interpretation of the NOCVs: upon the forma-
tion of AB from promolecule, a fraction | of electrons is transferred from the’
to the ’  orbitals. k ranges, as can be directly demonstrated from the de nition
of the operator ¥ (equation 2.41), from 1 to the number of occupied spin-orbitals
(total number of electrons). However, only a small subset of these NOCV pairs
actually contributes to the overall charge rearrangement  ° because a large part
of them presents values of  close to zero>*®® NOCVs proved all their useful-
ness in the qualitative analysis of donation and back-donation in transition metal
complexes.

More recently, it was shown that a combined Extended Transition State (ETS!
NOCYV approach permits to separate contributions E, (associated with different

« S) from and bonding components to the interaction energy.5?

and °differforaterm, a4 (@t = . % \which may be seen as
the electron density rearrangement occurring upon going from the separated A and
B fragments to the promolecule. This contribution, by removing the orbital over-
lap between the A and B fragments, shifts charge density from the inter-fragment
region towards the fragments. In other words, presents a larger accumulation
(or smaller depletion) of charge density in the bonding region than ~ ° does.
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Chapter 3

Palladium-Catalyzed
Hydrophosphonylation
of Alkenes with Dialkyl

H-Phosphonates

3.1 Synopsis

Organophosphorus compounds are highly useful building blocks in synthetic or-
ganic chemistry.1# In recent years, transition metal-catalyzed reactions have emerged
as highly ef cient and selective tools for the preparation of carbon-phosphorus
bonds.>® In particular, the development of metal-catalyzed methods for the addi-
tion of H-P(O) bonds to alkynes and alkenes has become very attractive since these
transformations are intrinsically atom-economical.1°13

The addition of H-P(O) bonds to alkynes has been well investigated, whereas
the addition of H-P(0) bonds to the less reactive alkenes remains more problematic.
Hydrophosphonylation processes have remained challenging and limited in scope.
The group of Tanaka has enabled the addition of pinacol-derived H-phosphonatel
to alkene under palladium catalysis (Figure 3.1).14

(0] O (0]
RS I Lo
— + P-O —— Ny or N

R H” o 0 R—( "o
R

B-adduct, R = alkyl a-adduct, R = aryl
[Pd] = PdMe,(PPh,(CH5)4PPh,)

Figure 3.1: Pd-catalyzed pinacol-derived H-phosphonylation of alkenes.

Terminal aliphatic alkenes exclusively yield the anti-Markovnikov -adduct and
styrene derivatives provide the Markovnikov -adduct with excellent selectivity
(95:5). Mechanistic investigations by Tanaka suggest that the transformation pro-
ceeds through : i) oxidative addition of Pd(0) into the P-H bond, ii) reversible
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hydropalladation of the alkene, and iii) reductive elimination. However, the reac-
tion is essentially working with highly reactive pinacol-derived H-phosphonate 1.
Acyclic H-phosphonate derivatives have remained largely unreactive. The higher
reactivity of 1 is supposed to be due to an easier reductive elimination, that is
assumed to be the rate-determining step.

Inspired by these results, the group of Campagne has studied the Pd-catalyzed
hydrophosphonylation of styrene using DavePhos as a ligand (DavePhos = 2-
dicyclohexylphosphino-2 -(N,N-dimethylamino)biphenyl), as this ligand is known
to facilitate reductive elimination process.*® They could nd conditions where both
cyclic and acyclic H-phosphonate derivatives reacted with styrene (Figure 3.2).

i i i
[
- - P-O
= + /P\ (0] P\ (0] + N
— 0O R o
Ph H™ O Pd(OAC)2 6 mol% R <

1 DavePhos 6 mol%

H-phosphonate 6mol% B-adduct : 11 a-adduct : 89
water 24 mol%
E dioxane, 80 °C, 12 hours ﬁ ﬁ
— + —OMe P~0OMe + P\\OMe
Ph H “ome e “owte R— “oMe
2 B-adduct : 94 a-adduct : 6

Figure 3.2: Difference in regiochemistry in H-phosphonylation of styrene observed
experimentally according to the nature of the H-phosphonate derivative.

Interestingly, the regiochemistry of the reaction was highly dependent on the
nature of the H-phosphonate derivative. With pinacol-derived 1, the expected
Markovnikov -adduct was obtained with a selectivity of 89:11. In the case of
the acyclic H-phosphonate 2, the anti-Markovnikov -adduct was obtained with
a selectivity of 94:6. Within the same catalytic system, there is thus a dramatic
in uence of the nature of the H-phosphonate substrate. This is thus a perfect case
study for computational chemistry, where theoretical investigation of the reaction
mechanism may provide insights into the origin of the difference in regiochemistry.

3.2 Computational methodology

All the calculations have been performed with the Gaussian 09 package, at DFT
level, using PBEO functional}®1” The palladium atom was represented by the re-
lativistic effective core potential (RECP) from the Stuttgart group and the associ-
ated basis sets'® augmented by an f polarization function. 1°

All the others atoms (C,H,P,O,N) were represented by a SVP basis set. The
frequency analysis and the the Gibbs energy correction were carried out at 353
K (experimental temperature). Connection between reactants and products has
been done through a given TS, altering his geometry along the two directions of
the vector associated with the imaginary frequency.
For each geometry (TS and minima) a single point calculation has been carried
out with the Orca package,?° using an effective core potential for palladium, and a
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QZVPP basis set for the other atoms. In this single point calculation, the in uence
of the solvent (1,4-dioxane, experimental solvent) was taken into consoderation
through the COSMO model implemented in the ORCA packagée?! In uence of the
dispersion forces was considered by adding to the COSMO energy the D3(BJ) cor-
rections as described by Grimme??23 All of the energies reported in the present
work are Gibbs free energy obtained by summing the COSMO energy, the gas-
phase Gibbs contribution at 353 K, and the D3(BJ)correction.

The kinetic simulation was carried out using COPASI package&*?’ The rate
constants were calculated using the Eyring equation with the computed G* va-
lues.

3.3 Nature of the active catalyst

The composition of the catalytic mixture is very complex with 6 mol% of Pd(OAc),,
6 mol% of DavePhos, 6 mol% of the H-phosphonate, 24 mol% of water in diox-
ane at 100 C. This mixture of species is assumed to activate the palladium source
to deliver the active catalyst usually considered to be a Pd(0) complex. As the
reaction is also working when 15 mol% of DavePhos is used, a reasonable assump-
tion is to consider that the Pd(0) complex formed is Pd(DavePhos). Such kind
of complexes have been observed and the X-ray structure of Pd(SPhosfSPhos =
2-Dicyclohexylphosphino-2 ,6 -dimethoxybiphenyl) has been obtained?®

The experimental structure of Pd(SPhos) has been used to construct the guess
geometry of Pd(DavePhos). The resulting optimized structure PdL, is shown in
Figure 3.3. Both Pd-P bond distances are very similar (2.312 and 2.308 ) and
the geometry is almost linear (¢ P-Pd-P = 161.5). The shorter Pd-P bond is as-
sociated to the DavePhos ligand presenting the NMegsubstituted aromatic ring
toward Pd. Such a geometry is assumed to provide extra stabilization. However,
in the present case, both the nitrogen atom and theipso-carbon atom are far from
Pd (3.796 and 3.468 , respectively). Two different geometries were optimized for
the Pd(DavePhos) mono-ligated complex (Figure 3.3).

PdL, PdL-1
Figure 3.3: Optimized structures oPdL,, PdL-1, PdL-2. H omitted for clarity.

In PdL-1, there is a direct interaction between N and Pd as illustrated by the Pd-



Palladium-Catalyzed Hydrophosphonylation
52 of Alkenes with Dialkyl H-Phosphonates

N bond distance of 2.314 . This structure is computed to be less stable tharPdL,
by G = 27:5 kcal mol 1. An alternate geometry, PdL-2, where the interaction
between the aromatic ring and Pd occurs essentially through asymmetric 2-C=C
coordination (2.109 and 2.377 ) is computed to be slightly more stable at G =
234 kcal mol 1. The calculations clearly indicate that the bis-ligated situation in
PdL; is thermodynamically prefered over the mono-ligated one in both PdL-1 and
PdL-2.

Without any speci ¢ proof, the mechanism is assumed to start with P-H oxi-
dative addition on Pd(0). This would require formation of a mono-ligated Pd-L
intermediate that would interact with the P-H bond of the H-phosphonate sub-
strate to promote P-H bond cleavage. Despite many attempts, we were unable to
located any transition state associated to such an oxidative addition reaction. Con-
sequently, the mono-ligated Pd(0) complex is not an active species to induce P-H
bond cleavage.

Styrene is a potential ligand to Pd(0) and complexes such as Pd(DavePhos)-
(styrene) could be reactive in P-H bond cleavage. For a system like Pd(PGY, two
different geometries for the 2-styrene complex would have been expected (Figure
3.4). The situation is more complicated when one Cy group is substituted by an
aromatic ring Ar. The asymmetry introduced leads to potentially four different
styrene complexes (Figure 3.4).

Cy Cy
ar =\
Ph
Cy Cy Cy Cy
Cy Cy Cy Cy
é Ph /% Ph é é
Ph
Cy Ar Cy i\ Cy Ar Cy Ar

Figure 3.4: Schematic representation of the expected geometries for styrene coordina-
tion to Pd(PCy) (top) or PdCy,Ar (bottom).

In addition, in the speci c case of the DavePhos ligand, there is an extra sta-
bilization originating from an interaction between the ipso-carbon on the aromatic
ring and Pd. This distorts the geometry of styrene coordination that is more of a
ML; type. As a result, and due to the asymmetry in the substitution of the aro-
matic ring by NMe,, there are eight different styrene complexes to consider. The
resulting optimized geometries are shown in Figure 3.5.

In Table 3.1 are given the Gibbs free energy of each complex relative to the
bis-ligated complex PdL,, together with selected bond distances. Inspection of
the geometrical data in Table 3.1 does not allow to identify a speci c trend that
could be linked to the relative energies of the styrene complexes. Normally, at
this stage, computational studies usually consider only the most stable complex
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Ene-l Ene-ll Ene-lll

Ene-V Ene-VI Ene-VII Ene-VIlI

Figure 3.5: Optimized geometries for the eight styrene complexes considered.H atoms
and some C atoms on cyclohexyl groups have been omitted for clarity.

and would discard the other alternatives. This would lead to retain only Ene-IV
and Ene-VIII as starting reactants for the mechanistic study. However, we felt that
the energy differences among the various complexes are not big enough to reject
potential reactive trajectories that may reveal themselves as more productive when
subsequent steps are considered. Therefore we have considered as active species
the eight styrene complexes shown in Figure 3.5.

These complexes are formed from the more stable resting statdPdL,. As it
was impossible to locate the transition state for styrene coordination, we assumed
that the complex formation is dissociative through PdL-2 and used the Gibbs free
energy of this complex ( G = 23:4 kcal mol 1) as an estimate of the activation
barrier. The relative energies of all the styrene complexes allowed to estimate the
activation barriers of the reversed reactions.

3.4 P-H bond cleavage

In all the styrene complexes described above, the DavePhos ligand can be con-
sidered as hemilabile. The Pd...qpso interaction can be lost in order to allow
coordination of another substrate. For both H-phosphonate substratesl and 2, the
interaction with Pd is of the !-HP type as illustrated in Figure 3.6 for the complex
between 2 and Ene-I. Table 3.2 collects selected geometrical parameters for these
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Pd-P Pd...q:pso Pd-C Pd-C G
Ene-I 2.335 2341 2.164 2.114 9.7
Ene-ll 2.341 2312 2174 2111 9.8
Ene-lll 2.346 2319 2.161 2.119 10.6
Ene-IV  2.336 2326 2.160 2.115 7.3
Ene-V 2.331 2.333 2.184 2.108 104
Ene-VI  2.326 2.340 2.174 2.103 9.1
Ene-VIl  2.329 2.347 2172 2.110 11.9

Ene-VIlIl 2.328 2338 2.170 2.104 7.9

Table 3.1: Selected bond distances (") and Gibbs energy (kcal mglof the styrene
complexes.

1.HP adducts together with their Gibbs energy relative to PdL,.t

2PH-I 2PH-TS-I 2PH-Prod-I

Figure 3.6: Optimized geometries for the!-HP complex betweeBne-I and 2 and the
subsequent TS for P-H bond cleavage and the resulting product of such cleavage.

In both cases (L and 2), the P-H bond gets slightly elongated upon coordination
from its value in the free H-phosphonate (1.410 ). The main difference between
1 and 2 lies in the H...Pd bond distance that is signi cantly shorter for 1. This
could be due to less steric bulk imparted byl compared to 2, thus allowing shorter
Pd...H contact. However, this does not translate into any signi cant energy diffe-
rence as the G values for coordination are sensibly identical for 1 and 2. The
average value for the Gibbs free energy of the -adducts with 1 amounts to 20.0
kcal mol 1, whereas the corresponding value for the adducts with 2 is 19.3 kcal
mol 1. Even though considering average value of Gibbs free energy of various iso-
mers is not a rigourous way to describe reactivity, in the present case, it offers a
quick estimate of the energy needed to achieve the various steps along the overall
catalytic cycle. In a subsequent section, we will analyze in more details the in-

In the case of the '-HP adduct with 1, two styrene coordination Ene-VIl and Ene-VIII did not
lead to any minimum optimized for the -HP adduct.
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dependant behavior of the eight pathways considered for each H-phosphonate, in
order to understand the regiochemistry observed experimentally.

PH H..Pd P..Pd 6 Pd-H-P G

1PH-I 1.462 1.822 2.909 124.4 20.6
1PH-II 1.449 1910 3.268 153.1 19.6
1PH-II 1.442 1.979 3.256 1435 20.0

1PH-IV 1443 1.943 3.320 157.1 20.0
1PH-V 1.452 1.841 3.020 132.6 21.0
1PH-VI 1.438 1.980 3.233 141.7 19.1

2PH-I 1.440 2.046 3.477 172.0 17.9
2PH-II 1.440 2.057 3.487 170.9 18.8
2PH-III 1.437 1.995 3.285 145.8 20.0

2PH-IV 1437 1.932 3.150 137.9 194
2PH-V 1.431 2.036 3.202 134.2 19.0
2PH-VI 1.431 2.085 3.413 151.7 19.1
2PH-VIl 1435 2.007 3.212 137.2 20.0
2PH-VIIl 1.441 1.899 3.149 140.7 20.0

Table 3.2: Selected geometrical parameters (distances in — and angle in degree) for
the !-HP adduct ofl (top) and 2 (bottom) to the various styrene complexes, and
Gibbs free energy of these complexes (in kcal mdlrelative to PdL,.

For all the cases studied (including Ene-VII and Ene-VIIl with 1), the transition
state for P-H bond cleavage could be located on the potential energy surface. Table
3.3 collects selected geometrical parameters and Gibbs free energy (relative to
PdL,) for the various TS and Figure 3.6 shows the geometry of 2PH-TS-I, the
transition state originating from 2PH-I. The main geometrical aspect of the TS for
P-H cleavage is a switch from *-HP coordination to 2-HP coordination for the
P-H bond. This is illustrated by a signi cant decrease of the Pd-H-P angle, but
more substantially by a decrease in both the Pd...H and Pd...P bond distances. As
expected the P-H bond gets elongated in the transition state with respect to its
value in the *-HP adducts.

The Gibbs free energies of the transition states are rather similar forl and 2.
However, the average value of G for the TS related to activation of 1 amounts to
24.7 kcal mol 1, whereas that in the case of2 is 26.6 kcal mol . The PH oxidative
addition to the styrene complexes is thus substantially more dif cult for the non-
cyclic H-phosphonate substrate2 compared to the cyclic onel. All the geometrical
parameters in Table 3.3 point to a more distorted geometry in the TS for the case
of 2: shorter H...Pd, short Pd...P, longer P-H and smaller Pd-H-P angle. This tends
to indicate that the P-H bond in 2 is less reactive than the P-H bond inl, and thus
needs to create stronger interaction with Pd to achieve P-H bond cleavage. This
occurs with an increased energetic cost as exempli ed by the ca. 2 kcal mol?
energy difference between the average Gibbs free energy values of the TS.
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P-H H..Pd P..Pd & Pd-H-P G
1PH-TS-I 1.498 1.724 2.659 111.0 22.6
1PH-TS-II 1.622 1.615 2.433 97.5 28.0
1PH-TS-III 1.496 1.727 2.667 1115 229

1PH-TS-IV 1537 1.665 2.578 107.2 27.9
1PH-TS-V 1.485 1.740 2.722 1149 20.5
1PH-TS-VI  1.541 1.659 2.565 106.6 26.3
1PH-TS-VII 1504 1.714 2.650 110.7 23.8
1IPH-TS-VIII 1.575 1.642 2.476 100.6 25.4

2PH-TS-I 1.566 1.659 2.407 96.5 25.6
2PH-TS-II 1.570 1.652 2.394 96.0 26.1
2PH-TS-III 1.616 1.625 2.367 93.9 28.0
2PH-TS-IV. 1589 1.647 2.382 948 27.5
2PH-TS-V 1.684 1.609 2.317 89.4 28.7
2PH-TS-VI 1579 1.649 2.373 946 274

2PH-TS-VII 1541 1.662 2.518 103.6 24.9
2PH-TS-VIII 1.540 1.662 2.504 102.9 24.8

Table 3.3: Selected geometrical parameters (distances in  and angle in degree) for
the transition states associated to P-H bond cleavage foftop) and 2 (bottom) from

the corresponding *-PH adducts, and Gibbs free energy of these TS (in kcal mpl
relative to PdL,.

The product of the P-H bond cleavage is a pseudo-square-planar Pd(Il) complex
with the hydride trans to the DavePhos phosphorus atom and the phosphonate
trans to styrene. Such a product of P-H oxidative addition is shown in Figure 3.6.
The transformation is essentially thermoneutral with respect to the *-HP addcut
with the average value of the Gibbs free energy for the product of P-H oxidative
addition amounting to 19.6 kcal mol 1! in the case of1, whereas an average value
of 20.4 kcal mol ! is obtained with 2.

3.5 Styrene Insertion Into Pd-H

The product of the P-H oxidative addition (nPH-Prod-X; n=1,2; X=I-VIll)isa ML 4
hydrido-styrene complex with the hydrido and the ole n mutually cis. For each
H-phosphonate casesl and 2, the eight transition states nTS-Ins-X (n=1,2; X=I-
VIII) of the insertion of the C=C double bond into the Pd-H bond have been located
(Table 3.4). The average value of the Gibbs free energy of these 8 TSs in the case of
n=1 (resp. n=2) amounts to 20.7 kcal mol ! (resp. 21.1 kcal mol 1), whereas the
average value of the Gibbs free energy for the hydrido-styrene complexes is 19.6
kcal mol ! (resp. 20.4 kcal mol 1). This corresponds thus to an insertion with an
activation barrier of ca. 1 kcal mol ! on average, irrespective of the nature of the
phosphonate substrate.



3.5 Styrene Insertion Into Pd-H 57

In all the cases, the product of the insertion is a Pd(Il) alkyl complex featuring a
-CH interaction trans to the DavePhos phosphorus atom. The insertion reaction is
exoergic as illustrated by the value of the average Gibbs free energy afilns-Prod-X
(n=1,2; X=I-VIII; see Table 3.4) of 15.4 kcal mol ! (resp. 17.6 kcal mol *) for n=1
(resp. n=2). Among the eight different cases studied, positions | to IV correspond
to the formation of a C -H bond, whereas positions V to VIl are associated to the
formation of a C -H bond upon insertion.

nPH-Prod-X nIns-TS-X nlIns-Prod-X niIns-Isom-X

n=1, X=I 18.7 19.8 14.5 2.6
n=1, X=ll 19.1 19.0 12.9 11.4
n=1, X=IlI 21.4 22.1 16.4 3.1
n=1, X=IV 26.3 24.3 17.4 12.9
n=1, Xx=V 19.1 20.6 16.3 10.8
n=1, X=VI 16.9 21.2 16.9 16.4
n=1, X=VIl 18.1 21.3 14.9 15.8
n=1, X=VlIl 16.9 17.5 13.8 14.8
n=2, X=I 18.4 20.7 15.3 -2.4
n=2, X=Il 18.2 19.4 14.5 7.2
n=2, X=lll 22.5 22.9 19.5 -1.0
n=2, X=IV 23.3 23.7 18.2 0.6
n=2, X=V 23.5 23.0 18.1 7.2
n=2, X=VI 20.3 21.2 18.3 4.0
n=2, X=VIl 18.6 19.6 19.4 7.1
n=2, X=VIlI 18.1 18.5 17.2 16.6

Table 3.4: Gibbs free energy (kcal mol) of the extrema located along the pathway
for styrene insertion into the Pd-H bond after P-H oxidative addition.

The product of the styrene insertion into Pd-H (nins-Prod-X;

n=1,2; X=I-VIIl) are neither the more stable alkyl complexes for these ML ;
Pd(ll) species, nor are they suited for the needed subsequent P-C bond formation
as the carbon and phosphorus atoms are mutuallytrans. Despite many attempts,
we could not locate any TS structure for the isomerization from the T-shaped ML;
geometry with alkyl and phosphonate trans to that with both ligands mutually cis
However, in all the cases, the situation with the alkyl and the phosphonate cisis
more stable energetically (see Table 3.4).

Figure 3.7 shows the geometry of the most stable Mk speciesnins-lsom-X for
each regioselectivity of insertion and each phosphonate case. Insertion to form
C -H (position | to IV) delivers a secondary alkyl group bonded to Pd, whereas
insertion to form C -H (positions V to VIII) forms a primary alkyl. Due to the
expected larger BDE of the Pd-C bond to primary carbon, the products featuring
C -H formation are expected to be more stable. Yet, the contrary is observed in
Table 3.4. One possible explanation is the systematic presence of an interaction
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between Pd and G, of the aromatic ring on styrene in the complexesnins-lsom-
X (n=1,2; X=I-1V). The Pd...C i, distance is 2.346 in 1Ins-Isom-I and 2.355 in
2ins-Isom-X. For the complexesnins-Isom-X (n=1,2; X=V-VIIl), the only source
of potential extra stabilization is a -CH agostic interaction as illustrated in Figure
3.7, that does not provide enough stabilization.

1Ins-Isom-I 1lins-Isom-V

2Ins-Isom-| 2Ins-Isom-VI

Figure 3.7: Optimized geometry for the most stable MLalkyl complexes resulting
from the two regiochemistry of styrene insertion into Pd-H.

3.6 P-C Bond Formation

The last step of the Pd-catalyzed styrene hydro-phosphonylation is the reductive
elimination from nins-Isom-X (n=1,2; X=I-VIIl) forming the P-C bond through
nPC-TS-X(n=1,2; X=I-VIll) and regenerating the Pd(0) active species. In Figure
3.8 are shown the TS obtained from the most stable isomers shown in Figure 3.7.
Tables 3.5 and 3.6 collects selected geometrical parameters for both the reactant
and the transition states, together with the Gibbs free energy relative to PdL,.
Inspection of the geometrical parameters in Tables 3.5 and 3.6 indicates that
the transition state structures are relatively late. The forming P-C bond distances
vary between 1.986 and 2.204 but, in the vast majority of cases, the distance is
ca. 2.10 . This is to be compared with the P-C bond distance in the products (-
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1PC-TS-I 1PC-TS-V

2PC-TS-I 2PC-TS-VI

Figure 3.8: Optimized geometry for the transition states originating from the most
stable Ml; alkyl complexes resulting from the two regiochemistry of styrene insertion
into Pd-H.

:1.821 ,1- :1.804 ,2- :1.817 ,2- :1.796 ). This expected shortening of
the P-C distance in the TS is accompanied by a lenghtening of both Pd-C and Pd-P
bond distances. However, there is a clear difference of behavior between Pd-P and
Pd-C where the latter bond distance experiences a signi cantly larger increas (ca.
0.3 for Pd-C comparedto ca. 0.08 fo Pd-P). Thisis particularly evidentinthe TS
originating from reactants showing a marked Pd...Cps, interaction (positions I-1V,
both phosphonates) or from some reactants associated to positions V-VIII featuring
a -CH agostic interaction.

As a matter of fact, the existing interaction in the reactant is somehow rein-
forced in the transition state. Thus the Pd...Gps, distance of 2.346  (resp. 2.355
) in lins-Isom-I (resp. 2Ins-lsom-l) is reduced to 2.196  (resp. 2.206 ) in
1PC-TS-I (resp. 2PC-TS-). This interaction does stabilize the developing Pd(O)
caracter in the transition state. In the same vein, for the pathways forming -
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products, the -CH agostic interaction present in 1ins-lsom-V (resp. 2Ins-Isom-
VI) is signi cant as illustrated by the C-H bond distance of 1.172  (resp. 1.170
) and the short H...Pd contact of 1.939  (resp. 1.952 ). The corresponding
values in 1PC-TS-V(resp. 2PC-TS-VIpoint to a still existing interaction between
the CH bond and Pd as corroborated by the value of the C-H bond distance of
1.129  (resp. 1.122 ) and of the H...Pd contact of 2.029 = (resp. 2.076 ).
Here again, the interaction of the C-H bond with Pd does stabilize the developping
Pd(O) caracter in the transition state.

Pd-P Pd-C P-C G

lins-lsom-I 2.240 2.079 3.102 2.6
1PC-TS-I 2.317 2.368 2.138 22.2
1Ins-Isom-li 2.249 2.067 3.255 114
1PC-TS-II 2.322 2.375 2.087 34.1
1lins-Isom-Ill 2.253 2.095 3.024 3.1
1PC-TS-llI 2.350 2.391 2.054 21.6

1lins-lsom-IV 2.208 2.070 3.152 12.9
1PC-TS-IV 2.257 2.241 2.204 25.1
1lins-Isom-V 2.239 2.036 3.061 10.8

1PC-TS-V 2.348 2.354 1.986 31.0
1lins-Isom-VI 2.209 2.041 2.883 16.4
1PC-TS-VI 2.265 2.183 2.149 26.7
1lins-Isom-VII 2.210 2.057 2.794 15.8
1PC-TS-VII 2.260 2.200 2.112 245
lins-Isom-VIIl 2.200 2.054 2.838 14.8
1PC-TS-VIII 2.274 2.203 2.051 23.3

Table 3.5: Selected geometrical parameters (distance in ) and Gibbs free energy (kcal
mol 1) relative to PdL, for the reactants and transition states associated to P-C bond
formation with the phosphonatel.

There is thus a subbtle interplay of various contributions and crude examination
of the data in Tables 3.5 and 3.6 is not helpfull in understanding the regiochemistry
observed as a function of the nature of the phosphonate. A bold approach, as we
already did for the other steps, is to consider a global view by using average Gibbs
free energy values. For the reactantslins-Isom-X (resp. 2Ins-lsom-X) prior to P-C
bond formation, the corresponding G value relative to PdL, is 11.0 kcal mol ?!
(resp. 4.9 kcal mol ). For the transition states originating from these reactants,
the average Gibbs free energy is G = 26:1 kcal mol ! (resp. 23.3 kcal mol 1).
At this stage, it is interesting to comare the reactivity of 1 and 2 using the average
Gibbs free energy values. Figure 3.9 shows a comparison between the average PES
for both substrates1 and 2.

The rst step is the formation of the styrene complexes after DavePhos disso-
ciation. This step is independant of the nature of the phosphonate. Subsequently
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Pd-P Pd-C P-C G

2Ins-Isom-| 2.241 2.078 3.138 -2.4
2PC-TS-I 2.331 2.326 2.157 20.5
2Ins-Isom-lI 2.249 2.073 3.021 7.2
2PC-TS-II 2.348 2.323 2.135 21.7
2Ins-Isom-lil 2.262 2.097 3.083 -1.0
2PC-TS-lI 2.367 2.334 2.114 235

2Ins-Isom-IV 2.247 2.078 3.042 0.6
2PC-TS-IV 2.344 2350 2.118 21.7
2Ins-Isom-V 2.207 2.043 2.937 7.2

2PC-TS-V 2.287 2.165 2.108 25.2
2Ins-Isom-VI 2.246 2.032 3.096 4.0
2PC-TS-VI 2.281 2.166 2.143 25.7
2Ins-Isom-VII 2212 2.044 2919 71
2PC-TS-VII 2.300 2.160 2.113 23.8
2Ins-lsom-VIlIl 2.205 2.047 2.899 16.6
2PC-TS-VIII 2.281 2.168 2.106 24.0

Table 3.6: Selected geometrical parameters (distance in ) and Gibbs free energy (kcal
mol 1) relative to PdL, for the reactants and transition states associated to P-C bond
formation with the phosphonate2.

there are three steps : P-H oxidative addition, ole ne insertion, and P-C reductive
elimination. The main qualitative conclusions that can be drawn from these PES
are :

1. 1 is more reactive than 2 because the highest point to overcome is 0.5 kcal
mol ! lower;

2. the nature of the rate-limiting step depends on the nature of the phosphonate.
With 1, it is the reductive elimination, whereas with 2 it is the oxidative
addition;

3. access to the reactive styrene complexes is kinetically competitive with the
actual functionalization.

These general observations are obviously made using a very crude approach
and do not aloow to reproduce nor explain the change in regiochemistry observed
experimentally.

3.7 Kinetic Modeling of the Reaction

The calculations in parallel of eight reaction pathways for each phosphonate gen-
erated a lot of data dif cult to analyze in details. In particular, by inspecting the
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Figure 3.9: Comparison of the PES for the reaction df (red values) and2 (blue
values) with PdL, using the average Gibbs free energy of the eight computed extrema
in each cases. Energies are in kcal mél

value of the Gibbs free energies along each path, it is dif cult to anticipate which
regioisomer will be prefered. It is therefore interesting to devise a kinetic model,
using the computed activation energies to determine the evolution with time of the
concentration of all the species optimized.

The generic kinetic model we have considered is shown in Figure 3.10 forl.
The only value assumed is that corresponding to the activation barrier to form
the styrene complex Ene-X. The calculations have shown the among the Pd(0)
starting materials, PdL; is the most stable. The mono-ligated complex is computed
to be G =23:4kcal mol ! less stable. The actual mechanism to form the styrene
complex has not been caracterized but it is reasonable to assume that an associative
displacement might occur and we considered that a barrier of G? = 23 kcal mol *
is a reasonable estimate. This sets a value fok; at a given temperature using the
Eyring equation. We also considered that formation of the styrene complex is
independant of the geometry of the styrene complex, hencek; is independant of
X. However, in order to properly place energetically the various styrene complex
Ene-X, the energy difference between the hypothetical TS at 23.0 kcal mol ! and
the actual Gibbs free energy of each styrene complex was used to evaluate . .

For the P-H oxidative addition, to evaluate k,.x , the energy differences between
1PH-TS-Xand Ene-X + 1 was considered as the -HP adduct 1PH-X were all cal-
culated less stable than the styrene complex. For the ole n insertion, in order to
evaluate the kinetic of the back reaction (k s3.x ), the energy difference between
1Ins-TS-X and lins-lIsom-X was considered as the latter complex is calculated
more stable than the actual product of insertion (1lins-Prod-X). Finally, the last
P-C reduction elimination step was considered to form irreversibly the product 1-
(X =1-1V) or 1- (X = V-VIII). This step also regenerates the catalystPdL,. The
same kinetic model was used for the reaction with the acyclic H-phosphonate2.

Figure 3.11 shows the time evolution of the concentration of the products Prod-
X for the eight different chanels considered simultaneously at 353 K with the fol-
lowing initial concentrations : 0.06 for PdL,, 1 for styrene and 1 for 1. These are
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the conditions used in the catalytic experiment. It is important to note that four
products are in fact identical to 1- (Prod-X for X = I-1V), while the four remain-
ing ones arel- (Prod-X for X = V-VIII). From the curves in Figure 3.11, only two
chanels (X =1 and X = lll) are producing signi cant amount of 1- for a nal con-
centration of 0.9. There are also two chanels producing the other regioisomerl1-
(X = VIl and X = VIII) with a nal concentration of 0.1. The nal ratio between
the and products isthus computed to be 90:10 in excellent agreement with the
experimental observations.

The results of the kinetic modeling for the reaction with the acyclic phosphonate
2 are shown in Figure 3.12. For this case too, there are two chanels dominating the
product formation for each regioisomers. For the formation of 2- , positions | and
Il are the productive ones, whereas for the formation of 2- the productive cases
are X = VIl and X = VIII. The main observation that can be made is a complete
reversal of regiochemistry with now 2- prefered over2- by a ratio of 75:25. This
is qualitatively in good agreement with the experimental observations where the
ratio was 96:4. The other observation reveled by the kinetic study is the longer
reaction time needed to reach the plateau in the case of2 compared to 1.

This computational study of the Pd-catalyzed hydro-phosphonylation of styrene
has revealed the complexity of describing a catalytic transformation where many
different conformers can be potentially involved in the reaction. However, by per-
forming a systematic study of all the potential pathways coupled with a kinetic
study, it was possible to deconvoluate the various in uences and thus to isolate
the few productive pathways. The calculations did then reproduce the change in
regiochemistry observed experimentally.
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Figure 3.10: Kinetic model used to described the pathway association to the the reac-
tion of the styrene complex&ne-Xwith 1.

Figure 3.11: Time evolution of the concentration of the various regioisomers.
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Figure 3.12: Time evolution of the concentration of the various regioisomers.
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Chapter 4

Arylation of Fluorobenzenes
mediated by Pd(0) catalyst

4.1 Synopsis

The activation of inert C-H bond of organic molecule into useful functional group
is an important and very active area research. An illustrative class of C-H bond
functionalization is direct arylation. The most common mechanism of C-H bond
cleavage is electrophilic substitution (Sz Ar) involving reaction of an electrophilic
metal catalyst with an electron-rich, nucleophilic aromatic ring. 12 This pathway
is fundamentally limiting since the majority of aromatic compounds are not suf -
ciently nucleophilic.

A seminal discovery was made by Fagnou who found that haloarenes could be
coupled to other unactivated aromatics with a palladium catalyst (Figure 4.1). 310

Figure 4.1: Scheme of coupling reaction of haloarenes to unactivated aromatic sys-
tems in presence of a palladium catalyst.

Underlying these transformations is a mechanism that actually favors reaction
with electron-de cient, C-H acidic benzenes, constituting a complete inversion of
reactivity compared to the Sg Ar pathway.

Computational studies reveal the key C-H bond functionalization step occurs via
a concerted arene metalation and carbon-hydrogen bond cleaving process, the ac-
cessibility of which depends directly on the acidity of the C-H bond being cleaved!!

These reactions are scalable and can employ a nearly equimolar ratio of the two
benzene cross-coupling components, and produce per uorobiphenyl products.

69
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In this chapter we report the results of the computational study we carried out
on the arylation reaction of uorinated substrates, mediated by Pd(0) catalyst in
presence of a base yielding uorobiphenyl products. In particular we focused on
a catalysis, experimentally developed with para-methyl-iodobenzene as aromatic
substrate, penta uorobenzene as uorinated substrate, Pd(PPh), as catalyst and
silver carbonate as base.

The main goal of this computational study is to identify the active catalytic
species involved in the energetic path and to reproduce the activation barrier of
the whole process, experimentally measured.

4.2 Computational methodology

All the calculations have been performed with the Gaussian 09 package, at DFT
level, using PBEO functional}2!® The palladium, iodide and silver atoms were rep-
resented by the relativistic effective core potential (RECP) from the Stuttgart group
and the associated basis set$? augmented by an f polarization function. ** All the
others atoms (C,H,P,F,O) were represented by a SVP basis set. Full optimizations
of the geometries were performed including the dispersion correction, in particular
the Grimme dispersion model with the Becke-Johnson damping d3(bj).16:17.

The frequency analysis and the the Gibbs energy correction were carried out at
298 K. Connection between reactants and products has been done through a given
TS, altering his geometry along the two directions of the vector associated with the
imaginary frequency.

For each geometry (TS and minima) a single point calculation has been carried
out with the Orca package,*® using an effective core potential for palladium, and
a QZVPP basis set for the other atoms. In this single point calculation, the in u-
ence of the solvent (dimethylformammide, experimental solvent) was taken into
consideration through the COSMO model implemented in the ORCA package?
In uence of the dispersion forces was considered by adding to the COSMO energy
the D3(BJ) corrections as described by Grimme!®1” All of the energies reported in
the present work are Gibbs free energy obtained by summing the COSMO energy,
the gas-phase Gibbs contribution at 298 K, and the D3(BJ)correction.



4.3 Experimental results 71

4.3 Experimental results

In Figure 4.2 is reported the general scheme of the Pd-catalyzed reaction of aryla-
tion of penta uorobenzene experimentally performed.

Figure 4.2: General scheme of arylation of penta uorobenzene mediated by Pd(0)
catalyst.

Results from a selected model reaction system indicate a rst-order dependence
on penta uorobenzene and a half-order dependence on the Pd catalyst generated
in situ. 2° IR spectroscopic analysis allowed the kinetic isotope effect and the activa-
tion parameters to be determined. These observation suggests that the AMLA-typr
C-H activation (Figure 4.3) is the rate- determining step of the reaction presented
in Figure 4.2.

Figure 4.3: C-H bond activation process associated to AMLA transition state.

Kinetic model based on the Arrhenius and Eyring model allowed to determinate
the activation parameters (E; and G?) relative to this step (Table 4.1).

Activation parameter 1 2
G* (kj mol 1) 989 56 989 16.8
E. (kj mol 1) 724 29 642 87

Table 4.1: Activation parameters for the C-H bond activation process. 1 and 2 are
referred to different measures carried out with different initial concentrations of [p-
MeGHal] o (0.18 M and 0.018 M respectively). The values of,Evere determined from
Arrhenius plot, while G* from Eyring plot.

Computational calculations using DFT methods have previously been used to
propose a reaction mechanism involving a concerted metalation-deprotonation
(CMD), also referred to as ambiphilic metal ligand activation (AMLA). 2122
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4.4 Catalytic cycle

The reaction mechanism can be discussed as the succession of three steps (Figure
4.4):

Oxidative addition

Proton abstraction

Reductive elimination

Figure 4.4: General scheme of arylation of penta uorobenzene mediated by Pd(0)
catalyst

Oxidative addition

In the oxidative addition step, the para-methyl-iodobenzene (Arl) approaches to
Pd(PPh), catalyst through an 2 interaction between the C-I bond and the palla-
dium center, forming the (PPh3),-Pd(Ar)(l) species. This approach can occur both
on (PPhs)Pd (Figure 4.5) or (PPhs3),Pd (Figure 4.6), leading respectively to the
formation of React-oxadd-L and React-oxadd-L2 adducts. The cleavage of the C-I
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bond is effective through TS-oxadd-L or TS-oxadd-L2 transition states. Unfortu-
nately, TS-oxadd-L can not be located on the potential energy surface. In Figure
4.7 is reported the structure of TS-oxadd-L2.

In TS-oxadd-L2 transition state, the formation of the Pd-C bond is well ad-
vanced (2.112 ) as well as the cleavage of the C-I bond (2.319 "), if compared
with the same bond distance in the free Arl (2.111 ). In order to favor the ap-
proach of Arl, (PPhg),Pd needs to distort its geometry, in particular changing the
P-Pd-P angle (from 135 to 111 ).

Upon the cleavage of the C-I bond and the formation of the Pd-C and Pd-I
bonds, several isomers of (PP¥k),Pd(Ar)(l) can be obtained. In particular, from TS-
oxadd-L2, can be obtained Prod-oxadd-L2-cis, which can isomerize to form Prod-
oxadd-L2-trans (Figure 4.6). No transition state for such isomerization could be
located on the potential energy surface. Three isomers of (PP§)Pd(Ar)(l) can be
obtained from TS-oxadd-L: Prod-cis-L, Prod-cis-bis-L and Prod-trans-L (Figure 4.5).

Figure 4.5: Oxidative addition of p-methyl-iodobenzene to Pd(PPhcomplex.



74 Arylation of Fluorobenzenes mediated by Pd(0) catalyst

Figure 4.6: Oxidative addition of p-methyl-iodobenzene to Pd(PBPh complex.

Figure 4.7: Structure of the TS-oxadd-L2 transition state. Hydrogen atoms have been
omitted for clarity. The bond distances are reported in .
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Proton Abstraction

The proton abstraction involves rst the coordination of Ag ,CO; on the product
of the oxidative addition, through an O-Pd-O three center interaction, leading to
the formation of K2AgCOs-PdLAr species (see Figure 4.8), upon the elimination of
Agl. No transition state could be located on the potential energy surface for such
process. If the coordination occurs on (PPR),Pd(Ar)(l), then the formation of
K2AgCQ-PdLAr requires the loss of a PPhligand from the palladium center. Then
the C-H bond of ArF is activated upon the coordination of ArF on K2AgCQ-PdLAr,
which leads to the formation of React-AMLA-alpha and React-AMLA-beta. These
two species differ among them by the relative position of approach of ArF on pal-
ladium (cisand trans respectively with respect to PPh). The C-H bond activation
is effective through two possible transition states: TS-AMLA-alpha and TS-AMLA-
beta (see Figure 4.9). These two transition states arise from the two different
reactants (React-AMLA-alpha and React-AMLA-beta). TS-AMLA-alpha exhibits a
longer Pd-C bond distance with respect to TS-AMLA-beta (2.429 = and 2.295
respectively). This is due to the steric bulk of P(Ph); in cisthat prevents an optimal
approach of ArF on the palladium. The cleavage of the C-H bond is more advanced
in TS-AMLA-alpha (1.248 ) with respect to TS-AMLA-beta (1.230 ), con rmed
by the shorter O-H bond distance (1.402 ~ versus 1.412  respectively).

Figure 4.8: Coordination of AgCQ; to Pd(ll) complexes and activation of C-H bond

The products arising from TS-AMLA-alpha and TS-AMLA-beta are respectively
Prod-TS-AMLA-alpha and Prod-TS-AMLA-beta, in which Ar and ArF are respecti-
vely in cisand in trans position. AQHCG; is still coordinated to palladium. For the
last step of the catalytic cycle, the dissociation of AgHCQ with the formation of
(PPhsPd(Ar)(ArF) and AgHCOs, is required. No transition state for such process
could be located on the potential energy surface.
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(a) TS-AMLA-alpha (b) TS-AMLA-beta

Figure 4.9: Structures of TS-AMLA-alpha (a) and TS-AMLA-beta (b).

Reductive elimination

The reductive elimination involves the formation of the C-C bond between Ar
and ArF, the dissociative of Ar-ArF and the regeneration of the catalyst. When
(PPhg)Pd(Ar)(ArF) is formed, two pathways can be followed: (i) direct reductive
elimination through TS-RedElim-L-cis and TS-RedElim-L-cisbis transition states (Fi-
gure 4.10) (ii) coordination of a second ligand to palladium to form PdL2-Ar-ArF-
cis or PdL2-Ar-ArFtrans species, followed by the reductive elimination through
TS-RedElim-L2 transition state (Figure 4.11). In the direct pathway, three possible
isomers of (PPh)Pd(Ar)(ArF) can undergo the reductive elimination, while, in the
case of (PPR),Pd(Ar)(ArF), only the cisisomer can lead to TS-RedElim-L2. In
Figure 4.12 are reported the structure of the three possible transition states.

In TS-RedElim-L2, the formation of the C-C bond is more advanced (1.861
) with respect to TS-RedElim-L-cis (1.984 ) and TS-RedElim-L-cishis (2.049 ).
TS-RedElim-L-cisbis could be less favored in energy with respect to TS-RedElim-
L-cis, because of the C-C bond distance much higher than the one in the free Ar-
ArF (1.479 ). For such reason, TS-RedElim-L-cis can be seen as the only possible
transition state arising from (PPh3z)Pd(Ar)(ArF).
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Figure 4.10: Reductive elimination from (PPk)Pd(Ar)(ArF).

Figure 4.11: Reductive elimination from (PPk),Pd(Ar)(ArF).
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() TS-RedElim-L2 (b) TS-RedElim-L-cis

(c) TS-RedElim-cisbis

Figure 4.12: Structures of TS-RedElim-L2 (a) TS-RedElim-L-cis (b) and TS-RedElim-
L-cisbis (c) transition states. The distance are reported in Angstrom. Hydrogen atoms
have been omitted for clarity.
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4.5 Energetic paths

In the present section we report the energetic paths for the reaction including
(PPh)Pd and (PPhs),Pd species as catalysts. In addition, in order to visualize
the effect of the dispersion corrections, we show the energetic values of the points
along the paths not including such corrections. Since palladium complexes are able
to form stable dimers,?3 which can alterate the kinetics studies of the catalysis, and
since experimentally the formation of dimers of Pd(ll) were supposed, we included
in the study the research of stable palladium dimers, evaluating their impact on
the energetic paths. The two most stable dimers (labeled as Dimer-I and Dimer-I1)
are shown in Figure 4.13. Dimer-I arises from the coordination of (PPhsPd(I)(Ar)
species, through a binding coordination of iodide between two Pd centers. Dimer-II
arises from the coordination of two K2AgCO;-PdLAr species.

(a) Dimer-| (b) Dimer-Ii

Figure 4.13: Structures of Dimer-I (a) and Dimer-II (b).

In Figure 4.14 are reported the energetic paths relative to the arylation of CsFsH
catalyzed by Pd(PPRh), (blue path) and Pd(PPhs) (red path).

The approach of Ar-1 on (PPh),Pd is a slightly endothermic process ( G= 0.9
kcal mol 1), and the cleavage of the C-I bond and the formation of Pd-I and Pd-C
bonds, effective through Ts-oxadd-L2, is associated to an energetic barrier of G
= 4.9 kcal mol 1. The approach of Ar-l on (PPh)Pd is much more endothermic
( G= 14.3 kcal mol 1), and, even if was not not possible to locate TS-L-oxadd-L,
it is clear that (PPhg)Pd is inactive in catalyzing the oxidative addition. The oxi-
dative addition on (PPh3),Pd yields rst Prod-oxadd-L2-cis as product ( G=-22.6
kcal mol 1), which can isomerize to yield the more stable Prod-oxadd-L2-trans
( G=-23.6 kcal mol ). Among the three possible products arising from the oxi-
dative addition on (PPh3)Pd, Prod-oxadd-L-cisbis is the most stable ( G=-5.4 kcal
mol 1), while Prod-oxadd-L-cis and Prod-oxadd-L-trans exhibit relative energies of

G=6.5kcalmol 'and G=-3.3kcal mol !respectively. Prod-oxadd-L-cisbis can
follow several paths: (i) upon the addition of a second ligand, it can yield Prod-
oxadd-L2-cis; (ii) upon the coordination of a second Prod-oxadd-L-cisbis species,
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Figure 4.14: Energetic paths relative to the arylation of §=H catalyzed by Pd(PP§),,
,including the dispersion correction. In blue is indicated the path catalyzed by
Pd(PPRh),, while in red the path catalyzed by Pd(PRh The energetic values are
reported in kcal mol .

Dimer-1 can be formed ( G= -14.3 kcal mol 1); (iii) upon the coordination of
Ag,CO;, K2AgCQ-PdLAr can be formed with dissociation of Agl. The formation of
Prod-oxadd-L2-cis and K2AgC@PdLAr exhibit the same relative energies ( G=
-22.6 and G=-22.8 kcal mol 'respectively). The formation of K2AgCO;-PdLAr
can also occur from Prod-oxadd-L2-cis, upon the loss of a ligand. The formation
of the stable Dimer-1l ( G= -28.6 kcal mol !) arises from the approach of two
K2AgCQG-PdLAr species. Conversely, the approach of Ar-F to K2AgGEPdLAr in cis
to Ar substituent leads to the isomerization and the formation of React-TS-AMLA-
beta ( G=-15.2 kcal mol 1). The cleavage of the C-H bond and the formation of
Pd-ArF bond is effective through TS-AMLA-beta ( G* = 8.1 kcal mol 1).The same
activation barrier, if calculated with respect to Dimer-1l, exhibits a value of G*
= 13.9 kcal mol !. TS-AMLA-alpha is higher in energy ( G= -6.6 kcal mol 1),
suggesting that the path passes only through TS-AMLA-beta. The product arising
from the C-H bond activation, Prod-TS-AMLA-beta, upon the cleavage of the Pd-
O bond and the formation of AQHCO;, leads to PdL2-Ar-ArF-cis ( G= -30.8 kcal
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mol 1), upon the insertion of an additional ligand on palladium. PdLAr-ArF-cis is
much more destabilized ( G =-9.5 kcal mol 1), as well as PdLAr-ArFtrans ( G=
-3.9 kcal mol 1), suggesting that the PdL2-Ar-ArF-cis is the only possible species.
The reductive elimination from PdL2-Ar-ArF-cis is effective through TS-redelim-L2
( G?=15.8 kcal mol 1), while the same process from PdL-Ar-ArF-cis through TS-
redelim-L-cis, even if exhibiting a lower barrier of G? = 12.4 kcal mol 1, is not
energetically favored. Oxidative addition and reductive elimination processes are
effective only with (PPh3),Pd, while C-H bond activation can occur only through
(PPhsPd) species. The same path is energetically different if the dispersion cor-
rection is not included. In Figure 4.15 are reported the energetic paths for the
arylation process of GFsH catalyzed by Pd(PPh), (blue path) and Pd(PPhg) (red
path), not including the dispersion corrections to the energy.

Figure 4.15: Energetic paths relative to the arylation of §H catalyzed by Pd(PP§),,

, hot including the dispersion correction. In blue is indicated the path catalyzed by
Pd(PPRh),, while in red the path catalyzed by Pd(PRh The energetic values are
reported in kcal mol .

When the dispersion corrections are not included in the calculations of the en-
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ergetic paths, remarkably differences in such path can be observed. First of all,
the approach of Arl on Pd(PPh) is much more favored ( G = 7.5 kcal mol 1)
with respect to the approach on Pd(PPh), ( G =17.3 kcal mol 1), and the global
barrier for the oxidative addition on Pd(PPh3), exhibit a value of G*=21.3 kcal
mol 1. The activation barrier for Pd(PPhs), even if it can not be located on the PES,
is supposed to be lower in energy. The higher values of G for React-oxadd-L2 and
TS-oxadd-L2 on the path are due to the fact that, in absence of the dispersion
corrections to the energy, the large number of pairwise interactions between non-
bonded atoms, with mutual distance typical of Van der Waals attraction, are lost
and, consequently, these system are much more destabilized with respect to the
reactants. Conversely, React-oxadd-L and TS-oxadd-L are more stabilized when
no dispersion corrections are included with respect to the reactants, making the
oxidative addition on Pd(PPhz) more accessible in energy. Also the three possible
products arising from TS-oxadd-L, are more stabilized. Prod-oxadd-cisbis is the
most stable ( G = -8.7 kcal mol 1) among the three products. Conversely, the
products arising from TS-oxadd-L2 are destabilized byca 16-18 kcal mol *. Prod-
oxadd-L2-trans ( G = -7.4) is more stable than Prod-oxadd-L2-cis ( G = -2.8).
However, the addition of a second PPh ligand on Prod-oxadd-L to form Prod-
oxadd-L2 is still favored in energy. The formation of Dimer-1 becomes less favored
( G =-5.3 kcal mol 1) in absence of the dispersion corrections, suggesting that
such species could not play a crucial role in the catalytic cycle. The formation of
K2Ag2CO3-PdLAr, upon the coordination of AgCO; on (PPhs),Pd(Ar)(l) and the
elimination of Agl, is more favored in energy ( G =-25.3 kcal mol 1). The form-
ation of Dimer-II arising from the approach ow two K2Ag2CO3-PdLAr fragments,
is not favored ( G =-16.3 kcal mol ') and, as already seen for Dimer-I, it would
not play a crucial role in the catalytic cycle. The approach of ArF on the palladium,
in trans to PPhs, and the cleavage of the Pd-O bond to form React-AMLA-beta ( G
= -3.4 kcal mol 1) is higher in energy, with a barrier of G = 21.9 kcal mol 1.
The approach of ArF alterates the geometry of K2Ag2CO3-PdLAr, and, in absence
of any pairwise stabilizing interactions between non bonded atoms, this process is
sensibly energetically disfavored.

The approach of ArF incisto PPh; leads to an energetic barrier of G* = 29.6
kcal mol . The elimination of AQHCO; from Prod-TS-AMLA-beta is an endoer-
gonic process ( G = 7 kcal mol 1) and the addition of a PPh; ligand leads to a
more destabilized PdL2-Ar-ArF-cis ( G = -8.3 kcal mol 1) and PdL2-Ar-ArFtrans
( G = -7.4 kcal mol ). The reductive elimination from these species is more
disfavored when no dispersion corrections are considered. In particular, the reduc-
tive elimination through TS-redelim-cisbis exhibits an activation barrier of G* =
13.1 kcal mol 1), while the reductive elimination through TS-redelim-L2 exhibits
a barrier of G? = 14.4 kcal mol 1.

In Table 4.2 are given the energetic values of the different steps (oxidative ad-
dition, C-H bond activation and reductive elimination) relative to the process cata-
lyzed by Pd(PPh), and Pd(PPh) species. The energetic paths shown in Figure
4.14 and 4.15, as well as the data collected in Table 4.2, give a general picture on
the crucial role that the dispersion corrections play in the calculation of the ener-
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Pd(PPh3), catalyst

Ox. Add. C-H activ.(alpha) C-H activ.(beta) Red. Elim.
Dispersion 4.9 23.5 13.9 15.8
No Dispersion 21.3 29.6 21.9 24.8
Pd(PPhg) catalyst

Ox. Add. C-H activ.(alpha) C-H activ.(beta) Red. Elim.
Dispersion - 235 13.9 28.6
No Dispersion - 29.6 21.9 20.1

Table 4.2: Energetic values of the different steps (oxidative addition, C-H bond ac-
tivation and reductive elimination) relative to the process catalyzed by Pd(RfPand
Pd(PPh), species in presence of Ag0;. The energetic values are reported in kcal
mol 1.

getic paths. The activation barrier for the oxidative addition on Pd(PPhs), shows a
remarkable difference when calculated without such corrections ( G* = 4.9 kcal
mol 'and G? = 21.3 kcal mol 1). The activation barrier for C-H activation pro-
cess, catalyzed only by (PPk)Pd species, passes from G? = 13.9 kcal mol !to

G? = 21.9 kcal mol 1. The reductive elimination from (PPh3)Pd(Ar)(ArF) passes
from G?=15.8kcalmol 1to G?=24.8 kcal mol *. No transition state for the
oxidative addition on (PPh3)Pd species could be located, and the activation barrier
for the reductive elimination from (PPh 3)Pd(Ar)(ArF) passes from G* =28.6 kcal
mol 1to G?=20.1kcal mol I. Inallthe cases, the rate determining step of the
process is the reductive elimination, to which are associated the higher activation
barriers.

The rate determining step of the process is reductive elimination ( G* =
15.8 kcal mol and G? = 28.8 kcal mol *with Pd(Phs), and Pd(Phs) respec-
tively). The C-H bond activation is effective through two transition states, TS-
AMLA-alpha and TS-AMLA-beta, which exhibit different relative energies ( G =
-6.6 kcal mol 'and G = -14.7 kcal mol 1). The activation barriers associated
with these two transition states are G* = 22.0 kcal mol !, and G? =13.9 kcal
mol 'The activation barriers for the C-H bond activation are calculated with re-
spect to Dimer-I1 (in the case of the path including the dispersion correction), and
with respect to K2ZAgCQ;-PdLAr (in the case of the path not including the dispersion
correction). In the rst energetic path, although TS-AMLA-beta is more accessible
in energy, the activation barrier associated to it is not in agreement with the experi-
mental results. This could suggest that, even if TS-AMLA-alpha is higher in energy;,
the process passes through the latter transition state, because of the structure of
Dimer-1l. Indeed, in order to reach TS-AMLA, the cleavage of one Pd-O bond in
Dimer-1l is required. Depending on which Pd-O is cleaved, both React-TS-AMLA-
alpha and React-TS-AMLA-beta can be formed, and an isomerization between them
is not possible because of the presence of AgG{pecies coordinated to palladium.
A preference in the formation of React-AMLA-alpha, with a consequent C-H bond
activation through TS-AMLA-alpha, could be supposed.
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Reaction path without silver

In this section we present the energetic path for the arylation of GsFsH with [p-
MeGCsHyl] o, catalyzed by Pd(PPR),, including AQCO; as base instead of AgCQO:s.
The inclusion of AQCO; species as reactant does not affect the oxidative addition,
since the Ag salt is not involved in such step. Therefore the energetic values for the
oxidative addition are the same seen for the paths including AgCO; and they are
not shown in the energetic paths.

Figure 4.16: Reaction path mediated by Pd(PRJy (blue path) and Pd(PPRh) (red
path) catalyst not including the silver in the C-H bond activation step, including the
dispersion correction. The energetic values are reported in Kcal/mol.

Conversely, the C-H bond activation step is affected by the different nature of
the Ag salt, since the coordination of AQCQ to the products of the oxidative ad-
dition and the elimination of Agl leads to the formation of K2ZAgCO 3;-PdLAr, React-
TS-AMLA, TS-AMLA and Prod-TS-AMLA species with a formal negative charge. In
addition, in order to have the reductive elimination, the elimination of HCO ;3 an-
ion, and not AQHCO; , is required. In order to individuate a possible stable dimer
along the path, without silver atoms and with a formal charge of -2, we consulted
the Cambridge Structural Databas¢CSD)?* and we found the structure of the so
labeled CPEVOK structure (Figure 4.17).

In Figure 4.16 is shown the energetic path with AQHCO; as base, including
the dispersion corrections to the energy. As already mentioned, the energetic of the
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Figure 4.17: Optimized structure of CPEVOK dimer. The formal charge of the system
2.

oxidative addition is not affected by the different Ag salt, and, therefore, this step is
not shown in Figure 4.16. The formation of K2AgCO;-PdLAr and the elimination of
Agl is more favored in energy ( G =-30.7 kcal mol 1) when AgHCO; is involved.
The formation of CPEVOK from K2AgCQ@-PdLAr is disfavored ( G = -17.4 kcal
mol 1), therefore such species does not play a crucial role in the path. Differently
from the case involving Ag,CO;, the approach of ArF (in cis or trans to PPh)
and the cleavage of Pd-O bond leads respectively to the formation of React-TS-
AMLA-alpha and React-TS-AMLA-beta, which are very close in energy (G = -
23.1 kcal mol and G =-22.5 kcal mol 'respectively). The C-H bond activation
is effective through TS-AMLA-alpha ( G = 1.25 kcal mol 1) and TS-AMLA-beta
( G=-1.88 kcal mol 1), to which are associated energetic barriers of G? =32.0
kcal mol 'and G = 28.8 kcal mol ‘'respectively. The higher relative stability
of K2AgCQOs-PdLAr increases the energetic barriers for the C-H bond activation.
Also Prod-TS-AMLA-alpha and Prod-TS-AMLA-beta are very close in energy G
= -24.1 kcal mol 'and G = -26.4 kcal mol !). These species can follow two
different path: (i) upon the loss of HCO; they can form PdL-Ar-ArF-cis species
( G = -18.6 kcal mol 1) or (ii) upon the loss of HCO; and the addition of a
second PPh on palladium they can form PdL,-Ar-ArF-cis ( G =-39.9 kcal mol 1)
or PdLy-Ar-ArFtrans ( G = -37.7 kcal mol 1). The second process is much more
favored in energy, and from PdL,-Ar-ArF-cis , the reductive elimination is effective
through TS-redelim-L2 ( G* = 15.8 kcal mol 1). Conversely, from PdL-Ar-ArF-
cis, the reductive elimination is effective through TS-redelim-L-cis ( G* = 12.3
kcal mol 1). Even if this latter process exhibits a lower energetic barrier, it is less
favored because of the lower stability of PdL-Ar-ArF-cis with respect to Pdk-Ar-
ArF-cis. In general, the reaction path involving AQCQ  sensibly in uences the C-H
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bond activation. Even if the approach of ArF to palladium is possible both incisand
in trans position to PPhs (alpha and beta), the energetic barriers are much higher
in energy, due to the higher stability of K2AgCOs-PdLAr. The reductive elimination
is not sensibly affected, and the path passing through PdL(Ar)(ArF) is favored.

In Figure 4.18 is reported the same energetic path not including the dispersion
corrections to the energy.

Figure 4.18: Reaction path mediated by Pd(PRJy (blue path) and Pd(PPRh) (red
path) catalyst not including the silver in the C-H bond activation step, not including
the dispersion correction. The energetic values are reported in kcal ol

When no dispersion corrections are included in the calculations of the ener-
getic path, the C-H bond activation becomes less favored in energy. In particular,
K2AgCQ-PdLAr is more stabilized ( G = -34.6 kcal mol 1), while the two trans-
ition states TS-AMLA-alpha and TS-AMLA-beta are more destabilized (G = 7.6
kcal mol 'and G = 4.9 kcal mol !respectively), with relative activation barriers
of G?=42.2kcal mol 'and G*=39.5 kcal mol !respectively. The formation
of Prod-TS-AMLA-alpha and Prod-TS-AMLA-beta is less exoergonic G = -17.5
kcal mol and G =-23.0 kcal mol 'respectively), while the addition to a second
PPh; ligand to form PdL,(Ar)(ArF) species is disfavored ( G =-18.1 for PdL2-Ar-
ArF-cis and G =-17.2 for PdL2-Ar-ArF-trans). The reductive elimination through
TS-redelim-L2 is associated to an energetic barrier of G? = 14.4 kcal mol 1, while
reductive elimination through TS-redelim-L-cisbis is associated with an energetic
barrier of G?=13.0 kcal mol . The absence of the dispersion corrections makes
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less favored the reductive elimination from PdL2-Ar-ArF-cis, while the same pro-
cess from PdL-Ar-ArF-cis remains unalterated in energy.

Pd(PPhg), catalyst

Ox. Add. C-H activ.(alpha) C-H activ.(beta) Red. Elim.
Dispersion 4.9 32.0 20.6 15.8
No Dispersion 21.3 42.2 39.5 14.4
Pd(PPhy) catalyst

Ox. Add. C-H activ.(alpha) C-H activ.(beta) Red. Elim.
Dispersion - 32.0 20.6 12.3
No Dispersion - 42.2 39.5 13.0

Table 4.3: Energetic values of the different steps (oxidative addition, C-H bond ac-
tivation and reductive elimination) relative to the process catalyzed by Pd(RPand
Pd(PPh), species in presence of AgEO The energetic values are reported in kcal
mol 1.

In Table 4.3 are resumed the activations barriers, relative to the three main
steps of the process, relative to Pd(PP¥), and Pd(PPh) catalysts, calculated in-
cluding and not including the dispersion corrections. While the oxidative addition
barriers are not altered by the different base involved, the C-H bond activation
barriers undergo a sensible increase in energy.

4.6 Comparison with experimental results

In the reaction path involving Ag,CQO; as base, the rate determining step of the
whole process is the reductive elimination ( G? = 15.8 kcal mol *and G? =
28.8 kcal mol with Pd(Phs), and Pd(Phs) respectively). This is not in agreement
with the experimental results, which clearly show that the rate determining step
is the C-H bond activation. Conversely, the mechanistic study involving AgCQ
as base indicates that the rate determining step is the C-H bond activation. In
particular, this process is effective through TS-AMLA-beta, to which is associated
an activation barrier of G? = 20.6 kcal mol 1(86.1 kj mol 1). This value is very
close in energy to the experimental one ( G? =98.9 5.6 kj mol 1). This barrier
is calculated as difference in energy between TS-AMLA-beta and K2AgGEPdLAr.
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Chapter 5

Oxidative Addition

5.1 Synopsis

The oxidative addition of an aryl halide, or aryl tri ate, to a palladium metal is in
general the rst step in the catalytic cycle. This process involves the cleavage of
C-X bond, the formation of the Pd-X and Pd-aryl bonds, followed by the increase of
oxidation state of the palladium from 0 to +2. ! This step, if irreversible, can have
a crucial impact in terms of selectivity of the reaction. A detailed understanding of
the corresponding mechanism is crucial for the improvement of the catalytic per-
formance. In this chapter we carried out a computational analysis on the oxidative
addition of phenyl bromide (PhBr) to L ,Pd complexes with different ligands (L =
tertiary phosphines (PRs) or N-heterocyclic carbenes (NHC). Our goal was to in-
vestigate how the energetic barriers of the process ( E*) were in uenced by the
different electronic properties of each ligand. Such electronic effects were studied
by applying the innovative CD-NOCYV (Charge Displacement by Natural Orbitals for
Chemical Valenceanalysis on the L-Pd bond. The CD-NOCV method provides a
description of a chemical bond in terms of charge transfer between two chemical
fragments in different symmetries ( -donation and -backdonation). In particular
we were interested to investigate how such bond components change going from
the L,Pd catalyst to the [LPd(PhBrJ* transition state and how they in uence the
energetic barriers. Furthermore we correlated the bond components also with the
alteration of L-Pd and C-Br bond distances along the path. In addition, in order to
understand how the Pd PhBr interaction is in uenced by the ligand effect in the
process, we carried out an NBO (Natural Bond Orbitals) analysis on such bond, in
particular by using the perturbative analysis, which provides a description of the
chemical interaction in a donor-acceptor orbitals point of view .

5.2 Computational methodolgy
As already mentioned in Chapter 2, the Charge Displacement via Natural Orbi-

tals for Chemical Valencd CD-NOCYV) analysis is based on the so called Charge-
Displacement (CD) function?

93
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z z.,,2.,

z
q(z) = dz (x;y;z)dxdy (5.1)
1 1 1

de ned as a progressive partial integration along a suitable z axis of the dif-
ference  (x,y,z') between the electron density of the adduct and that of its non-
interacting fragments placed in the same position that they occupy in the adduct.
The z axis is usually chosen to be the bond axis between the fragments. Accord-
ingly, the CD function at a given point z quanti es the exact amount of electron
charge that, upon formation of the bond, is transferred from right to left (the di-
rection of decreasing z) across a plane perpendicular to the bond axis through z.
Negative values of the CD function identify charge ow in the opposite direction.

Recently, a general methodology to decompose the CD function in different
symmetries components has been proposed. Such scheme can still provide the
desired identi cation of the donation and back-donation components of the inte-
raction, using the properties of the Natural Orbitals for Chemical ValencNOCVs)
(see Chapter 2 for more details).

As an example of application of the CD-NOCV analysis of donation and back-
donation, we chose one of the simplest case we investigated: the phosphorus-
palladium bond in the (Me 3P)-Pd complex. The relevant fragments here are the
phosphine PMeg and the palladium atom, and the integration (z) axis is the one
joining the phosphorus and palladium atoms. We label the NOCV orbital pairs,
and the associated ° components, by an integer k=1,2,... in order of decreasing
eigenvalue. In the case of (MgP)-Pd complex, only the rst 5 ° components
have CT, 0.001.

The three main charge rearrangements occurring upon the formation of the
Pd-P bond are shown in gure 5.1: a (largely dominating) donation component
(1)) and two smaller components of back-donation (. and  3°).

Visual inspection of the rst three ° isodensity surfaces shown in Figure 5.1
indicates that (i) . correlates to the donation from the phosphorus lone-pair
to palladium d . orbital (note that blue surface identi es charge accumulation on
the palladium) (ii) .’ correlates to  back-donation from palladium to the out-
of-plane  antibonding orbitals of the phosphine; (iii) 5 correlates to donation
from palladium to the in plane  orbitals of the phosphine.

In Figure 5.2 are shown the CD functions associated with the rst three com-
ponents . Note that, since the system presented is a symmetric one (§ sym-
metry), the components relative to the back-donation ( , and 3, are de-
generate and, therefore, the CD curves associated to these two components are
identical (Figure 5.2).

While the (q) curves accurately depict charge displacement over the whole
molecular region, one can obtain a reasonable measure of donation, back-donation,
and net charge transfer (CTyon, CTphack and CTiy ,respectively) between the frag-
ments by taking the value of the corresponding CD function at a plausible inter-
fragment boundary along z. Our standard choice is the point z where the densities
of each separated fragment do intersect. (see Figure 5.3).
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@ 1 (b)

© 3
Figure 5.1: Isodensity surfaces (0.002 e/a.u.®) for ;°, , and 3 superim-
posed to the molecular structure of the (MP)-Pd complex. Red surfaces (negative
values) identify charge depletion areas, and blue surfaces (positive values) identify
charge accumulation areas.

Geometry optimizations and frequencies analysis have been performed with the
Gaussian 09 package, at DFT level, using the hybrid Perdew, Burke and Ernzerhof
exchange correlation functional (PBEQ).*°> The palladium atom was represented
by the relativistic effective core potential (RECP) from the Stuttgart group and
the associated basis set§,augmented by an f polarization function. ” All the other
atoms (C,H,P,O,N) were represented by a SVP basis set. For each geometry (TS
and minima) a single point calculation has been carried out with the Orca pack-
age® using an effective core potential for palladium, and a QZVPP basis set for
the other atoms. In uence of the dispersion forces was considered by adding to
the SCF energy the D3(BJ) corrections as described by Grimmé&2° All of the en-
ergies reported in the present work are obtained by summing SCF energies, Gibbs
correction at 298 K and the D3(BJ) dispersion correction.

NBO analysis was performed with the Gaussian 09 package, using the Perdew,
Burke and Ernzerhof exchange correlation functional (PBE0)*® The palladium
atom was represented by the relativistic effective core potential (RECP) from the
Stuttgart group and the associated basis set$, augmented by an f polarization
function. 7 All the others atoms (C,H,P,O,N) were represented by a TZVP basis set.

The CD-NOCYV analysis was performed by means of Density Functional Theory
(DFT) with the Amsterdam Density Functional (ADF) package!!'? using the Per-
dew, Burke and Ernzerhof (PBEO) exchange-correlation functional and all electron
triple- basis set with two polarization functions (TZ2P) for all atoms. Relativistic
effect were included by means of the zeroth-order regular approximation (ZORA)
Hamiltonian. 315> The NOCV orbitals and ETS-NOCV analysis have been worked
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Figure 5.2: CD functions associated with the rstthree ’ components for (Me)P-

Pd complex. The blue line represent the donatioh IPd, while the green and red
curves (degenerate) represent the back-donation Pd. The black dots represent
the position of the atoms on the integration axis (z in this case), while the vertical
dashed line represents the z value in which the charge transfers are taken (the so

called isoboundary).

Figure 5.3: Density functions (z) of the (Me3)P and Pd fragments, non interact-
ing but placed at the same position they assume in the (Md>d complex, plotted
along z. The z point in which the two functions intersect is (our standard choice)
the inter-fragment boundary in which the measure of donation and back-donation

(CTgon, CThack) are taken.
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out using the keyword ETSLOWDIN in the ADF program suite.

5.3 Pathways Manifold

Once the catalyst L,Pd is activated, several pathways for LPd + PhBr oxidative
addition are possible (Figure 5.7). The bisphosphine pathway(P2) involves the
direct coordination of PhBr on palladium to form the adduct AD2. The cleavage
of the C-Br bond is effective through the transition state (TS) [C?], (see Figure
5.4) leading to the tetra-coordinated isomer L2C with Pd and Br cis. L2C can
isomerize to the more stable trans isomerL2T. Thesecis and trans isomers have
been observed crystallographically with PPh. 167

A second possible pathway, theDissociative Pathway (P1)involves initial loss of
one ligand to yield LPd, followed by the coordination of PhBr to form adduct AD1.
Then the oxidative addition can take place through TS [A?] (L and Br in trans),
or through TS [B?] (L and phenyl in trans, see Figure 5.5). These pathways yield
three different T-shaped isomers [LPd(Ph)(Br)] (LB,LO and LA). The isomer LB is
directly connected to TS [B?] while LA is connected to TS |A?]. The third isomer,
LO, can only be obtained from an isomerization of LA and LB.

Furthermore, other possible pathways, involving loss of one ligand from the
adduct AD2 or anionic specie LPdX have been proposed®?° but cannot be char-
acterized in the gas-phase simulation?

Figure 5.4: Structure of transition state [CF , with PH3 as ligand.

The energetic preferred pathway, betweenP1 and P2, strongly depends on the
size and the electron donor power of the ligand.

5.4 Energetic aspects

In Figure 5.7 is reported the energetic schematic representation of the P1 and
P2 pathways (red and blue dashed lines for dissociative and associative pathways
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(b) TS [B]*

(@) TS [A]*

Figure 5.5: Structures of the transition states, with PElas ligand, for the dissociative
pathway of the oxidative addition.

respectively) we analyzed for all the chosen ligands (Figure 5.6).

Figure 5.6: List and abbreviations for the ligands (L) considered in the present work.

In theory, when PhBr coordinates to L,Pd to form [(LPd-PhBr)], there are sev-
eral possible isomers for the resulting 2 complexes, depending on which sp-
carbons in the aromatic ring are involved in the coordination. Our calculations
suggest that the ortho-interaction (AD1 and AD2 adducts, Figure 5.8) are energe-
tically preferred for all the ligands.
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Figure 5.7: Schematic representation of the associative (blue dashed line) and disso-
ciative (red dashed line) pathways for the oxidative addition of PhBr on,Bd (L =
PHs) catalysts (n=1,2).

(a) AD1
(b) AD2

Figure 5.8: Structures of the adducts AD1 and AD2, with PHas ligand, relative
respectively to the dissociative and associative pathways of the oxidative addition.

5.4.1 Associative Pathway

We start by considering the associative mechanism, which involves the direct coo-
rdination of PhBr to L,Pd. In Table 5.1 are reported the calculated relative Gibbs
free energies for the different species involved in such pathway. The analysis in-
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volves different ligands, in particular tertiary phosphines and NHCs carbenes (Fi-
gure 7.3).

Associative Pathway

(L,Pd)

Ligand(PR3) AD2 [C] 2 L2C L2T
P1 4.8(10.9) 15.9(22.0) -12.4(-6.1) -17.5(-11.3)
P2 4.9(14.2) 15.0(24.1) -21.8(-11.7) -33.7(-23.3)
P3 3.4(14.4) 14.6(25.1) -19.0(-6.9) -31.9(-20.2)
P4 13.5(28.2) 20.1(33.6) -8.4(7.3)  -21.9(-6.8)
P5 - - - 17.3(32.4)
P6 -0.1(17.5) 8.8(26.4) -18.1(3.0)  -24.4(6.6)
P7 9.8(28.8) 21.8(41.1) 3.1(22.5) -20.1(-0.7)
P8 1.6(15.5) 11.4(24.0) -21.2(-8.6) -26.2(-13.8)
P9 2.3(17.4) 10.7(24.9) -21.1(-5.1) -28.5(-13.5)
P10 16.6(26.5) 29.9(39.4) -4.3(6.5)  -6.3(4.3)
P11 0.4(13.1) 14.7(27.6) -20.7(-6.9) -25.9(-13.1)

Ligand(NHCs) AD2 [C] 2 L2C L2T
C1 - - -26.8(-16.8) -35.8(-26.0)
c2 - - -28.1(-17.9) -37.9(-27.9)
C3 - - -24.1(13.7) -34.7(-24.5)
c4 - - - -
C5 - - - -28.6(-9.8)
C6 - - - -
C7 - - - -26.7(-7.0)

Table 5.1: Calculated relative Gibbs free energies G) in kcal mol for different
species involved in the associative mechanism for the oxidative addition of PhBr to
L,Pd. The Gibbs energy correction was carried out at 298K. The energetic values are
calculated with respect to PdL+ PhBr. In parenthesis are shown the same values
calculated without including the dispersion correction to the energy.

PR; Ligands

The data collected in Table 5.1 show that for all the PR; ligands but P(tbu) 3,

all the points could be located on the potential energy surface. In the case
of P(tbu) 3, the steric bulk of the ligand prevents the optimization of TS [C] ?,

and only the trans isomer L2C could be located. Compared to the other PR
cases, this isomer is thermodynamically signi cantly destabilized.

For all the phosphine series, the formation of the adduct AD2 is an endoer-
gonic process (or isoergonic in the case of PPhand P(OEt);). The lowest G
values for the aromatic ring coordination are associated to phosphine bearing
at least one aromatic ring. Apart from the two bulky ligands P4 and P7 (and
surprisingly P10) the reactive energy for coordination are all below G =5
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kcal mol !, thus showing that adding an extra ligand to PdL, is not costly
energetically. This situation is drastically different when the dispersion cor-
rections are not included. The coordination energy is then ca 10 to 20 kcal
mol *more endoergonic. The least sterically hindered ligand PH does show
the lowest increase (6.1), whereas the bulky phosphines P4 and P7 are as-
sociated to signi cant destabilization of the adduct (14.7 and 19 kcal mol 1,
respectively). Upon formation of an adduct between two fragments, there is
action of a large number of pairwise interactions between non-bonded atoms
with mutual distance typical of Van der Waals attraction. Inclusion of the
dispersion corrections according to the scheme of Grimme introduce many
stabilizing interactions. The bigger the two fragments, the more important
these corrections will be, leading to signi cantly different values for reacting
energies computed without dispersion corrections.

From the adducts AD2, the actual C-Br bond cleavage through [C] trans-
ition state is associated to activation barriers ranging from G* = 6.6 kcal
mol 1(P4)to G? = 14.3 kcal mol 1(P11). The phosphine ligands bearing
aromatic rings have smallest activation barriers then the aliphatic ones. The
phosphite ligands exhibit the highest barriers for the series. The values of
these activation barriers are not signi cantly affected when the dispersion
corrections are not included. Relative to PdL, + PhBr, the high energy of
[C]# when no dispersion corrections are considered is essentially due to the
destabilization of adduct AD2 upon bringing together two molecules without
considering the many stabilizing interactions between non-bonded atoms.

The transformation from Pd(0) in AD2 to Pd(ll) in L2C is an exoergonic
process with reaction energies ranging from G = -17.8 kcal mol (P1) to

G = -26.7 kcal mol (P2). In the case of P7, the reaction energy is less
exoergonic ( G = -6.7 kcal mol 1) because of the steric bulk in L2C with
two cisPCy; ligands. As expected the reaction energies are not signi cantly
altered when no dispersion corrections are considered with values ranging
from -14.5 kcal mol 1(P6) to -25.9 kcal mol (P2).

The product of the C-Br bond cleavage by Pdk has the two phosphine ligands

mutually cis However it is shown that the trans isomer L2T is energetically

preferred as illustrated in Table 5.1. There are clearly two distinct classes
of ligands: for the aliphatic phosphines (P2, P4, P7) L2T is ca 12-13 kcal

mol more stable than L2C, whereas for the other cases the stabilization is ca
5-7 kcal mol 1. The aliphatic phosphines favor energetically the path where

the two phosphines ligands are mutually trans.

The overall pathway for oxidative addition of PhBr to PdL, (L = phosphines)
can be described qualitatively as a one-step forming thetrans isomer L2T
through the transition state [C] >. From the values in Table 5.1 the most
active system is with PPR. The substitution of one phenyl group by either
H (P8) or Me (P5) increases the activation barrier by ca 2-3 kcal mol 1. An
increase of 2 kcal mol ! for an activation barrier corresponds to a reaction
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that is ca 30 times slower.

The activation barriers are even larger for the aliphatic phosphines with va-
lues in the range 14.6 - 21.8 kcal mol ®. For the small phosphines P1-P3 the
behavior in reactivity is PEt; > PMe3 > PH; following the donating phos-
phines. The situation for P4 and P7 is complicated by the in uence of the
steric bulky, resulting in signi cantly higher activation barrier. The difference
between the activation barrier for PCy; (21.8 kcal mol 1) and PPh; (8.8 kcal
mol 1) of G? = 21 kcal mol !leads to a difference in the rates of 9 orders
of magnitude. This clearly shows the large impact that ligands have on the
catalytic activity.

NHC Ligands

In the case of NHC ligands, the steric bulk prevented the characterization of
the reaction pathway with PdL,. Only for the smallest NHC (C1-C3) could
both the cisand trans oxidative addition products L2C and L2T be located.

Similarly to the phosphines case, thetrans isomer L2T is always more stable
than the cisone by 10 kcal mol 1. Interestingly, the overall reaction PdL, +
PhBr! L2T signi cantly more exoergonic with the NHC ligands, in agree-
ment with their strong donating power stabilizing the Pd(Il) product.

5.4.2 Dissociative Pathway

The dissociative pathway initially involves the loss of a ligand from L,Pd, followed
by the coordination of PhBr to the resulting LPd species. In Table 5.2 are reported
the calculated relative Gibbs free energies for the different species ,involved in such
pathway, including all the ligands chosen.

PR; Ligands

The energy of the adduct AD1, where PhBr is 2-coordinated to Pd, re ects
the energetic associated to substitution of L by PhBr. The fact that all the
values are positive in Table 5.2 indicates that PhBr is a weaker ligand to
Pd than any phosphine. The reaction energies vary between G = 15 kcal
mol 'and G =25 kcal mol 1, with a slightly easier substitution for P1 ( G
= 10.9 kcal mol 1) and P3 ( G = 9.6 kcal mol 1). Interestingly, the values
of the reaction energy when no dispersion correction are included are slightly
lower. The reaction energy lowering is important for bulky ligand P4 (-2 kcal
mol 1), P5 (-3.9 kcal mol 1) and P7 (-3.2 kcal mol 1). This is explained by
the loss of many stabilizing interactions between the two ligands L in PdL
that are lost when L is substituted by PhBr. When dispersion corrections are
considered this introduces an energy penalty that is absent in the calculations
without dispersion.

The transition states for C-Br bond cleavage has a distorted Y-shaped geo-
metry with one atom X (X=Br, [A] % X=C, [B] %, see Figure 5.5) pseudo-trans
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to Pd. The two different TS are thus possible and both were located on the
potential energy surface (except [A]* for Ptbus).

The actual C-Br bond cleavage is easier from AD1 than it is for AD2 when
an extra ligand is present. The activation energies from AD1 to [AJ range
from 6 kcal mol *to 9.1 kcal mol *. The lowering of the activation barriers
is signi cant for the aliphatic phosphines with  G? = 12 kcal mol ! for PCy,
from AD2, whereas itis only G? =6 kcal mol *from AD1. Contrary to what
was observed in the associative pathway, the aliphatic phosphines correspond
to more active species for the C-Br bond cleavage in the dissociative pathway.
The situation is similar for the TS [B] * where the aromatic ring is trans to
Pd in the TS. The energy difference between [Af and [B] ? is relatively small
(except for P3) but [B] # is sensibly more stable than [AF.

The formation of LA from AD1 through [A] ? and the formation of LB from
ADL1 through [B] # are both exoergonic. Even through the two TS [A]* and
[B] # are close in energy, the respective products LA and LB have signi cantly
different stabilities. LB, with a phenyl group trans to L, is signi cantly (except
for P1) less stable than LA by 10-15 kcal mol *. The former is thus able to
isomerize to the latter through the isomer LO with the phenyl group in trans
to Br (Figure ??). Ideally, LO should have an energy intermediate between
that of LB and LA to function as an intermediate in the isomerization process.
But for almost all the phosphine ligands LO is the most stable tri-coordinated
Pd(Il) oxidative addition product.

Here again there is a trend among the aliphatic phosphines favoring LO,
whereas PPR tends to favor LA. Coordination of L to LO will form L2T, the
most stable Pd(ll) complex resulting from PhBr oxidative addition. Over-
all the dissociative pathway starts by the substitution of L by PhBr to form
the adduct AD1. The less ef cient bonding of PhBr to Pd compared to PR
shifts the energy of the system up. From this adduct the actual C-Br bond
cleavage is easy, through either [AF or [B] ?. The isomer with L in trans to
the vacant site is generally the most stable isomer. A comparison between
the associative and dissociative pathways for L=P(lpr); is shown in Figure
5.9. The comparison between the two different pathways is sensibly alter-
ated depending on the dispersion corrections. When such corrections are not
included in the calculation of the energetic paths, the dissociative pathway
is more favored than the associative one , with energetic barriers of G* =
23.0 kcal mol *and G? = 33.6 kcal mol . Conversely, including the dis-
persion corrections, the associative pathway becomes more favored (G* =
20.1 kcal mol 1) than the dissociative one ( G? = 25.0 kcal mol 1). The dis-
perion corrections in uence much more the associative pathway, in terms of
activation barrier and relative stability of L2T, while the dissociative pathway
remains generally unalterated.

NHC Ligands
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Figure 5.9: Comparison between the associative (blue solid line) and dissociative
(red dashed line) pathways for L= P(lpr} including and not including the dispersion
corrections. The energetic values are reported in kcal mol

For the NHC ligands, because of the strong donating power of the carbenes,
the substitution reaction forming AD1 is more endoergonic than in the case
of the phosphines. This energy of reaction is also in uenced by the inclu-
sion or not of the dispersion correction. The latter destabilize AD1 relative to
PdL, because many pairwise interactions are lost. From AD1, owing to the
donating power of the NHCs, the actual C-Br bond cleavage is very easy with
activation barriers G? essentially between 5 and 7 kcal mol . However
the energy penalty introduced by the substitution reaction sets the energy
of G too high for signi cant catalytic activity to be observed at RT. The
result without dispersion correction does not modify drastically the pathway
except for the very bulky ligands Slpr (C6) and Ipr (C4). For Ipr the calcu-
lation without dispersion indicate an easy transformation with a signi cant
exothermicity.

There is no comparison possible between the associative and dissociative
pathway for the NHC series.
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5.5 CD-NOCV and NBO Analysis

In this section, we investigate the electronic effect of seven different ligands (Fi-
gure 5.10), on the oxidative addition of phenyl-bromide (PhBr) to PdL ,. Despite
different pathways for such process are possible we describe only the dissociative
one, since it allows to identify a speci c axis between the ligand and the palladium
along the reaction path.

Figure 5.10: List and abbreviations for the ligands (L) considered for the CD-NOCV
analysis.

Our goal was to investigate how the energetic barriers of the process ( E?)
were in uenced by the electronic properties of each ligand. Such electronic ef-
fects were studied by applying the innovative CD-NOCV Charge Displacement by
Natural Orbitals for Chemical Valenceanalysis on the L-Pd bond, which provides a
description of a chemical bond in terms of charge transfer between two chemical
fragments in different symmetries ( -donation and -backdonation). In particular
we were interested in examinating how such bond components change upon going
from L,Pd to the [LPd(PhBr]* transition state and how they in uence the energetic
barriers. Furthermore we correlated the bond components also with the alteration
of L-Pd and C-Br bond distances along the path. In addition, in order to understand
how the Pd PhBr interaction is in uenced by the ligand effect in the process, we
carried out an NBO (Natural Bond Orbitals) analysis on such bond, in particular
by using the perturbative analysis, which provides a description of the chemical
interaction in a donor-acceptor point of view. In particular we investigated the re-
lations between FE? values and r_. pqy and the charge displacements variations,
in and symmetry between L and Pd, in the transformation from L,Pd to the
transition state [L-Pd(PhBr)] 2.

In order to compare the properties of the various ligands, we de ned relative
guantities, ! , ! , K. pg and K¢ gy as shown in the equation 5.2 - 5.5. These
guantities express the variation of some value from PdL to the TS relative to the
value in PdL,. For the C-Br bond distance the reference is the C-Br bond distance
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in free PhBr (d© (C-Br) =1.889 7).
ct(S) 70 CT
= = (5.2)
ct(© ct©@
ct(S) 70 CT
| = = (5.3)
ct© ct©
TS 0
—_ dE-Pd) dE-%d _ dL Pd
K. pg= = (5.4)
o) FO)
L-Pd L-Pd
TS 0
— dg?-Br) dé-??;r _ dc Br
KC Br — - (5-5)
Q) Q)
C-Br C-Br

C'I(TS), CT(TS), dgpsd) and dggr) are the charge transfer between the ligand
and the palladium, in the two different symmetries, and the L-Pd and C-Br bond

distances calculated for [L-Pd(PhBr)J~. c1(0) , and c10) are calculated for L,Pd.

40)

&gy IS the carbon-bromide bond distance in the free phenyl-bromide (1.889 ).

The magnitudes! !

, KL pg and K¢ g, represent, respectively, the variations in
percentage in the process of oxidative addition of the -donation, the

backdona-

tion, the ligand-palladium and carbon-bromide bond distances. Positive values of
these magnitudes suggest their increase in the process. In other words, going from
L,Pd to [LPd(PhBr)]* the donor and acceptor abilities of the ligand grow, as well

as the distances between the ligand and the palladium or carbon and bromide.

Similarly, negative values, suggest their decrease.

In Table (5.3) are shown the activation energies ( E?), the ligand-Palladium
bond distances (in Angstrom) and charge transfers results (e) obtained from the

CD-NOCV analysis relative to either LPd or [L-Pd(PhBr)]=.
In addition, in Table 5.4 are reported the values of ! ,! K  pgqand K¢ g;.
As Table 5.3 shows, the values of the activation energies ( E?) are quite differ-

Figure 5.11: Scheme of the oxidative addition (dissociative pathway) reaction and re-
lative DCD (Dewar-Chatt-Duncanson) components ligand-palladium analyzed in the
present work.
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ent along the ligand series: from 20.5 kcal mol for L = P1to 36.0 kcal mol *for L
= C3. In particular the tertiary phosphines favor the process, showing lower values
of E* with respect to NHCs.

L,Pd complexes

The complexes bearing tertiary phosphines as ligands have longer ligand- palla-
dium bond distances. In particular P4 [L=P(tbu) 3] shows the longest distance
(2.316 ), while the two carbenes C1 and C2 show the shortest distances (2.018
). This suggests that carbenes form stronger bonds with the palladium. Analyzing
the DCD bond components in Table 5.3 for LPd, the -backdonation L Pd is

the more tunable component of the bond. Indeed, the values of ct0) along the
ligand series are quite different among them: from 0.199 e for P4 system, to 0.225
e for P1. As expected, P(tbu} (P4) has the lower - acceptor capacity among the

phosphines. Indeed it is the only system that has a Cﬁoe)t negative (total charge
transfer from palladium to the ligand). P1 shows the highest values of electrons
transferred in  symmetry (0.225 e). NHCs ligands show a lower donor power
along the series (0.161 e for C3 ligand), but the -acceptor ability is comparable
with that of the phosphines. All the ligands (except for P4) have a positive net
charge transfer( the sum of cXTS) and CT(TS)): this suggests that, in the L,Pd
systems, the ligand -acceptor ability is stronger that their -donor ability.

[LPd(PhBN)] 2 TS

The [LPd(PhBr)]* systems are the transition states arising from the coordination
of phenyl-bromide (PhBr) to the palladium centre, upon the loss of a ligand from
L,Pd, leading to the cleavage of the C-Br bond and the formation of Pd-C and Pd-
Br bonds. We showed that two transition states are possible for the dissociative
pathway of the oxidative addition, depending on the different direction of coordi-
nation of PhBr ([A] Z and [B] %). In this analysis we only consider the one with the
phenyl in trans to the ligand ([B] *, see Figure 6.6), since it is more accessible in
energy. The coordination of PhBr alterates the L-Pd bond distances and, therefore,
the bond components between them.

In [LPd(PhBr)] * the charge transfer ctTS) has a smaller range of variation,

from -0.180 e (P1) to -0.210 e (P4), while cT(TS) shows a larger variation between
the ligands from 0.128 e (C1) to 0.168 e (P1). In general, upon the exchange of
L with PhBr the remaining L ligand increases its donor ability toward the palla-
dium and lose its -acceptor capacity. Between the two bond components, the

-backdonation is the more tunable one, since the variations of charge transfer in
such symmetry is more remarkable.

The L-Pd bond distances increase in all the systems, and the Kp4 magnitude

gives an indication about such alteration. Ligands with a remarkable steric hindrance
(P4 and C3) show lower values of K pg4 (0.0203 and 0.0143 respectively). The
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highest alteration of L-Pd bond is shown by P1 (K pgq =0.0252). As well as the L-
Pd bond distances, also a variation in percentage of the bond components (C@—S)

and CT(TS)) can be calculated. Such bond components alterations are provided
by! and! . Positive values of these magnitudes suggest an increase of the rela-
tive bond components, as well as negative values suggest their decrease along the
reaction path.

The bond component that show a remarkable variation in the process is -
donation L! Pd. Indeed the! values range from -0.027 (P1) to 0.267 (C3). All
the ligands (except P1) in the process increase their ability to donate charge to the
Pd center, since the relative values ofl are positive. In particular this effect is
stronger for the NHCs ligands. Conversely, P1 loses its donor ability( < 0).

The! valuesrange from-0.250 (P1) to -0.380 (C3). All the values are negative
and, therefore, all the ligands lose their capacity to accept charge from the Pd
center inthe TS.

Once again this effect is stronger for the NHC ligands. It is important to note
that ! and! are directly correlated. The correlation shown in Figure 5.12 in-
dicates that, during the process, the two charge transfers between the ligand and
the palladium are inversely correlated. Going from L,Pd to [LPd(PhBr)]?, higher
is the ability of a ligand to increase its donor power, lower will be the capacity to
increase its acceptor capacity.

These results can be rationalized as follows: when the LPd system loses a li-
gand, it is substituted by the PhBr fragment, which is more able to accept electronic
density from the palladium center. Therefore the ligand, in order to stabilize the
palladium center, is forced to increase its donor ability. Furthermore, since the
palladium increases its donor ability to the PhBr fragment, it loses the ability to
transfer electronic density toward the ligand in  -symmetry.

These electronic rearrangements are more remarkable for the NHC ligands.
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Figure 5.12: Correlations betweed and! for the considered series of ligands in
the process of oxidative addition of PhBr to,Pd.

5.5.1 How Ligand-Palladium bond in uences the energetic bar-
riers ( E?)

In the previous section we have shown how different ligands, in the process of oxi-
dative addition of phenyl bromide to L ,Pd, change their donor-acceptor abilities.
In particular we analyzed the nature of these variations in terms of charge trans-
fers toward the palladium ( -donation) and from the palladium ( -backdonation)
nding a correlation between these two bond components.

We now extend the analysis to the energetic barriers for the process ( E?).
The values of E* are reported in Table 5.3. The range of variation is 15.5 kcal
mol *(from 20.5 kcal mol ! for P1 to 36.9 kcal mol * for C3). In general the
phosphines show lower values with respect to the NHCs ligands. C1 and C2 Ii-
gands have the same E? values (29.7 kcal mol 1), despite they show a different
electronic structure. This suggests that the energetic barriers cannot be explained
without a detailed analysis of the ligand-palladium chemical bond. In this section
we analyze the E* values on the basis of CD-NOCV analysis of L-Pd bonds. In the
Figures 5.13 and 5.14 are shown the FE? values versus the!l and! values.

Focusing rst on Figure 5.13, a weak correlation (R?> = 0.791) can be seen
between E* and! . FE* values are correlated with the capacity of the ligand
to increase its donor power. Higher is the power of a ligand to increase its donor
ability (as NHCs ligands), higher will be the activation barrier. The ligands that
have low ! values (tertiary phosphines) show lower values of E-.

Another correlation, between E? and ! , can be seen in Figure 5.14. Not
surprisingly, all these quantities are all directly correlated. All the ligands lose
their -acceptor capacity during the process in a different measure.

The higher the loss of accepting capacity { negative), such as NHCs, the
higher the activation energy will be. More generally, the ligands that exhibit the
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Figure 5.13: Correlation between E* (kcal mol 1) and ! values for each ligand
analyzed.

Figure 5.14: Correlation between E? (kcal mol 1) and ! values for each ligand
analyzed.

larger change in their electronic in uences (NHC) are associated with larger activ-
ation energies.
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E ! ! KL pa Kc B
P1 20.5 -0.027 -0.250 0.0252 0.212
P2 252 0.025 -0.272 0.0219 0.187
P3 25.7 0.010 -0.274 0.0219 0.190
P4 28.4 0.019 -0.301 0.0203 0.169
Cl 29.7 0.208 -0.373 0.0248 0.145
C2 29.7 0.144 -0.344 0.0238 0.151
C3 36.0 0.267 -0.380 0.0143 0.151

Table 5.4: Activation energies ( %), ! ,! , K. pgand K¢ g, values obtained from
the CD-NOCV analysis. The values of kg, are calculated with respect to the C-Br
bond distance in the free phenyl bromide (1.889 )
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5.5.2 Natural Bond Orbitals analysis of Pd-PhBr interaction

In order to rationalize the results about the energetic barriers and the electronic
rearrangement of the ligand, a parallel analysis on the palladium and phenyl-
bromide bond is needed. However, in this case, it is not easy to carry out a CD-
NOCYV analysis since it is not possible to nd a speci ¢ axis between the two frag-
ments unambiguously. Indeed, when phenyl bromide approaches, an 2-coordination
between the palladium and the aromatic ring occurs, followed by the cleavage of
the carbon-bromide bond in the [LPd(PhBr)] # transition state.

For such reason we analyzed the Pd-PhBr interaction, in the [LPd(PhBr)} trans-
ition states, using the second-order perturbative analysis of donor-acceptor intera-
ctions with the NBO method.

In the calculations, it was necessary to specify the reference Lewis structure
for [LPd(PhBr)] %, in order to obtain a constant reference and hence a meaningful
comparison among the various sytems.

L-Pd and PhBr were described as two interacting fragments not bounded each
other. Palladium was described as a &° system (5 lone pairs) forming a bond with
the ligand through the lone pair of the latter. In the PhBr fragment, the bromide
was considered as forming a bond with the carbon. The two strongest donor-
acceptor interactions, which are mostly responsible of the energy interaction of the
two fragments, are

The interaction between the lled (C-Br) orbital and the empty (L-Pd)
orbital. ( -donation LPd  PhBr).

The interaction between the d ,2-lone pair of the palladium and the (C-Br)
empty orbital ( -backdonation LPd! PhBr).

For simplicity, we will refer to the rstinteractionas E@ 4, and E®jg for the
second one.

As mentioned, such interactions between lled Lewis type orbitals and empty
non-Lewis type orbitals, and in particular their linear combination, lead to the
formation of NLMO orbitals (doubly occupied). The weight of each non-Lewis type
orbital in delocalizing the parent Lewis type orbital in the molecular environment
is governed by the expansion coef cient relative to that non-Lewis type orbitals.
(Cij ).

In our case, in order to analyze the two interactions, we focused on the two
coef cients relative to (L-Pd) orbital and (C-Br)  empty orbital in the NLMO
linear combinations. In particular, the square of these coef cients gives a measure
of the electronic density transferred upon the interactions.

In Table 5.5 are reported the perturbative energies lowering (  E®?) due to such
donor-acceptor interactions for all the [LPd(PhBr)] ? systems, as well as the square
of the two coef cients of linear expansion relative to the two non-Lewis orbitals.

The data in Table 5.5 show that the -backdonation LPd! PhBr is weaker than
the -donation LPd  PhBr along all the ligand series.
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E@ , E@s 2( E@,) cZ( E@p)

[LPd(PhBN)] ?

P1 51.4 59.9 0.0332 0.160
P2 44.3 53.8 0.0291 0.153
P3 41.7 52.5 0.0285 0.151
P4 38.2 46.7 0.0245 0.141
C1 32.9 40.9 0.0237 0.133
Cc2 34.7 42.6 0.0247 0.137
C3 33.4 43.4 0.0239 0.140

Table 5.5: Main second order perturbative interactions (E?) in the [LPd(PhBr)]?
systems. E?, refersto[d..! (C-Br) Jinteraction, while E?g to [(L-Pd)

(C-Br) ]interaction. c® ( E?,) and ¢ ( E?g) are the coef cients of expansion,
relative to the two interactions, of the non-Lewis type orbitals in the NLMO formation.
The values of E? are reported in kcal mol 1. The & coef cients are adimensional.

In particular the systems bearing phosphines ligands present higher energy sta-
bilization for both interactions with respect to the ones bearing NHC as ligands.
The P1 system shows the highest values of E? , (51.4 kcal mol ') and E®g
(59.9 kcal mol 1). Conversely C1 system shows the lowest values (32.9 and 40.9
kcal mol lrespectively).

These two donor-acceptor interactions are directly correlated, as is shown in
Figure 5.15.

Figure 5.15: Correlation between€( E?,)and & ( E?g) coef cients.

Furthermore, the donor-acceptor interactions are strongly correlated to the ¢&
coef cients. Indeed, the stronger the ;! j interaction is, the larger the weight
of the non Lewis type orbital is (larger coef cients of NLMO expansion).

In this section, we will refer to the strength of the two interactions through
the relative square coef cients relative to the non-Lewis type orbitals (c? ( E?,)
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and & (  E®g)). Since the (c? ( E@,) and ¢? (  E®@p)) are directly correlated
and since the @ (  E®3g) values are more remarkable, we will focus only on this
interaction.

First of all we are interested on how these interactions are correlated with the
geometrical parameters, in particular with the K¢ g, values. Indeed such values
indicate how the PhBr fragment is approached to the Pd center in the [LPd(PhBr)F
transition states.

The correlation shown in Figure (5.16) indicates a clear correlation between
the 2 (  E®3) coef cients and the K¢ g values. Physically it suggests that, at
higher values of K- g, (and therefore short distances between Pd and PhBr), the
interaction is stronger. Since the two interactions are strictly correlated (Figure
5.15), at short values of Kc g, also the interaction [(L-Pd) (C-Br) ] will be
strong.

Figure 5.16: Correlation between the coef cient?d E?g) and the Kc g, .

In Figure 5.17 and 5.18 are reported the correlations between the & ( E?g)
values and the electronic rearrangements of the ligands in the oxidative addition
process (! and! values respectively).

Such correlations show how the two electronic changes occurring in the pro-
cess, ligand-palladium and palladium-PhBr interactions, are related. The NHCs
ligands, increasing their donor power toward the palladium more than PR3 ligands
(higher values of I ) make the palladium center more rich in electron density and,
therefore, the interaction between LPd and PhBr is more disfavored (Figure 5.17).

Conversely, in the [LPd(PhBr)]* systems bearing phosphines as ligands, the in-
teraction Pd-PhBr is favored, since these ligands do not increase the donor ability
in the same measure of the NHC ligands.

In Figure 5.18 is reported the correlation between the ¢ (  E®3) coef cients
and! values.

The PR ligands are more able to accept electronic density from the palladium
in the [LPd(PhBr)] ? transition states (higher ! values). This effect favors the Pd-
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PhBr interaction, since the phosphines are able to accept electronic density arising
from PhBr. The synergy between the electronic rearrangement of the ligands and
the Pd-PhBr interaction has a crucial impact on the energetic barriers of the pro-
cess. Indeed the NHC carbenes, because of their capacity to transfer more electron
density on the palladium and the loss of acceptor capacity, more remarkable than
the one of the phosphines, disfavor the whole process, increasing the energetic bar-
riers.

Figure 5.17: Correlation between the coef cients’q E?g) and !

Figure 5.18: Correlation between the coef cients’d E?g) and !
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5.6 Conclusions

In this chapter, we have carried out a computational analysis on the oxidative ad-
dition of phenylbromide (PhBr) to L ,Pd complexes with different ligands. The
associative pathway, involving the direct coordination of PhBr on L,Pd, is possible
only for the phosphine series and, in addition, could not be characterized for the
bulky phosphines (as tbusP). The coordination of PhBr on the palladium leads to a
deformation of the geometry of L,Pd. Therefore the process is endothermic for all
the phosphines, in particular for the bulky ones (as PIPg and PCy). The aromatic
systems (PhP and PhHP) favor such process. The aromatic systems exhibit also
lower energetic barriers for the process than the aliphatic ones, while the phos-
phites show the highest barriers of all the series. Among the two possible products,
the one with phenyl and bromide in trans each other is more stable than thecis
one (except for Ptbus). The dissociative pathway involves the loss of a ligand from
L,Pd and the coordination of PhBr to the resulting LPd species. The substutution
of a ligand by PhBr is an endothermic process, suggesting that PhBr is a weaker li-
gand than any other phosphine. The cleavage of the C-Br bond is effective through
two possible transition states, in which carbon or bromide can be in pseudotrans
with the ligand. The transition state with carbon and ligand mutually transis more
stable for all the systems. The lowering of the activation barriers is signi cant for
the aliphatic phosphines and, contrary to what observed in the associative path-
way, the aliphatic phosphines correspond to more active species for the C-Br bond
cleavage. This study shows that it is not possible to predict priori which kind of li-
gand favors the oxidative addition without a detailed analysis of the L-Pd bond. We
have carried out such an analysis, for seven representative ligands, on the basis of
NOCV-CD analysis. The purpose of this study was to show that the donor-acceptor
power of a ligand can not be rationalized only on the basis of the nature of the
ligand. Many other factors should be considered (the metal center, the oxidative
state of the metal, the species surrounding the ligand,etc). For example, differ-
ently to what can be found in the literature, we have shown that, in L ,Pd, the
phosphine ligands have an higher donor power toward the palladium center and
an higher acceptor power compared to the carbenes (except for Ptby). The same
analysis in [LPd(PhBr)]* shows that the two classes of ligands have the same donor
power. This suggests that, more than focusing on the analysis of one species in a
process, one should analyze the electronic rearrangement of a ligand going from
a reactant to a transition state. In the case of the oxidative addition from L,Pd to
[LPd(PhBr)] ?, we have shown that the ligands are forced to increase their donor
ability toward the palladium to stabilize the system, and in addition they lose their
acceptor capacity from the palladium. These electronic rearrangements are more
remarkable for the carbenes, to which are associated the highest electronic barri-
ers (calculated without dispersion corrections and Gibbs corrections). There are
weaker correlations between these rearrangements( and! ) and the electronic
barriers. These preminary results are also con rmed by the perturabtive theory,
carried out within the NBO framework. L-Pd and PhBr were described as two in-
teracting fragments not bounded each other. The two strongest donor-acceptor
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interactions between the two fragments are (i) the interaction between the lled
(C-Br) orbital and the empty (L-Pd)  orbital ( -donation LPd  PhBr), and (ii)
the interaction between the d,. lone pair of the palladium and the (C-Br)  empty
orbital ( -backdonation LPd! PhBr). The magnitude of these interactions were
associated to the expansions coef cient of non-Lewis orbitals in the NLMO orbitals
formation. In particular, the square of these coef cients gives a measure of the elec-
tronic density transfered upon the interactions. The stronger the interactions, the
higher the expansion coef cients will be. These interactions are directly correlated
with the C-Br bond distance (longer the bond distance, stronger the interactions
will be) and, in addition, weak correlations between the square expansion coef -
cient relative to the -backdonation LPd! PhBrand! and! magnitudes. This
suggests that the electronic rearrangements between L-Pd and Pd-PhBr are directly
correlated. In particular, PR3 ligands are more able to accept electronic density
from the palladium in the transformation, thus favoring the Pd-PhBr interaction.
Conversely, NHC ligands are more able to transfer electronic density toward the
palladium during the process, disfavoring the PhBr approach and thus increasing
the activation barriers. Beyond these preliminary results, we have shown that the
CD-NOCV methodology can quantitatively quantify the electronic rearrangements
occuring in the formation of chemical species and, if coupled to other methodolo-
gies (Natural Bond Orbital theory in our case), it can represent a considerable tool
to rationalize the nature of the chemical bond, which can support the design of
new ligand in the chemical catalysis.
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Chapter 6

Transmetalation

6.1 Synopsis

In a typical palladium catalytic cycle, oxidative addition of an aryl halide or pseudo-
halide to a Pd(0) complex results in the formation of Pd(ll) species. Transmetala-
tion with an organometallic reagent subsequently takes place, resulting in a second
Pd(ll) complex. 14 Finally, this Pd(ll) complex typically undergoes reductive elim-
ination, forming the cross-coupled product, with the regeneration of Pd(0) species.
The transmetalation step is expected to show differences depending on the corres-
ponding nucleophile used and is less known. In the Negishi cross-coupling process
the transmetalation step is carried out by using ZnR, or ZnXR organometallic spe-
cies, and the more accessible reagent is usually choseh’

In this chapter we present a computational analysis on the transmetalation step
in the Negishi cross-coupling reaction, considering ZnPhBr as the organometal-
lic nucleophile. The Pd(ll) complex reacting with ZnPhBr in the transmetalation
step is L,Pd(Ph)(Br) (n=1,2), the products of the oxidative addition. Different
ligands (L) have been taken into account, among tertiary phosphines (PR) and
N-heterocyclic carbenes (NHC). Our goal is to investigate how the different ener-
getic paths of the process are in uenced by the different electronic properties of
the ligand.

6.2 Computational methodology

Geometry optimizations and frequencies analysis have been performed with the
Gaussian 09 package, at DFT level, using the Perdew, Burke and Ernzerhof ex-
change correlation functional (PBE0).2° The palladium atom was represented by
the relativistic effective core potential (RECP) from the Stuttgart group and the
associated basis setd? augmented by an f polarization function. !

All the other atoms (C,H,P,O,N) were represented by a SVP basis set. For each
geometry (TS and minima) a single point calculation has been carried out with
the Orca package?? using an effective core potential for palladium, and a QZVPP
basis set for the other atoms. In uence of the dispersion forces was considered

123
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by adding to the SCF energy the D3(BJ) corrections as described by Grimmé314
All of the energies reported in the present work are obtained by summing SCF
energies, Gibbs correction at 298 K and the D3(BJ) dispersion correction.

6.3 Pathways Manifold

In contrast with the other parts of the catalytic cycle, the transmetalation step is
speci ¢ to cross-coupling reactions. In the Negishi reaction, the transmetalation
is the stage where the migration of an organic group from the zinc organometal-
lic species (ZnR or ZnXR) to the palladium complex takes place, leading to the
formation of new Pd(ll) complexes (L ,Pd(II)R;R;) and the elimination of zinc salt
(ZnXR or ZnXy). Since in the previous chapter we analyzed the oxidative addition
of PhBr to L,Pd complexes (n=1,2) and the subsequent formation of L, Pd(Ph)(Br)
species, in the present chapter we analyze the transmetalation including LPd(Il)-
(Ph)(Br) complexes and ZnPhBr as nucleophilic species. The ligands considered
are the same as in the study on oxidative addition.

Similarly to the oxidative addition, the transmetalation can take place with one
or two ligands L coordinated to the palladium, and in addition all the isomers of
L,Pd(Ph)(Br) species have to be considered in the reaction paths (Figure 6.1).

Figure 6.1: Transmetalation between the isomers of Bd(Ph)(Br) species arising from
the oxidative addition product and ZnPhBr organozinc compound.

In 2011, Espinet and co-workers reported their studies on the transmetalation
step of the Negishi cross-coupling reaction, in which organozinc reagents are used
as coupling partners.!® It was found that a concerted mechanism on the neu-
tral (PPh,Me)Pd(Me)(Cl) complex is possible, with the inclusion of ZnMeCl and
ZnMe, species, in presence of THF as solvent. Although an ionic mechanisniia
the cationic intermediate [PdR(L) »(THF)*] was found (THF = tetrahydrofuran),
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we describe only the concerted mechanism taking into account a series of ligands
among tertiary phosphines (PR;) and N-heterocyclic carbenes (NHC) (Figure 6.2).

Figure 6.2: List and abbreviations for the ligands (L) considered.

Since the L, Pd(Ph)(Br) complexes, arising from the oxidative addition, undergo
the transmetalation, it is important to consider which conformations of these spe-
cies have to be taken into account. Indeed, different isomers of [L,Pd(PhBr)] com-
plexes can be obtained from the oxidative addition. In particular, the L,Pd(Ph)(Br)
complexes can exist in two different conformations, cisor trans, whereas the [LPd(PhBr)]
complexes can exist in three conformations. Since the LPd(Ph)(Br) complexes are
much more stable, we have considered theircisand trans conformations, as refer-
ence in analyzing the energetic pathways for the transmetalation process

As already mentioned, for the transmetalation process involving the L,Pd(Ph)(Br)
complexes and the ZnPhBr organozinc compound, two conformations of Pd(ll)
complex, cisand trans can be considered. In Figures 6.4 and 6.3 are reported the
schematic representations of the two pathways involving respectively thecis and
trans conformations.

Coordination of ZnPhBr to trans-L,Pd(Ph)(Br) leads to the formation of the
CT1-TRANS adduct (see Figure 6.5). This step takes place upon the interaction
between Pd, acting as Lewis base, and Zn, acting as Lewis acid, with Br of the
palladium complex acting as a bridge between them. In this passage, the Pd-Br
bond distance increases (from 2.508 to 2.565 ), as well as the Zn-Br bond
distance (from 2.249 ~ to 2.347 ). This step is exoergonic ( G = -11.5 kcal
mol 1).
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Figure 6.3: Schematic representation of the pathway for the transmetalation between
ZnPhBr and trans- LPd(Ph)(Br) for L=PH3. Br is referred to the bromide bonded
to palladium. The energetic values are reported in kcal mé| whereas the bond
distances in Angstrom.

The cleavage of the Pd-Br bond is effective through the transition state TSCT-
TRANS (see Figure 6.6), associated to an activation barrier of G* = 11.8 kcal
mol . In such transition state, the Pd-Br bond distance is signi cantly elongated
(2.920 ), while Pd-Zn bond distance decreases (2.851 ), allowing the coordi-
nation of the ipso carbon of the phenyl ring to palladium (Pd-C bond distance =
2.588 ). The formation of Zn-Br bond is well-advanced (2.438 ). The formation
of CT2-TRANS complex ( G =-10.0 kcal mol 1, see Figure 6.7) is associated with
the cleavage of Pd-Br bond, while the formation of the Pd-C bond is well advanced
(2.187 ).

The decoordination of ZnBr, to form PdL,Ph, + ZnBr ,, in absence of species
that can favor this process, is a signi cantly endoergonic process ( G= 14.6 kcal
mol 1) and represents the slowest step of the whole process. No transition state
relative to this step could be located on the potential energy surface. In the process,
the Pd-C bond decreases to 2.079 .

In Figure 6.4 is reported the same transmetalation mechanism, but relative to
the cisL,Pd(Ph)(Br) complex, with PH 3 as ligand.

Similarly, the coordination of ZnPhBr to cisL,Pd(Ph)(Br) leads to the formation
of the CT1-CIS adduct (see Figure 6.5). In this passage, the Pd-Br bond distance
increases (from 2.463  to 2.508 ), as well as the Zn-Br bond distance (from
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Figure 6.4: Schematic representation of the pathway for the transmetalation between
ZnPhBr and the cis-tPd(Ph)(Br) for L=PH3. Br is referred to the bromide bonded
to palladium. The energetic values are reported in kcal mé| whereas the bond
distances in Angstrom.

2.249 to 2.306 ). The high Pd-Zn bond distance (3.366 ), if compared with
the one in the CT1-TRANS complex (2.989 ), suggests that the coordination of
ZnPhBr to palladium is less favored and is associated to a less exoergonic reaction
energy ( G =-7.2 kcal mol 1).

The cleavage of the Pd-Br bond is effective through the transition states TSCT-
TRANS (see Figure 6.6), associated to an activation barrier of 4.9 kcal moll. In
such transition state, the Pd-Br bond distance is signi cantly elongated (2.711 ),
while Pd-Zn bond distance decreases (2.741 ), allowing the coordination of the
ipso carbon of the phenyl ring to palladium (Pd-C bon distance = 2.590 ). These
bond distances, except for Pd-C bond distance, if compared with the ones in the
TSCT-TRANS, are shorter byca 0.12 - 0.20 , suggesting that TSCT-CIS is more
accessible in energy ( G* = 4.9 kcal mol 1), and the formation of Zn-Br bond is
well-advanced (2.301 ).

The formation of CT2-TRANS complex ( G =-12.4 kcal mol !, see Figure 6.7)
is associated with the cleavage of Pd-Br bond, while the formation of the Pd-C
bond is well advanced (2.085 ).

The decoordination of ZnBr, to form cisPdL,Ph, + ZnBr ,, in absence of species
that can favor this process, is a signi cantly endoergonic process ( G = 11.5 kcal
mol 1) and represents the slowest step of the whole process. This energetic values
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(b) CT1-TRANS
(a) CT1-CIS

Figure 6.5: Cis and trans isomers of CT1 adducts, with BHs ligand. for the trans-
metalation on [L,Pd(PhBr)] complexes

(b) TSCT-TRANS

(a) TSCT-CIS
5

Figure 6.6: Structures of the transition states, with Pklas ligand, for the transmeta-
lation on [L,Pd(PhBr)] complexes.
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(a) CT2-CIS (b) CT2-TRANS
5

Figure 6.7: Cis and trans isomers of CT2 complexes, with PHs ligand, for the
transmetalation on [L,Pd(PhBr)] complexes.

is lower with respect to the one for trans-L,Pd(Ph)(Br) ( G = 14.6 kcal mol 1).
No transition state relative to this step could be located on the potential energy
surface. In the process, the Pd-C bond decreases to 2.040 , a shorter distance if
compared with the one of cisPdL,Ph, (2.079 ). Comparing the two processes, the
path involving cisL,Pd(Ph)(Br) is more favored in energy.

In Figure 6.8 is reported the schematic representation of the pathway for the
transmetalation between ZnPhBr organozinc compound and the LPd(Ph)(Br) com-
plex with PH3 as ligand. This pathway involves the initial loss of one ligand from
trans-[L,Pd(PhBr)] complex to yield LPd(Ph)(Br), followed by the coordination of
ZnPhBr to yield CT1 complex (see Figure 6.9). This process, as expected, is en-
doergonic ( G = 24.9 kcal mol ). The presence of only one ligand bonded to
palladium, leads to have a coordination between the latter and the ipso carbon
already in this species with a Pd-C bond distance of 2.501 . The Zn-Br bond
distance is already sensibly elongated (2.700 ).

The cleavage of the Pd-Br bond is effective through the transition states TSCT
(see Figure 6.9), associated to an activation barrier of G? = 27.7 kcal mol 1.
In such transition state, the Pd-Br bond distance is signi cantly elongated (2.637
), while Pd-Zn bond distance decreases (2.650 ), while the Pd-C bond distance
decreases to 2.303 . The absence of a ligand bonded to palladium allows the
phenyl ring to approach much more to the palladium.

The formation of CT2 ( G = -5.8 kcal mol !, see Figure 6.9) is associated
with the cleavage of Pd-Br, while the formation of the Pd-C bond is well advanced
(2.116 ). The decoordination of ZnBr , to form cisPdLPh + ZnBr,, in absence
of species that can favor this process, is a signi cantly endoergonic process (G=
26.6 kcal mol 1),
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Figure 6.8: Schematic representation of the pathway for the transmetalation between
ZnPhBr organozinc compound and the [LPd(PhBr)] complex bearing $Bs ligand.

Br is referred to the bromide bonded to palladium. The energetic values are reported
in kcal mol !, whereas the bond distances in Angstrom.

6.4 Energetic aspects

6.4.1 Transmetalation on trans-L ,Pd(Ph)(Br) complexes

We start by considering the transmetalation ontrans-L,Pd(Ph)(Br) complexes, which
involves the direct coordination of ZnPhBr to such complexes. In Table 6.1 are re-
ported the calculated relative free energies for the different species involved in
such pathway. The analysis involves 13 different ligands, in particular tertiary
phosphines and NHCs carbenes (Figure 6.2).

PRs Ligands

The data collected in Table 6.1 show that for all the PR; ligands, but P(tbu) 3
(P5), all the points could be located on the potential energy surface. In the
case of P5, the steric bulk of the ligand prevents the optimization of all the
points along the pathway.

For all the phosphines, the formation of the adduct CT1-TRANS is an exo-
ergonic process (except for P7, G = 18.8 kcal mol 1). In general, all the
phosphines present the same energetic trend, ranging from G = -10 kcal
mol 1(P4)to G =-20kcal mol *(P3). This situation is drastically different
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(b) TSCT

(a) CT1

(c)CT2

Figure 6.9: Structures of the CT1, TSCT and CT2 species, withzRid ligand, for the
transmetalation on [LPd(PhBr)] complexes.

when the dispersion corrections are not included. The coordination energy
is then ca 10 to 15 kcal mol *higher, making endoergonic the process for
the systems P2, P4, P6 and P11. The least sterically hindered ligand, PJi
shows the lowest increase (G = +9.8 kcal mol 1), whereas the bulky
phosphine P7 is associated to a signi cant destabilization of the CT1-TRANS
adduct ( G =+20kcal mol 1). Upon formation of an adduct between two
fragments, there is action of a large number of pairwise interactions between
non-bonded atoms with mutual distance typical of Van der Waals attraction.
Inclusion of the dispersion corrections according to the scheme of Grimme
introduce many stabilizing interactions. The bigger the two fragments, the
more important these corrections will be, leading to signi cantly different
values for reacting energies computed without dispersion corrections.

From the CT1-TRANS adduct, the Pd-Br bond cleavage through TSCT-TRANS
transition state is associated to activation barriers ranging from G* = 1.9
kcal mol 1(P7)to G?=23.1kcal mol 1(P4).

These barriers are not signi cantly altered when no dispersion corrections
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are considered, with values ranging from G? =2 kcal mol (P7)to G =
29.7 kcal mol 1(P4).

The formation of the product of the Pd-Br bond cleavage, CT2-TRANS, has
an energetic range from G* = -9.7 kcal mol (P1) to G = -4.9 kcal
mol 1(P6).

The decoordination of ZnBr, yields PdL,Ph, where the two phosphines are
mutually trans. No transition state can be located on the potential energy
surface. The formation of such complex is an endoergonic process for all
the phosphines, except for P4 ( G =-3.0 kcal mol ') and P7 ( G =-12.0
kcal mol 1). For the other systems, the energies range from G = 9.2 kcal
mol *(P3)to G =15.8 kcal mol (P11).

These energetic values are signi cantly affected when no dispersion correc-
tions are included. In general the absence of such corrections makes more
accessible in energy this step. The values range from G = -15.9 kcal
mol (P6)to G = 9.6 kcal mol %(P1). These signi cant alteration are as-
sociated with a destabilization of the CT2-complexes, because in absence of
dispersion corrections all the pairwise interactions between atoms non bon-
ded are lost.

NHC Ligands

In the case of the NHC ligands, the steric bulk prevented the characterization
of the reaction path. Only for the smallest NHC (C1-C3) all the points could
be located. The formation of CT1-TRANS has the same energetic trend to the
one observed for the phosphines, whereas the lowest G* values is associated
to C3 carbene ( G* = 8.2 kcal mol 1). The CT2-TRANS complexes are more
stabilized than the ones bearing the phosphines as ligands, in agreement with
their strong donating power (G values close to O for the process CT1-TRANS
I CT2-TRANS).

Because of such higher stabilization, NHCs ligands present values of G re-
lative to the formation of PdL ,Phy(trans) + ZnBr , much higher ( G = 21.7
kcal mol ifor C1 and C2). This shows that, in absence of additional species
that could favor this process, the NHC carbenes does not show high catalytic
activity for the transmetalation of trans-L,Pd(Ph), complexes.

6.4.2 Transmetalation on cis-L ,Pd(Ph)(Br) complexes

In Table 6.2 are reported the relative free energies for the different species involved
in the transmetalation on cisL,Pd(Ph)(Br) complexes (Figure 6.3).

PR; Ligands

The data collected in Table 6.2 show that for all the PR ligands, but P(tbu) 3
(P5), all the point could be located on the potential energy surface. In the
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case of P(tbu), the steric bulk prevents the optimization of all the structures
along the reaction path.

For all the phosphine series, the formation of the adduct CT1-CIS is an exoer-
gonic process. The least exoergonic G value for the coordination of ZnPhBr
on Pd is associated with the system with P11 as ligand ( G = -2.8 kcal
mol 1), whereas the most exoergonic value is obtained with P3 as ligand
( G =-20.2 kcal mol 1).

The situation is drastically different when the dispersion corrections are not
included. The coordination energy is ca 10 to 15 kcal mol * more endoer-
gonic. The less sterically hindered ligands show the lowest increase. The
lowest sterically hindered ligand, PH3, shows the lowest increase (10.4 kcal
mol 1), whereas the bulky phosphine P8 is associated with the highest destabil-
ization of the CT1-CIS adduct (15.3 kcal mol 1).

From the adducts CT1-CIS, the Pd-Br bond cleavage through TSCT-CIS trans-
ition state is associated to activation barriers ranging from G* = 4.9 kcal
mol 1(P1)to G? = 26.8 kcal mol *(P7). The phosphines ligands bearing
aromatic systems, such as P8 and P9, exhibit the lowest barriers. The inclu-
sion of dispersion corrections does not affect signi cantly the values of these
activation barriers. The highest energies of G?, when the dispersion cor-
rections are not included, are associated to a destabilization of the TSCT-CIS
transition state. This destabilization is due to the loss of many stabilizing
interactions between non bonded atoms. The values of such destabilization’s
range from 2.3 kcal mol 1(P1) to 7.6 kcal mol 1(P7).

The formation of CT2-CIS, through the transition state TSCT-CIS, is an exo-
ergonic process for all the phosphine series, with reaction energies ranging
from G =-10.1 kcal mol (P1)to G =-13.2 kcal mol (P3). The reac-
tion energies for the formation of CT2-CIS complexes are not sensibly altered
when no dispersion corrections are considered, with values ranging from G
=-11.4 kcalmol *(P1)to G =-26.8 kcal mol (P7).

The decoordination of ZnBr, yields PdL,Ph, where the two phosphines are
mutually cis No transition state could be located on the potential energy
surface. Such process is endoergonic for all the phosphines, with energetic
values ranging from G = 6.5 kcal mol (P11) to 18.8 kcal mol *(P6).
These values are sensibly altered when the dispersion corrections are not
considered. In particular, for certain ligands (P4, P7, P9 and P11), not consid-
ering such corrections makes the step exoergonic (G = -3.7, -4.4, -0.5 and
-6.3 kcal mol ! respectively). Such alterations are due to the destabilization
of the CT2-CIS complexes, because all the pairwise stabilizing interactions
are lost.

NHC Ligands

In the case of NHC ligands, the steric bulk prevents the characterization of
the reaction pathway. Only for the smallest NHC (C1-C3) could all the points
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along the path be located on the potential energy surface.

Similarly to the phosphine case, the formation of CT1-CIS complexes is an
exoergonic process, with values ranging from G =-13.7 kcal mol ! (C3) to

G =-12.7 kcal mol ! (C2). These systems are sensibly destabilized when
the dispersion corrections are not considered, making the process isoergonic
(from G =-0.1kcal mol *for C2to-1.0 kcal mol ! for C3). The activation
barriers G*, through TSCT-CIS transition state, are very similar in energy to
the ones seen for the phosphines ( G = 11.7, 10.4, 11.6 kcal mol ! for C1,
C2 and C3 respectively). These values are not sensibly affected when the dis-
persion corrections are not included, with increases of ca 2-3 kcal mol X. The
formation of CT2-CIS complexes is much more exoergonic compared to the
phosphine series, in agreement with the high donor power of the carbenes,
with values ranging from G = -17.4 kcal mol (C1l)to G = -19.0 kcal
mol 1(C2). Such values are not affected if the dispersion corrections are
not included. The decoordination of ZnBr, from Pd, leading to PdL,Ph, +
ZnPhBr, is a process much more endoergonic than the one seen for the phos-
phines. No transition state could be located on the potential energy surface.
The energetic values for such process range from G = 21.4 kcal mol *(C3)
to G =23.8 kcal mol (C2).

In order to visualize how the dispersion corrections alterate the energetic paths
for the transmetalation of [L ,Pd(PhBr)] complexes, in Figure 6.10 and 6.11 are
respectively shown the paths for the process involvingcis and trans isomer of
[P(lpr) sPd(Ph)(Br) complex.

Figure 6.10: Reaction path for the transmetalation of the cis isomer of cis-
(Plpr3),Pd(Ph)(Br), including (red solid lines) and not including (blue dashed line)
the dispersion corrections.
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Figure 6.11: Reaction path for the transmetalation of the trans isomer of trans-
(Plpr3)Pd(Ph)(Br), including (red solid lines) and not including (blue dashed line)
the dispersion corrections.
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[L,Pd(PhBr)] Trans complex.

Ligand CT1-TRANS TSCT-TRANS CT2-TRANS PdPh(tr)+ZnBr ,  Girscr GrdL 2ph2
P1  -11.5(-1.7) 0.3(11.1) -10.0(1.1) 4.6(6.1) 11.8(12.8) 14.6(5.0)
P2 -10.3(1.2) 3.9(18.2) -3.0(11.4) 8.2(11.1) 14.2(17.0) 11.2(-0.3)
P3  -20.0(-7.8) -0.8(16.5) -8.2(8.8) 1.0(5.3) 19.2(24.3)  9.2(-3.5)
P4  -10.0(0.3) 13.1(30.0) 5.9(23.7) 2.9(7.8) 23.1(29.7) -3.0(-15.9)
P5 - - - - - -
P6  -11.3(5.0) 2.8(23.6) -2.1(20.2) 7.9(14.9) 14.1(18.6)  10.0(-5.3)
P7  18.8(38.8) 20.7(40.8) 18.8(38.8) 6.8(13.8) 1.9(2.0) -12.0(-25.0)
P8  -11.0(0.6) -0.9(16.2) -11.9(5.8) 5.9(9.4) 10.1(15.6) 17.8(3.6)
PO -16.3(-3.8) 0.8(18.4) -7.6(11.3) 5.8(10.3) 17.1(22.2)  13.4(-1.0)
P10 -16.7(-4.7) -6.3(8.9) -13.7(0.8) 1.9(4.8) 10.4(13.6)  15.6(4.0)
P11 -12.3(1.2) 2.5(18.7) -6.5(10.3) 9.3(12.2) 14.8(17.5)  15.8(1.9)
Cl  -13.7(-3.8) -3.9(10.1) -13.0(1.2) 8.7(11.4) 9.8(13.9) 21.7(10.2)
C2  -15.3(-5.8) -4.7(9.9) -14.2(0.6) 7.5(10.3) 10.6(15.7)  21.7(9.7)
C3  -11.0(-0.8) -2.8(12.2) -11.7(3.2) 7.9(10.9) 8.2(13.0)  19.6(7.7)
C4 - - - - - -
C5 - - - - - -
C6 - - - - - -
C7 - - - - - -

Table 6.1: Calculated relative Gibbs free energies ,the activation barrier G*tsct) and the Gibbs free energy difference for
the formation of Pdl,Ph, species ( Gegopn2) in kcal mol for the mechanism for the transmetalation between the trans-
L,Pd(Ph)(Br) and ZnPhBr. The values are calculated with respect to trang?d(Ph)(Br) + ZnPhBr separated systems. The

Gibbs energy correction was carried out at 298K. In parenthesis are shown the same values calculated without including the

dispersion corrections to the energy.
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6.4.3 Transmetalation on LPd(Ph)(Br) complexes

As already mentioned, the transmetalation between ZnPhBr nucleophilic species
and L,Pd(Ph)(Br) can occur also through another pathway, which involves initial
loss of one ligand to yield LPd(Ph)(Br), followed by the coordination of ZnPhBr to
form the adduct CT1. The pathway is qualitatively similar to the one seen for the
process involving LLPd(Ph)(Br). We have shown that three isomers of LPd(Ph)(Br)
can exist, depending on the relative positions of the three substituents. Neverthe-
less, these species, arising from the oxidative addition, are largely unstable if com-
pared with L,Pd(Ph)(Br). For such reason, we assumed thatrans-L,Pd(Ph)(Br) is
the only species that can exist after the oxidative addition, and also for the trans-
metalation of LPd(Ph)(Br) we considered the former as reactants.

In Table 6.3 are reported the relative free energies for the different species
involved in such pathway, taking trans-[L,Pd(Ph)(Br) + ZnPhBr as reference.

PRs Ligands

The data collected in Table 6.3 show that not all the points could be loc-
ated on the potential energy surface. In particular, only for 5 phosphines
(P1,P4,P5,P6,P8) the reaction path could be characterized. The energy of
the adduct CT1 re ects the energetic associated to substitution of L by Zn-
PhBr. All the values are positive, except for P(tbu) (P5), thus showing that
the steric bulk of P5, the loss of a ligand is energetically favored. The fact
that all the other values are positive indicates that ZnPhBr is a weaker ligand
to Pd. The reaction energies for the formation of CT1 range from G =-4.1
kcal mol 1(P5)to 24.9 kcal mol 1(P1). These values are not sensibly affected
when no dispersion corrections are included. In particular, when no disper-
sion corrections are included, the process is slightly more favored, except for
P1, which shows an increase of 6.7 kcal mol?.

The most signi cant variation is shown by P5 (-8.2 kcal mol 1).

The activation energies are signi cant for the aromatic systems, G*=23.5
kcal mol (P8) and G? = 22.5 kcal mol 1(P6), whereas G? = 2.2 kcal
mol for P4. The increases of the activation barriers in absence of the dis-
persion corrections are lower for all the systems: from + 2.1 kcal mol 1(P4)
to + 2.5 kcal mol (P5). Conversely, P1 does not show any increase with
respect to the separate reactants.

The formation of CT2 is an exoergonic process for P1 and P5 (G = -5.8

kcal mol tand G =-22.0 kcal mol 1), while it is endoergonic for the other

systems, G = 4.1 kcal mol !(P4). When the dispersion corrections are not
included, the formation of CT2 is slightly more favored, except for P1, G
= + 6.7 kcal mol 1. For the other systems, the values of G range from
-4.9 kcal mol *(P5) to 0.6 kcal mol *(P8).

The decoordination of ZnBr, from cis[LPdPh,] is endoergonic for all the sys-
tems, with energetic values ranging from G =15.1 kcalmol (P5)to G=
28.7 kcal mol 1. No transition state could be located on the potential energy
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surface. When no dispersion corrections are included, such process is more
favored for all the systems, except for P1. The values of G range from
-9.1 kcal mol 1(P8) to -11.5 kcal mol %(P5). This can be explained by the
loss of many stabilizing interactions in the CT2 adduct, which leads to a its
destabilization and to a less endoergonic decoordination.

NHCs Ligands

For the NHC ligands, because of the strong donating power of the carbenes,
the substitution reaction forming CT1 is considerably more endoergonic than
in the case of the phosphines. The energetic values for such process range
from G =11.9 kcal mol (C4)to G =46.9 kcal mol (C3). This energy
of reaction is also in uenced if the dispersion corrections are not included.
In the case of C4 and C6 the process becomes exoergonic G = -3.6 kcal
mol 'and G = -4.3 respectively). The energy decreases for the other sys-
tems isca3 - 11 kcal mol 1.

The values of the activation barriers range from G = 2.3 kcal mol *(C1)
to 26.0 kcal mol 1(C4). The increase of such values, due to the dispersion
corrections, are not signi cative, and range from G = 0.1 kcal mol 1(C1)
to G =23.3kcal mol (C6).

The formation of CT2 is an endoergonic process for all the carbenes, ex-
cept for C6, for which is isoergonic ( G = 0.1 kcal mol ). The G va-
lues range from 3.8 kcal mol *(C4) to G = 26.2 kcal mol (C3). The in-
clusion of the dispersion corrections making this process more energetically
favored, except for C2and C3( G =2.5kcal mol and( G =2.3kcal
mol lrespectively).

The decoordination of ZnBr, from cis[LPdPh,] is endoergonic for all the sys-
tems, with energetic values ranging from G = 13.2 kcal mol 1(C6)to G
= 23.2 kcal mol 1(C4). No transition state could be located on the potential
energy surface. The inclusion of the dispersion corrections makes this process
more energetically favored, except for C3 ( G = 0). The energy lowering
range from G =-12.2 kcal mol (C7) to G =-9.4 kcal mol 1(C2).

In order to visualize the different possible pathways for the transmetalation,
starting from trans-L,Pd(Ph)(Br), in Figures 6.12 and 6.13 are shown the en-
ergetic pathways for the transmetalation on trans-(PHs),Pd(Ph)(Br) and trans-
(Plpr3)2Pd(Ph)(Br).

In both the cases, the associative pathway, involving LPd(Ph)(Br), is the more
accessible one in energy. In the case of L=PH, the direct transmetalation on
L,Pd(Ph)(Br) is favored, with either trans- L,Pd(Ph)(Br) ( G?=11.2 kcal mol 1)
and cisL,Pd(Ph)(Br) ( G* = 4.8 kcal mol 1). However, the energetic cost for
the isomerization from trans-L,Pd(Ph)(Br) to trans-L,Pd(Ph)(Br) has an energetic
costof G =5.1kcal mol !, makes the transmetalation oftrans-L,Pd(Ph)(Br) the
preferred pathway. The dissociative pathway, which involves the loss of a ligand
from L,Pd(Ph)(Br), is energetically disfavored ( G? = 27.7 kcal mol 1) because
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Figure 6.12: Reaction paths for the transmetalation of trans-(Py,Pd(Ph)(Br). In
red is highlighted the dissociative pathway, involving LPd(Ph)(Br), while in blue the
associative one, involving4Pd(Ph)(Br).

of the energy required to cleave the L-Pd bond. Among the three possible isomers
of LPd(Ph)(Br), the one with ligand and bromide in trans is the most stable ( G
= 18.1 kcal mol 1), but is not suitable for the process and then an isomerization
to the LPd(Ph)(Br) with phenyl and bromide in trans is required.

For L=P(lpr) 3, the dissociative pathway is shifted higher in energy ( G* =
36.1 kcal mol 1) because of the high donor power of the ligand that makes more
dif cult the loss of one ligand from L ,Pd(Ph)(Br). Furthermore, the loss of a ligand
from trans-L,Pd(Ph)(Br) yielding LPd(Ph)(Br) with phenyl and bromide in trans
is higher in energy ( G = 24.6 kcal mol 1). Therefore, the associative pathway
involving cisL,Pd(Ph)(Br) has an higher energetical cost ( G? =17.3 kcal mol 1).

The isomerization from trans-L,Pd(Ph)(Br) to cisL,Pd(Ph)(Br) is higher in en-
ergy ( G = 13.5 kcal mol 1). Therefore, the associative pathway involving cis-
L.Pd(Ph)(Br) has an higher energetical cost. This suggests that, for L=P(Ipr), the
only possible pathway is the associative one involvingtrans-L,Pd(Ph)(Br), even if
it exhibits an activation barrier of G? =23.1 kcal mol 1.
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Figure 6.13: Reaction paths for the transmetalation of trans-(Plg).Pd(Ph)(Br). In
red is highlighted the dissociative pathway, involving LPd(Ph)(Br), while in blue the
associative one, involving4Pd(Ph)(Br).
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6.5 Conclusions

In this chapter, we have carried out a computational analysis on the transmetala-
tion step from L,Pd(Ph)(Br), with different ligands among tertiary phosphine and
N-heterocylic carbenes, and ZnPhBr as the nucleophile species. The general me-
chanism involves the approach of ZnPhBr on the palladium, through a Pd-Zn-Br
three centers coordination, to form CT1 species. Then the cleavage of the Pd-Br
bond and the formation of the Pd-C bond is effective through TSCT, leading to
CT2. The decoordination of ZnBr, to form L,Pd(Ph),, in absence of additional
species that can favor it, is the most expensive step in terms of energy. Differ-
ent isomers of L,Pd(Ph)(Br), arising from the oxidative addition, can undergo the
transmetalation. In particular, L ,Pd(Ph)(Br) can exist in two conformations, cis
and trans, whereas, LPd(Ph)(Br) can exist in three conformations. We have always
considered trans-L,Pd(Ph)(Br) and cisL,Pd(Ph)(Br) as reference, since they are
the most stable complexes. In the path involvingtrans-L,Pd(Ph)(Br), the stationary
points relative to bulky systems, such as P(tbu} and the biggest carbenes, could not
be located on the potential energy surface. In the formation of CT1-TRANS and in
the Pd-C bond formation, through TSCT-TRANS, no remarkable difference can be
observed for the phosphines and the carbenes. In all the cases, except for P(Cy)
the formation of CT1-TRANS is an exoergonic process, and the energetic barriers
for the Pd-C bond formation are not so different among the phosphines. The dif-
ference between phosphine and the smallest carbenes is in the different relative
stability of CT2-TRANS, more stable for the carbenes. Because of such stabiliza-
tion, carbenes exhibit higher G values relative to the formation trans-PdL,(Ph),.
The same trend can be seen in the mechanism involvingis-L,Pd(Ph)(Br): for the
bulky systems no stationary point could be located on the potential energy sur-
face, the formation of CT1-CIS is an exoergonic process for all the ligands, and no
remarkable difference can be observed between phosphines and carbenes in the
activation barriers. Also in the case of the carbenes, the formation of CT2-CIS is
much more exoergonic than the same process relative to the phosphine and, there-
fore, the process that leads to thecisPdL,(Ph), is much more endoergonic for the
carbenes. In the case of the path involving LPd(Ph)(Br), the reactions path for
several phosphines could not be characterized. The formation of CT1 is an endo-
ergonic process for all the systems, except for P(tbu), and, in particular, much
more expensive in terms of energy for the carbenes. The systems bearing aliphatic
ligands and carbenes exhibit the lowest activation barriers. The formation of CT2
is an endoergonic process for all the systems, except for PHand P(tbu);. The
formation of LPd(Ph)(Br) + ZnBr , is more favored for the carbenes systems. In
brief, we have shown that the energetic path involving trans-PdL,(Ph)(Br) and cis
PdL,(Ph)(Br) are much more favored for the phosphines, while carbenes ligand are
not suitable for such transformation. The energetic path involving LPd(Ph)(Br) is
more favored for the aliphatic systems and for the carbene ligands.
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Chapter 7

Reductive Elimination

7.1 Synopsis

In general, the nal step in a catalytic cycle is reductive elimination from Pd(ll),
to form the C-C or C-X bond in the product, with simultaneous regeneration of the
Pd(0) catalyst.! As well in the oxidative addition (see chapter 5), in this step there
could be questions of selectivity. Also the reaction conditions, such as solvent, the
temperature and ligands properties, can have a crucial impact on such step.

In this chapter we carried out a computational analysis on the reductive elimin-
ation of biphenyl (Ph-Ph) from L,PdPh, complexes with different ligands (tertiary
phosphines (PR) and N-heterocyclic carbenes (NHC)). (see Figure 7.3). Our goal
was to investigate how the energetic barriers of the process ( E?) were in uenced
by the different electronic properties of each ligand. Such electronic effects were
studied by applying the innovative CD-NOCYV (Charge Displacement by Natural Or-
bitals for Chemical Valendeanalysis on the L-Pd bond, which provides a description
of a chemical bond in terms of charge tranfsers between two chemical fragments
in different symmetries ( -donation and -backdonation). In particular we are in-
terested to examinate how such bond components change going from {Pd(Ph),
catalyst to the [L,Pd(Phy)] # transition states and how they in uence the energetic
barriers.

7.2 Computational methodology

Geometry optimizations and the frequency analysis have been performed with the
Gaussian 09 package, at DFT level, using the Perdew, Burke and Ernzerhof ex-
change correlation functional (PBE0).?® The palladium atom was represented by
the relativistic effective core potential (RECP) from the Stuttgart group and the
associated basis sef, augmented by an f polarization function. ®

All the other atoms (C,H,P,O,N) were represented by a SVP basis set. For each
geometry (TS and minima) a single point calculation has been carried out with the
Orca package® using an effective core potential for palladium, and a QZVPP basis
set for the other atoms. In uence of the dispersion interactions was considered by
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adding to the SCF energy the D3(BJ) corrections as described by Grimmé?2 All of
the energies reported in the present work are obtained by summing SCF energies,
the Gibbs correction at 298 K and the D3(BJ) dispersion correction.

NBO analysis was performed with the Gaussian 09 package, using the Perdew,
Burke and Ernzerhof exchange correlation functional (PBE0)23 The palladium
atom was represented by the relativistic effective core potential (RECP) from the
Stuttgart group and the associated basis set$, augmented by an f polarization
function. > All the others atoms (C,H,P,O,N) were represented by a TZVP basis set.

The CD-NOCYV analysis was performed by means of Density Functional Theory
(DFT) with the Amsterdam Density Functional (ADF) package®!° using the Per-
dew, Burke and Ernzerhof (PBEQ) exchange-correlation functional and all electron
triple- basis set with two polarization functions (TZ2P) for all atoms. Relativistic
effect were included by means of the zeroth-order regular approximation (ZORA)
Hamiltonian. 1113

The NOCV orbitals and ETS-NOCV analysis have been worked out using the
keyword ETSLOWDIN in the ADF program suite.

As an example of application of the CD-NOCV analysis of donation and back-
donation we report the case of Trans-Pd(PH),(Ph),. The relevant fragments here
are one ligand PH; and Pd(PHs)(Ph),, and the integration (z) axis is the one join-
ing the phosphorus of the former ligand and the palladium atom. We label the
NOCV orbital pairs, and the associated ° components by an integer k=1,2,... in
order of decreasing eigenvalue. The four main charge rearrangments occurring
upon the formation of the Pd-P bond are shown in Figure 7.1: a (largely dominat-
ing) donating component ( ;) and three smallest components of back-donation
( 20, 30 and 40).

Visual inspection of the rst three * isodensity surface shown in Figure 7.1
indicates that (i) .’ correlates with the -donation from the phosphorus lone
pair to the d,. orbital of palladium (note that blue surface identi es charge ac-
cumulation on the palladium) (i) ,’ correlates with the  back-donation from
palladium to  antibonding orbitals of the phosphines (note that red surface sug-
gest also a charge depletion from the two aromatic rings) (i) s correlates with
the donation from palladium to the out-of-plane orbitals of the phosphine (iiii)

4 correlates with the in-plane  orbitals of the phosphine.

In Figure 7.2 are shown the CD functions associated with the rst four com-
ponents . While (q) curves accurately depict charge displacement over the
whole molecular region, one can obtain a resonable measure of donation, back-
donation and net charge transfer (CTgon CThack and CT,e) respectively between
the fragments by taking the value of the corresponding CD function at a plausible
interfragment boundary along z. Our standard choice is the z point where the
densities of each separated fragment do intersect.
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Figure 7.1: Isodensity surfaces (0.002 e/a.u.3)for ,°(@), , (b), s (c)and
4 (d) superimposed to the molecular structure of the Trans-Pd(PH(Ph),. Red
surfaces (negative values) identify charge depletion areas, and blue surfaces (positive
values) identify charge accumulation areas.
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Figure 7.2: CD functions associated with the rst four .’ components for Trans-
Pd(PH).(Ph),. The blue line represents the donation! LPd, while the green, red
and dashed black curves represent the back-donation Bd. The black dots represent
the position of the atoms on the integration axis (z in this case), while the vertical
dashed line represents the z value in which the charge transfers are taken (the so
called isoboundary).

7.3 Pathways Manifold

As already mentioned, in this chapter we carried out a computational analysis
on the reductive elimination of biphenyl (Ph-Ph) from L ,Pd(Ph), complexes with
different ligands (L), among tertiary phosphines (PR3) and N-heterocyclic carbenes
(NHC). (see Figure 7.3).

The reductive elimination of biphenyl (Ph-Ph) from [L ,Pd(Ph),] complexes in-
volves the formation of a new C-C bond between the two phenyl rings and the
regeneration of the initial Pd(0) catalyst. There are several pathways for this pro-
cess (see Figure 7.4).

The [L,Pd(Ph),] (n=1,2) complexes, which undergo the reductive elimination,
are formed in the transmetallation process (see Chapter 6). The latter process can
occurs with different isomers of palladium complexes, depending on the relative
positions (cis or trans) and the number (n=1,2) of the ligands bonded to palla-
dium. In particular, for [L ,Pd(Ph),] species, both isomers can be obtained from
the transmetalation process, and, in addition, an isomerization between these two
species is possible. No transition state for such isomerization could be located on
the potential energy surface. However, a direct elimination from [L ,Pd(Ph),] com-
plexes is possible only from thecisisomer, through the TSL, transition state (see
Figure 7.6).

Also in the case of the [LPd(Ph)] complexes, only the cisisomer can be ob-
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Figure 7.3: List and abreaviations for the ligands (L) considered in the present work.

tained. Once formed, such species can undergo two different process: the addition
of a second ligand to form [L,Pd(Ph),], or the reductive elimination through the
transition state TSL-Cis

Figure 7.4: Different pathways for the reductive elimination of Ph-Ph from
[L,Pd(Ph)] complexes (h=1,2). In blue is highlighted the direct elimination from
[LoPd(Ph),] complexes, while in red the dissociative pathway.

Once L,Pd(Ph,) is formed upon the transmetalation, it can undergo different
processes. (i) The direct reductive elimination through TSL,, yielding PdL, cata-
lyst and Ph, species (blue path in Figure 7.5). In this case, only Cis-Pdk(Ph,)
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can undergo the direct reductive elimination, because of the more stable isomer
Trans-PdL(Ph),. (ii) The isomerization yielding Trans-PdL,(Ph),, more stable
with respect to the cisone, and then, upon the loss of a ligand and the formation
of [LPd(Ph),] species, the reductive elimination through TSL-Cis transition state.
[LPd(Ph),] species can exist in two different conformations (Cis-PdLPh and Trans-
PdLPh) with the two phenyl groups cis and trans to each other respectively. In
general, LPh-Trans is much more destabilized with respect LPh-Cis, therefore the
isomerization process from the former to the latter is thermodynamically favored.
(iif) The dissociative pathway, which involves the loss of a ligand from [L ,Pd(Ph),]
to form [LPd(Ph) ], followed by the reductive elimination through the TSL-Cis
transition state.

The competition between these three possible pathways , as well as the activa-
tion barriers, signi cantly depends on the size and the electronics of the ligand.
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7.4 Energetic aspects

As an example, we report in Figure 7.5 the general energetic pathway for the re-
ductive elimination of Ph, from cis[(PH3),Pd(Ph,)]. Among the two L ,Pd(Ph),
complexes, thecisone is more stable than thetrans by 0.4 kcal mol *. The direct
reductive elimination from cis[(PH3),Pd(Ph,)], through TSL , (Figure 7.6), exhib-
its a barrier of G? = 9.4 kcal mol !. The dissociative pathway, involves the loss
of a ligand to form cisPdL,(Ph), ( G= 3.4 kcal mol ?) and the formation of C-C
bond through TSL-Cis (Figure 7.6). The two possible transition states, TSk and
TSL-Cis, show different bond distance between the carbons of the phenyl rings
(1.983 and 2.173 respectively). This suggest that in TSL, the formation of Ph-
Ph is well advanced, and, in theory, this species is higher in energy. The pathway
that involves the isomerization from cis[(PH3),Pd(Ph)] to trans-[(PH3),Pd(Phy)]

( G= 0.4 kcal mol 1), followed by the loss of a ligand to form trans-PdL(Ph),
( G=10.9 kcal mol 1) and the formation of Ph-Ph throug TSL-Cis is not energe-
tically favored. Indeed, over the isomerization to form trans-PdLy,(Ph),, in order
to have the reductive elimination, a further isomerization to form cisPdL(Ph), is
required. In theory, this latter step passes through a transition state, which could
be not located on the potential energy surface.

Figure 7.5: Different pathways for the reductive elimination of Ph-Ph starting from cis
[LoPd(Ph),] complexes. In blue is highlighted the direct elimination from {Pd(Ph),]
complexes, while in red the dissociative pathway.
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@ TSL (b) TSL-Cis

Figure 7.6: Structures of the transition states, bearing PHas ligand, relative to the
two pathways considered: direct (TS)and dissociative (TSL-Cis).

7.4.1 Direct Pathway from L ,PdPh,-Cis

In Table 7.1 are reported the relative free energies for the different species involved
in the direct reductive elimination from from the cisisomer of [L,Pd(Ph),]
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Ligand trans-PdLy(Ph), TSL L,Pd + Ph-Ph
P1 0.4(-0.1) 9.4(9.3) -25.6(-27.3)
P2 -6.0(-5.5) 12.9(12.3) -23.4(-28.3)
P3 -5.3(-4.8) 12.4(11.8) -21.1(-27.4)
P4 -12.5(-10.9) 8.3(7.4) -32.0(-40.4)
P5 - - -

P6 -5.5(-4.9) 3.6(3.3) -35.6(-37.3)
P7 -10.0(-8.4) 7.8(7.1) -36.2(-50.3)
P8 0.0(-1.2) 13.8(12.1) -26.0(-27.7)
P9 -0.1(-1.0) 13.2(11.4) -20.3(-24.7)
P10 -2.9(-2.3) 13.0(12.1) -29.7(-28.9)
P11 2.3(2.0) 17.1(15.0) -21.1(-22.8)
C1 -4.0(-4.0) 22.7(22.0) -17.5(-24.5)
C2 -4.7(-4.8) 23.6(22.2) -17.0(-21.9)
C3 -4.0(-4.0) 22.8(21.7) -12.3(-12.4)
C4 - - -
C5 - - -
C6 - - -
C7 - - -

Table 7.1: Relative free energies (G) for the direct reductive elimination from Cis-
PdPdL(Ph), and the isomerization to its trans conformation. The energetic values,
reported in kcal mol 1, are calculated relatively to Cis-Pd(Ph),. In the parenthesis
are shown the values calculated without including the dispersion correction to the
energy.

PRs; Ligands

The data collected in Table 7.1 show that for all the PR; ligands, but P5, all
the points could be located on the potential energy surface. In the case of P5,
the steric bulk of the ligand prevents the optimization of all the points.

For all the phosphine series, except for P1, P8 and P11, the isomerization
to Trans-PdLy(Ph), is thermodynamically favored, suggesting that the latter
isomer is more stable than cis-Pdk(Ph),. Unfortunately, no transition state
associated with this isomerization process could be located on the poten-
tial energy surface. The phosphines bearing aliphatic R groups (P2, P4, P7)
are associated with the most stable trans-Pdk(Ph), species ( G =-6.0 kcal
mol 1, -12.5 kcal mol 'and -10.0 kcal mol ). These values are not sens-
ibily affected when the dispersion corrections are not included. The values
of G range from 1.6 kcal mol (P4 and P7) to -0.5 kcal mol (P1). As
expected, the most important corrections due to the dispersion corrections
are associated with the most bulky ligands (P4 and P7) since there is a large
number of pairwise interactions between non-bonded atoms with mutual dis-
tance typical of Van der Waals attraction.

From cis-PdL(Ph),, the C-C bond formation through TSL; is associated to
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activation barriers ranging from G? = 3.6 kcal mol (P6)to G =17.1

kcal mol 1(P11). The phosphite ligands exhibit the highest barriers for the
series. The values of these activation barriers are not signi cantly affected
when the dispersion corrections are not included. The G values range
from -2.1 kcal mol 1(P11) to -0.1 kcal mol %(P1). The formation of PdL, +

Ph, species is an exoergonic process.

The reaction energies are more affected when no dispersion are considered,
with G values ranging from -14.1 kcal mol (P7) to -1.7 kcal mol *(P1,
P8 and P11). This is due to the fact that, upon the formation of the two
fragments PdL, and Ph,, many pairwiese interactions between non-bonded
atoms are lost. This destabilizes cis-Pdi(Ph), species much more than thw
two separated fragments.

NHCs Ligands

In the case of the NHC ligands, the steric bulk prevents the characterization
of the reaction pathway for C4-C7. Only for the smallest NHC (C1-C3) the
points could be located.

Similarly to the phosphine case, the isomerization yielding trans-PdL,(Ph),
is an exoergonic process, with a reaction energy ofca -4 kcal mol 1. These
values are not altered when the dispersion corrections are not included.

The activation barriers associated to TSk are higher than the barriers for the
phosphine series, with values of ca 22-23 kcal mol *.

Similarly to the phosphine series, the formation of L,Pd + Ph, is an exoergo-
nic process, with reaction energies ranging from G =-12.3 kcal mol (C3)
to G =-17.5 kcal mol 1. The inclusion of the dispersion corrections make
more stable the systems bearing C1 and C2 carbenes as ligands ( G =
-7 kcal mol land G = -4.9 kcal mol 'respectively), whereas C3 is not
affected by these corrections.

7.4.2 Dissociative Pathway from L ,PdPh,-Cis

The dissociative pathway involves the loss of a ligand from L,PdPh, to form cos-
PdL(Ph), or trans-PdL(Ph), (see Figure 7.7) , followed by the formation of the C-C
bond through TSL-Cis with the formation of LPd + Ph, species.

cis-PdLy(Ph), species can also isomerize to yield §PdPh-Tr complex, (see Fi-
gure 7.7) followed by the loss of a ligand and the formation of LPd + Ph, species
through TSL-Cis. Starting from L,PdPh, the preference to follow one path with
respect to another depends on the size and the elctronics of the ligand.

In Table 7.2 are reported the relative free energies for the different species
involved in the dissociatie pathway.

PRs; Ligands
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(a) cis-PdLPh (b) trans-PdLPh,

(c) TSL-Cis

Figure 7.7: Structures of LPdPhiCis, LPdPkhTr and TSL-Cis , bearing PHas ligand.
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Ligand trans-PdL,Ph, cis-PdLPh trans-PdLPh TSL-Cis LPd + Ph G*
P1 0.4(-0.1) 3.4(12.2) 10.9(19.1) 5.9(15.0) -25.6(-27.3) 2.5(2.8)
P2 -6.0(-5.5) 23.9(14.6) 27.5(18.7) 29.6(20.1) -23.4(-28.3) 5.7(5.5)
P3 -5.3(-4.8) 26.3(13.0) 25.6(13.5) 31.8(18.3) -5.1(-19.3) 5.5(5.3)
P4 -12.5(-10.9) 14.7(-3.0) 19.7(3.8) 19.9(1.8) -17.0(-35.7) 5.2(4.8)
P5 0.0 -20.6(-43.2) -4.9(-25.7) -16.8(-39.6) -39.5(-70.0) 3.8(3.6)
P6 -5.5(-4.9) 15.2(-7.0) 22.9(3.2) 19.5(-2.9) -18.8(-41.9) 4.3(4.1)
P7 -10.0(-8.4) 20.9(-3.9) 22.5(1.0) 26.0(0.7) -9.5(-35.5) 5.1(4.6)
P8 0.0(-1.2) 25.5(10.8) 32.1(18.7) 28.8(14.7)  -9.3(-23.8) 3.3(3.9)
P9 -0.1(-1.0) 28.0(9.4) 33.4(17.0) 32.3(13.6) -4.9(-23.9) 4.3(4.2)
P10 -2.9(-2.3) 20.6(10.5) 24.7(15.0) 23.8(13.8) -15.0(-25.9) 3.2(3.3)
P11 2.3(2.0) 3.4(5.0) 9.0(11.8) 7.0(8.5) -19.0(-24.6) 3.6(3.5)
C1 -4.0(-4.0) 30.6(21.1) 36.2(27.0) 35.1(25.5) 16.9(1.6) 4.5(4.4)
Cc2 -4.7(-4.8) 32.5(22.8) 35.8(26.2) 37.3(27.3) 19.1(3.3) 4.8(4.5)
C3 -4.0(-4.0) 32.7(22.7) 37.5(27.7) 37.1(26.9) 17.7(1.7) 4.4(4.2)
C4 0.0 -12.3(-47.3) - -8.7(-45.4) -25.2(-72.9) 3.6(1.9)
C5 0.0 21.9(-7.2) - 26.5(-4.1) 10.9(-28.2) 4.6(3.1)
C6 0.0 -25.5(-63.0) - -19.9(-58.7) -37.3(-87.5) 5.6(4.3)
Cc7 0.0 20.6(-9.8) - 26.7(-4.8)  10.6(-30.3) 6.1(5.0)

Table 7.2: Relative free energies (G) for the dissociative pathway from cis-Pd({Ph),
and the isomerization to its trans conformation. In red are the values of relative free
energies calculated relative to trans-Pg(Ph),. The energetic values, reported in kcal

mol

1 are calculated relative to cis-Pd(Ph),. G* values are calculated as difference

between the relative free energies of TSL-Cis and LRBdPis. In the parenthesis are

shown the same values calculated without including the dispersion correction to the

energy.

For all the PR; ligands, but P5, all the points could be located on the po-
tential energy surface. In the case of P5, the steric bulk of the ligand pre-
vents the optimization of cis-PdL,(Ph),. This suggests that for this system,
upon the transmetalation process, only trans-PdL(Ph), can be formed and,
consequently, only the latter species can take place in the dissociative path-
way. In the case of the system bearing P5 as ligand, the dissociative pathway
was considered taking trans-PdL(Ph), as reference, since is the only stable
L,PdPh species arising from the transmetalation process. In Table 7.2, the
energetic values calculated reltive to trans-PdL(Ph), are indicated in red.
It was already shown in the previous section that trans-PdL(Ph), is more
stable than L,PdPh-Cis, and then the isomerization from cis-PdL(Ph), to
trans-PdLy(Ph), is thermodynamically favored for all the species, except for
P1, P8 and P11.

Conversely, the loss of a ligand from cis-PdL(Ph), to form cis-LPd(Ph), is
an endoergonic process, with energetic values ranging from G = 3.4 kcal
mol 1(P1 and P11) to G = 28.0 kcal mol (P9). In the case of P5, cis-
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PdLPh is more stable by G =-20.6 kcal mol with respect trans-PdLy(Ph),.
When the dispersion corrections to the energy are not included, these values
are sensibly altered, leading to an higher stabilization of cis-PdL(Ph) of cisca
10-20 kcal mol 1, except for P1 and P11 that exhibit a destabilization of 8.8
and 1.6 kcal mol 'respectively. Once formed, cis-PdL(Phy can also isomer-
ize to yield trans-PdL(Ph),. Nevertheless, this isomer is much more destabil-
ized than the cis one, with energetic values ranging from G = 9.0 kcal
mol 1(P11)to G = 33.4 kcal mol (P9). In the case of P5, trans-PdL(Ph)
is destabilized by G = 15.7 kcal mol 1.

In absence of the dispersion corrections, such complexes are more stabilized
by ca 3-16 kcal mol *. The bigger the ligand, the more important this cor-
rections will be, leading to signi cantly different values of reacting energies
computed without dispersion corrections. Conversely, because of its destabil-
ization, when trans-PdL(Ph), species is formed by the loss of a ligand from
L,PdPh-Tr, it fast isomerizes to form cis-PdLPh. For such reasons, it can be
assumed that trans-PdL(Ph) species do not partecipate in the dissociative
pathway of the reductive elimination. Therefore, the activation barriers G*
for such pathway are calculated as difference between TSL-Cis and LPdRh
Cis.

These barriers are quite low, with values ranging from G?=2.5 kcal mol (P1)
to G?=5.1kcal mol %(P7). The absence of the dispersion corrections does
not modify these values, with G values ofca0.2 - 0.4 kcal mol *. Despite
the lower values of G?, the dissociative pathway is not energetically favored
for the phosphines ligands, since the loss of a ligand from LPdPh-Cis is a
more endoergonic process with respect to the associative one, as shown in
the previous section.

NHC Ligands

In the case of the NHC ligands, the steric bulk of C4-C7 prevents the optimiz-
ation of trans-PdL,(Ph), and trans-PdL(Ph). Consequntly, as well as P5, for
the systems bearing such ligands the enrgetic pathway was calculated with
cis-PdLy(Ph), as reference (energetic values in red).

C1-C3

For the smallest carbenes (C1-C3), the isomerization of cis-Pdi(Ph),-Cis to
form trans-PdL,(Ph), is an exoergonic process, with G values ofca-4 kcal
mol 1. The absence of the dispersion corrections does not in uence these
values. Conversely, the loss of a ligand from trans-Pdi(Ph), to form trans-
PdL(Ph), exhibits high energy values (ca 32-34 kcal mol 1), as well as the
transformation from L ,PdPh-Cis to form LPdPh-Cis (ca 36-37 kcal mol 1).

The activation barriers G* are calculated as difference between TSL-Cis and
LPdPh-Cis. Similarly to the phosphine series, these values are quite low (ca
4 kcal mol 1), and the dispersion corrections do not show any in uence on
such values.
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The formation of LPd + Ph, is an endoergonic process, with G values by
ca16-19 kcal mol 1. The absence of the dispersion corrections in such case,
decrease such G values of ca 15-16 kcal mol .

C4-C7

For the biggest carbenes (C4-C7), cis-Pdi(Ph), can not be located on the po-
tential energy surface, and trans-PdL(Ph), is taken as reference for the cal-
culations of the energetic pathway. In addition, for C4-C7, the steric bulk also
prevents the optimization of trans-PdL(Ph),. The loss of a ligand from trans-
PdL;(Ph), to form cis-PdL(Ph), is an endoergonic process for C5 and C7 ( G
= 21.9 kcal mol 'and 20.6 kcal mol ‘respectively), whereas it is exoergo-
nic for C4 and C6 ( G =-12.3 kcal mol 'and -25.5 kcal mol ‘respectively).
When the dispersion corrections are not included, the energetic values for
such process are lower, and, in the case of C5 and C7, become negative (-7.2
kcal mol 'and -9.8 kcal mol ‘respectively). The activation barriers G?, as
well as for the smallest carbenes, exhibit low values, from G* = 3.6 kcal
mol 1(C4)to G?*=6.1kcal mol (C7).

The formation of LPd + Ph, is endoergonic for C5 and C7 ( G = 10.9 kcal
mol *‘and 10.6 kcal mol *respectively), whereas is exoergonic for C4 and C6
( G =-25.2 kcal mol 'and -37.3 kcal mol lrespectively).

When no dispersion corrections are included, such values are drastically af-
fected. In particular, for C5 and C7, the process becomes exoergonic (G

=-28.2 kcal mol 'and G =-30.3 kcal mol ‘respectively), whereas, for C4
and C6,the G values are as high as 47-50 kcal mol?.
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7.5 CD-NOCV Analysis

In this section, we investigate the electronic effect of seven different ligands (Fi-
gure 7.8), on the reductive elimination of Ph-Ph from PdL,(Ph),. Despite different
pathways for such processes are possible, we describe only the dissociative one. In
particular, we focused on the dissociative involving trans-PdL,Ph, as a reactant and
TSL-Cis as transition state. This is due either to the fact that it allows to identify a
speci ¢ axis between the ligand and the palladium along the reaction path and the
energetic barriers ( E?) are quite different along the ligand series.

Figure 7.8: List and abreviations for the ligands (L) considered for the CD-NOCV
analysis.

Our goal was to investigate how the energetic barriers of the process ( E)
were in uenced by the electronic properties of each ligand. Such electronic ef-
fects were studied by applying the innovative CD-NOCV Charge Displacement by
Natural Orbitals for Chemical Valenceanalysis on the L-Pd bond, which provides a
description of a chemical bond in terms of charge transfer between two chemical
fragments in different symmetries ( -donation and -backdonation). In particular
we were interested to examinate how such bond components change going from
L,PdPh, to TSL-Cis transition state and how they in uence the energetic barriers.
Furthemore we correlated the bond components also with the alteration of L-Pd
and C-C bond distances along the path.

In order to compare the properties of the various ligands, we de ned relative
qguantities, ! ,! and K_ pq as shown in the equation 7.1 - 7.3. These quantities
express the variation of some values from LPdPh, to TSL-Cis.

_ c1(S) 10 _cT
ct(© ct©@

(7.1)
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T(TS) CT(TS) d(TPSd) are the charge transfer between the ligand and the
palladium, in the two different symmetries, and the L-Pd bond distance calculated
for TSL-Cis.

T(O) c1(® and d(I_OF)>O|
PdL,(Ph),-Tr systems.

The magnitudes! ,! ,K_ pqrepresent, respectively, the variations in percent-
age in the process of reductive elimination of the -donation, the backdonation,
and the ligand-palladium bond distance. Positive values of these magnitudes sug-
gest their increase in the process, as well as negative values suggest their decrease.

In Table (7.3) are shown the activation energies ( E?), the ligand-Palladium
bond distances (in Angstrom) and charge transfers results (e) obtained from the
CD-NOCV analysis relative to either trans-Pdi(Ph), or TSL-Cis.

are the corresponding values calculated for trans-

L,PdPh,-Tr complexes

The complexes associated with tertiary phosphines as ligands have longer ligand-
palladium bond distances. In particular, P4, because of its steric bulk, shows the
longest distance (2.316 ), whereas the two carbenes C1 and C2 the shortest ones
(2.018 ). Analyzing the DCD components in Table 7.3, in the L,PdPh-Tr systems,
cT(TS) is the more tunable component of the bond, with values ranging from -
0.161 e (C3) to -0.206 e (P4). P4 shows the highest -donation value toward
palladium, and, in general the tertiary phosphines exhibit a higher donor ability
with respect the carbenes. P4 exhibits also the lower acceptor ability, with ctTS)

= 0.199 e, whereas P1 the higher c1(TS) value (0.225 e). In general, there is
not so much difference in the acceptor capacity between phosphines and carbenes.

P4 is the only system that shows a negative value of Cﬁr ) (net charge transfer
from ligand to palladium), whereas for the other systems the net charge transfer is
toward the ligand.

TSL-Cis complexes

TSL-Cis is the transition state relative to the reductive elimination of Ph, from
PdL;(Ph), complexes, upon the loss of a ligand. The process that leads to TSL-Cis
alterates the L-Pd bond distances and, therefore, the bond components between
them.
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In TSL-Cis, the c*tTS) values have a smaller range of variation, from ctTS) =
-0.177 e (P1) to c1(TS) = 0.215€ (P4). In general, except for P1, the phosphines

exhibit a higher donor power with respect the carbenes. Analyzing the ctTS)
component, once again the phosphines show the higher acceptor power (0.179 e
for P1), whereas carbenes and P4 the lowest values, from 0.133 e (P4,C1 and C3)
to 0.143 e (C2). Also in TSL-Cis, CtTS) is the more tunable component of the
L-Pd bond.

Analyzing the values reported in Table 7.4, in the process from LPdPh-Tr to
TSL-Cis, the L-Pd bond distances increase in all the system, and the values of Kp 4
give an indication about such alteration. The systems associated with P4, C1 and
C2 ligands show the highest increases of the bond distance (K pq = 0.034, 0.035
and 0.034 respectively). The smallest phosphines (P1 and P2) show the lowest
increases (K pg =0.029 and 0.025 respectively). Analyzing the activation bar-
riers EZ, their values range from E?=51.7 kcal mol 1(P1)to E?= 64.0 kcal
mol 1(C3). The systems with tertiary phosphines are associated with the lower

E‘values.

Analyzing the variations of the bond components (! and! ), for all the sys-
tems, except for P1, the! values are positive, suggesting that the ligands in the
process increase their donor power to the palladium. In particular, the carbenes
exhibit the highest values of !  (0.137 for C3), whereas P1 loses its donor abil-
ity in the process (! =-0.043). Futhermore, the ! values are negative for all
the systems, suggesting a loss of acceptor capacity of all of them. In particular,
this loss is more important for the carbenes, with values of! of ca (-0.340) to
(0.360). Among the phosphines series, P5 exhibit the most pronunced loss of ac-
ceptor capacity (! =-0.331). These results can be rationalized as follows: when
trans-PdLy(Ph), loses a ligand and the two phenyl rings approach to form the y-
shaped transition state, the electron density on the palladium decrases, and, in
order to stabilize the palladium center, the ligand is forced to increase its donor
ability. Furthermore, since the palladium increases its donor ability toward the two
phenyl rings, it loses the ability to transfer electronic density toward the ligand in

-symmetry. These electronic rearrangements, as already seen for the oxidative
addition, are more remarkable for the NHC ligands, but, contrary to what was
observed for the oxidative addition (see Chapter 5) are not correlated. In the oxi-
dative addition process, the bigger the increase of the L. Pd -donation, the lower
the L Pd -backdonation, and the linear correlation between these electronic re-
arrangements was satisfying. In the reductive elimination process, the correlation
between! and! is not observed. In addition, among the two processes, the
ranges of variation! and! are quite different. In the oxidative addition process,
the ! values range from -0.027 to 0.267, while in the reductive elimination from
-0.043 to 0.137. Similarly, the ! values range from -0.250 to -0.380 in the oxida-
tive addition process, and from -0.201 to -0.364 in the reductive elimination pro-
cess. This suggests that the ligands are more able to change their donor-acceptor
properties in the oxidative addition, since in such process the coordination of PhBr
fragment on palladium is involved.
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7.5.1 How Ligand-Palladium bond in uences the
energetic barriers (  E?)

In the previous section we have shown how different ligands, in the process of
reductive elimination of Ph, from trans-Pd,(Ph), change their donor-acceptor abil-
ities. In particular, we analyzed the nature of these variations in terms of charge
transfers toward the palladium ( -donation) and from the palladium ( -backdonation).
We now extend the analysis to the energetic barriers ( E?) of the process. FE*
were calculated without the inclusion of the dispersion corrections, since we were
interested only to the electronics effects of the ligand in the process. The values
of E? are reported in Table 7.4, and range from 51.7 kcal mol 1(P1) to 64.0 kcal
mol 1(C3). In general the phosphines exhibit lower values with respect to NHC
ligands. C2 and C2 systems have the same E* values (59.1 kcal mol and 59.0
kcal mol 1respectively), despite they have a different electronic structure. In this
section we analyze the E? values on the basis of CD-NOCYV analysis of L-Pd bonds.
In Figures 7.9 and 7.10 are shown the FE* values versus the! and! values.

Figure 7.9: Correlation between E (kcal mol ) and ! values for each analyzed
ligand.

Figure 7.9 (R? = 0.838) shows a correlation between the energetic barriers of
the process ( E*) and the capacity of the ligand to increase its donor power (! ).
The bigger the capacity of the ligand to increase its donor power, the higher the
activation barrier will be. The ligands that exhibit low ! values (negative in the
case of P1) show lower values of E*. Another correlation between E* and!
can be observed in Figure 7.10.

Figure 7.10 shows that all the ligands lose their -acceptor capacity in the pro-
cess. The higher the loss of accepting capacity!( negative) , such as NHCs, the
higher the activation barrier will be. More generally, the ligand that exhibits the
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Figure 7.10: Correlation between E* (kcal mol ') and! values for each analyzed
ligand.

larger change in their electronic in uences (NHC) are associated with larger activ-
ation energies.

No correlation between the electronic rearrangmets and K pq4 could be ob-
served.

These results, similarly to what observed for the oxidative addition, can be
qualitatively rationalized as follows: when trans-L,Pd(Ph), loses a ligand, the
Pd(Ph), fragment is more able to accept electronic density from the palladium
center. Therefore the ligand, in order to stabilize the palladium center, is forced to
increase its donor ability. Furthermore, upon the loss of a second ligand intrans
to the rst one, the latter loses the ability to transfer electronic density toward the
ligand in  -symmetry.

These results need a parallel analysis on the Pd-C bonds, as already done for
the oxidative addition on the basis of the NBO methodology. Unfortunately, the
NBO analysis has not given satisyting data.
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2 trpd)() cTO® @ ct® @) c1Q (e

rNUQU_\dmun_uq.
P1 i 2.264 -0.185 0.225 0.0395
P2 i 2.282 -0.201 0.210 0.0091
P3 i 2.285 -0.202 0.220 0.0175
P4 i 2316 -0.206 0.199 -0.0067
c1 i 2.018 0.173 0.204 0.0309
c2 i 2.018 -0.180 0.218 0.0378
c3 i 2.033 -0.161 0.209 0.0478
2 (L-pd) () cTTS) ) c1(™S) (¢) c1llP) (e)

TSL-Cis
P1 517  2.330 0.177 0.179 0.002
P2 555  2.338 -0.213 0.166 -0.047
P3 553  2.354 -0.209 0.169 -0.040
P4 588  2.394 0.215 0.133 -0.082
Cc1 591  2.088 -0.191 0.133 -0.058
c2 590  2.086 -0.197 0.143 -0.055
c3 640  2.087 -0.183 0.133 -0.050

Table 7.3: Activation energies ( ), ligand-Palladium bond distances (in Angstrom) and charge transfers results (e) obtained
from the CD-NOCYV analysis for the considered series g#dPh-Tr and TSL-Cis systems.
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E ! ! KL pd
P1 51.7 -0.043 -0.201 0.029
P2 555 0.060 -0.210 0.025
P3 553 0.035 -0.231 0.030
P4 58.8 0.044 -0.331 0.034
Cl 59.1 0.104 -0.348 0.035
C2 59.0 0.094 -0.346 0.034
C3 64.0 0.137 -0.364 0.027

Table 7.4: Activation energies ( &), ! , !

CD-NOCV analysis.

, and K_ pg4 values obtained from the
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7.6 Conclusions

In this chapter, we have carried out a computational analysis on the reductive
elimination of biphenyl (Ph-Ph) from L ,Pd(Ph), complexes with different ligands.
Between the two possible pathways, the direct pathway, from cisL,Pd(Ph),, is
more favorable for the aliphatic systems (as IpsP, PH;, and Cy;P), while it is dis-
favored for the phosphites and the aromatic systems (except for PP¥). This path-
way is not possible for the systems bearing bulky ligands ( Ptby and the biggest
carbenes). The smallest carbenes show the highest energetic barriers for such pro-
cess ( G? = 22-23 kcal mol 1), making such ligands not suitable for the direct re-
ductive elimination. The dissociative pathway, involving the loss of a ligand from
cisL,Pd(Ph), and trans-L,Pd(Ph),, leads to the formation of cisLPd(Ph),, while
trans-LPd(Ph), are destabilized for all the ligand series. The energetic barriers for
such process are very close among them (G? = 2-5 kcal mol 1). cisLPd(Ph), are
more stabilized when L = PH3, Plpr; PhgP and OEgP. Conversely, such species are
much more destabilized when the ligand is a carbene.

This study shows that it is not possible to predicta priori which kind of ligand
favors the reductive elimination without a detailed analysis of the L-Pd bond. We
have carried out such an analysis, for seven representative ligands, on the basis of
NOCV-CD analysis. The purpose of this study was to show that the donor-acceptor
power of a ligand can not be rationalized only on the basis of the nature of the
ligand and many other factors can be considered (the metal center, the oxida-
tive state of the metal, the species surrounding the ligand, etc). For example,
differently to what can be found in the literature, we have shown that, in trans-
PdL,(Ph),, the phosphine ligands have an higher donor power toward the palla-
dium center and an higher acceptor power than the carbenes (excpet for tbyP).
The same analysis in TSL-Cis gives the same quantitative results. This suggests
that, more than focusing on the analysis of one species in a process, one could ana-
lyze the electronic rearrangement of a ligand going from a reactant to a transition
state. In the case of the reductive elimination from trans-PdL;(Ph), to TSL-Cis,
we have shown that the ligands are forced to increase their donor ability toward
the palladium to stabilize the system, and in addition they lose their acceptor ca-
pacity from the palladium. These electronic rearrangements are more remarkable
for the carbenes, to which are associated the highest electronic barriers (calculated
without dispersion corrections and Gibbs corrections). There are satysfsing cor-
relations between these rearrangements [ and! ) and the electronic barriers,
suggesting that this methodology, can provide several tools to a better design of
ligand in chemical processes.
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General Conclusions

In this thesis we provided theoretical studies on several palladium catalyzed cross-
coupling processes, with the goal to gain a better understanding of such reactions
using the tools of computational chemistry. In the rst chapter we provided an
historical overview of the palladium cross-coupling processes, pointing out the im-
portance of this kind of catalysis, the features of the palladium and the reasons for
which this metal is preferred over the others metals of groups 10 and 11 in the
cross-coupling processes.

In the second chapter we presented the theoretical models considered for our
analysis. The most essentially tools used in this work are:

Density Functional Theory(DFT) for the characterization of the energetic
paths with the relative stationary points.

Dispersion correction to the energyased on the Grimme model, in order to
analyze how such corrections change the relative energies of the stationary
points along the energetic paths and, consequentely, the activation barriers
of the different processes.

Charge Displacement Analysis by Natural Orbital for Chemical ValengeD-
NOCYV) for a detailed study of the L-Pd chemical bond, by which we obtained
reliable and consistent measures of -donation and -backdonation charges.

Natural Bond Orbital Analysis(NBO), to quantify the interactions between the

palladium and the organo-halide substrate, in the oxidative addition and re-

ductive elimination processes, in order to investigate how these interactions
are in uenced by changing the auxiliary ligand bounded to palladium.

The thesis was divided in two main parts. The rst one, called REAL SYS-
TEMSwas devoted to a mechanistic investigation, at the DFT level, on experi-
mental processes with the goal of reproducing experimental parameters and of
clarifying their origin. The second one, called MODEL SYSTEMSvas devoted to a
better understanding of the effect of different ligands on the most common steps
of Pd-catalyzed processes.

As rst example of REAL SYSTEM®&e have studied the Pd-catalyzed hydro-
phosphonylation of alkenes with dialkyl H-phosphonates (Chapter 3). For this
reaction, experimentally, a completely different regioselectivity of the two possible
products, highly dependent on the nature of dialkyl-H phosphonate substrates, was
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found. The theoretical mecanistic study of this reaction was complicated by the
several different conformations of the L-Pd(styrene) species, very close in relative
energy among them, which led to different energetic pathways with the relative
regioselectivity. Since a rationalization of the different regioselectivities on the base
of a pure mecanistic study was problematic, we carried out a theoretical kinetic
model, using the COPASI software and the Eyring model. The goal of this study was
to reproduce the experimental ratio of the two possible products and individuating
the most accesible energetic pathways. The results were in a very good agreement
with the experiments, showing how this kind of kinetic models can be of great help
in absence of mecanistic data.

The second example ofREAL SYSTEMS§udied was the arylation of uoroben-
zene mediated by Pd(0) catalyst (Chapter 4). The experimental results show that
the C-H bond activation of the uorinated substrate is the rate determining step
of the whole process. Our theoretical investigation was devoted to clarify which
energetic pathway was preferred and to reproduce the activation barrier. In the
process, the silver carbonate (AgCQO;) was used as base, and, depending on its
nature (AgCO; or AgCQO; ) two energetic pathways are possible. Our calculations
clearly suggest that the pathways involving AQCQ as base is preferred in terms
of energy. In addition, we proved that the C-H bond activation is the rate determ-
ining step, with a relative energetic value that is in a very good agreement with the
experiment.

As prototype of MODEL SYSTEMve performed calculations on the Negishi
catalytic cycle with different ligands, among tertiary-phosphines and heterocyc-
lic carbenes, with the goal of analyzing the effect of different ligands on the three
main steps of the cycle. Moreover, a comparative mechanistic study, including and
not including the dispersion correction to the energy was carried out.

In the case of oxidative addition (Chapter 5) two possible mechanisms are pos-
sible: associative and dissociative. The phosphines are much more ef cient in
favoring this step than the carbenes (except for the phosphites), showing lower ac-
tivation barriers. The inclusion of the dispersion correction to the energy changes
the energetic for the systems bearing bulky ligands, while for the small ligands such
correction is essentially negligible. The dispersion corrections favor much more the
associative pathway, because of the presence of a large number of pairwise intera-
ction between non-bonded atoms.

For the transmetalation step (Chapter 6) a single mechanism for all the ligands
was found. In absence of additional species, this step in many case is largely
disfavored. This mechanism can occur with both thecis and trans isomers of Pd
complex. The main effect of the dispersion corrections, especially on the bulky
systems, is lowering the activation barriers. However, in some case (L = P(iPr}
for example), even if the dispersion corrections lower the barrier for the trans
pathway, the cisone is still favored due to the relative positions of the stationary
points.

For the reductive elimination step (Chapter 7), as seen for the oxidative addi-
tion, associative and dissociative pathways are possible. The phosphines are much
more ef cient in favoring this step than the carbenes showing lower activation
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barriers. The inclusions of the dispersion corrections, especially for the bulky sys-
tems, favor the associative pathway. Summarizing the results for these three main
steps, the nature of the ligand change the rate determining step of the whole cycle,
and the lower values of the rate determining step are associated with the aromatic
phosphines.

As additional study, we have carried out a theoretical investigation, on the dis-
sociative pathways of oxidative addition, by using the CD-NOCV and NBO model
on several ligands. The main goal of the study was to investigate how the bond
components ( -donation and -backdonation) change going from the reactant to
the transition states, and how these bond components in uence the activation bar-
riers. The prelimiary results show that, in the process, all the ligands (except
PH; and P(Me);) increase their donor power, while their acceptor power decrease.
These electronic rearrangements are more remarkably for the carbene ligands. The
more important is the electronic rearrangement in the process, the highest the ac-
tivation barrier will be.
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RAsum@ en Fran ais

Cette thtse est dddide I'Gtude, aux moyens des m@thodes de la chimie computa-
tionnelle, de certains processus de formation de liaisons C-C catalys@s par des com-
plexes du palladium. L'objectif essentiel de ce travail est d’essayer de comprendre
plus nement les in uences @lectroniques et stdriques des ligands ancillaires sur
l'activitd des catalyseurs.

Le premier chapitre de la thtse est consacrd une prdsentation du contexte
expdrimental associ@ aux processus de couplages C-C catalys@s par le palladium.
Un bref panorama historique de ce type de r@action est tout d’abord dress@ en
prdsentant les processus de couplage catalys@s au cuivre (Glaser, Ullman), pour
ensuite aborder une pr@dsentation des processus au palladium (Heck and Suzuki-
Miyaura). Ceci permet d’avoir clair I'esprit les Gtapes fondatrices ayant permis
de d@velopper ce champ de recherche. Ensuite une prdsentation gdndrale de cycle
catalytique de ces transformations permet de d@ nir les trois grandes classes de
rdactions qui seront abord@es dans ce travail doctoral :

addition oxydante
transmetallation

@limination rdductrice

Ce premier chapitre se termine par une description des atouts que rev(Et une
approche th@orique permettant de mieux comprendre les m@canismes de r@action.
Il y est fait notamment mention de la capacitd d’explorer diff@rents chemins rdac-
tionnels a n de pouvoir ddterminer lequel est le plus favorable. On peut notam-
ment ainsi tester I'in uence des propridtds Jlectroniques et stdriques des diffdrents
ligands autour du m@tal pour favoriser ou, au contraire, ddfavoriser une voie par-
ticulitre.

Le second chapitre est essentiellement consacrd une prdsentation succinte
des aspects th@oriques associds aux diffdrentes m@dthodes calculatoires utilisdes.
Comme la totalitd des calculs de cette thkse ont @t@ effectuds grce la th@orie
de la fonctionnelle de la densitd, un bref rappel des hypothtses de base de cette
approche est prdsentd. Il ne s’agit pas ici d’Etre exhaustif, mais plut t d'indiquer
les points de reptres cruciaux de la m@dthode. Comme ces dernitres ann@des se sont
ddveloppdes des m@thodes permettant de prendre en compte les intdractions non-
covalentes entre atomes, souvent mal reprdsentdes par des approches DFT, une
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prdsentation rapide de I'approche de Grimme est donn@de. Cel permet au lecteur
de rapidement se faire une idde de comment ce type d’interactions peut Etre in-
troduit faible col3t dans les calculs. L'objet de la tht.se est d’obtenir des chemins
rdactionnels mais aussi d’essayer de comprendre pourquoi telle ou telle @tape est
plus ou moins dif cile. Aussi avons nous utilisd deux m@dthodes d’analyses dans ce
travail. La m@thode NBO (Natural Bond Orbital) essaie de mod@liser I'information
contenue dans la fonction d’'onde comme r@sultant d’'une structure de Lewis. Ceci
conduit une reprdsentation de la structure @lectronique d’une moldcule au moyen
de concepts familiers du chimiste. Une autre m@dthode d’analyse a @t@ utilis@e dans
ce manuscript : la m@thode CD-NOCYV pour Charge Displacement Analysis via Nat-
ural Orbitals for Chemical Valence. Ici il s’agit plutt d'essayer de quanti er les
transferts @lectroniques entre deux fragments A et B lorsqu’une liaison est formde
entre ces deux fragments. Sans tomber dans I'excts des d@veloppements m@thodo-
logiques, ce chapitre prdsente pour chacun des cas le contexte conceptuel permet-
tant d’appr@cier ce que I'on peut attendre des diffdrentes m@thodes.

Aprts ces deux chapitres introductifs, cing chapitres diffdrents prdsentent diffdrents
aspects du travail de tht.se. Les chapitres 3 et 4 sont consacr@ds I'Gtude de trans-
formations effectu@es par des groupes expdrimentaux avec lesquels nous avons
collabor@. Il s'agit d’@tudes sur des systtmes rdels. Les trois derniers chapitres
guant eux sont consacrds des Jtudes sur des systtmes modtles dans I'objectif
de comprendre plus nement linteraction entre effets @lectroniques et stdriques
des ligands sur les trois grands types de r@action mentionnds ci-dessus.

Le chapitre trois est consacrd I'dtude du m@canisme de r@daction d’hydro-
phosphonylation des alctnes catalys@e par un complexe du palladium portant une
phosphine encombr@e (DavePhos). Le travail exp@rimental, effectu@d dans le groupe
du Prof. Jean-Marc Campagne (Ecole de Chimie) avait montrd qu’avec le mEme
catalyseur, la rdgiochimie des produits pour la rdaction du styrkne ddpendait forte-
ment du phosphonate utilisd. Les objectifs des calculs @taient tout d’abord de
ddterminer le m@canisme de r@daction pour ensuite essayer de comprendre l'origine
de l'inversion de r@giochimie observ@de. Les calculs ont @t@d effectuds sur les sys-
ttmes rdels avec prise en compte explicite des interactions non covalentes. Les
calculs ont montr@ que 'addition oxydante P-H sur le palladium n’est pas possible
sur le complexe PdL (L = DavePhos) mais en revanche est possible sur le com-
plexe Pd(L)(L") (L = DavePhos, L’ = Styrene). La coordination du substrat styrtne
est donc un pr@drequis pour que l'activation de la liaison P-H soit possible. En
raison de la gdom@dtrie du ligand DavePhos et du styrt.ne, il a fallu consid@rer huit
complexes diffdrents Pd(L)(L") comme reactifs potentiels pour I'activation P-H. La
proximitd @nergdtique de ces diffdrents complexes n’'a pas permis d’en s@lection-
ner un en particulier (le plus stable) et nous avons donc consid@r@ simultan@ment
huit chemins r@actionnels en paralltle pour chaque phosphonate, soit au total 16
chemins diffdrents. Aprks I'addition oxydante de la liaison P-H, le styrtne coor-
donn@ s’instre dans la liaison Pd-H et, aprts une isom@risation, le produit nal
est lib@r@ aprt.s une Glimination rdductrice formant la liaison P-C. L’abondance des
donn@es calculatoires et la proximitd d’'un grand nombre de valeurs n’a pas per-
mis de mettre en @vidence un chemin particulier qui aurait permis d’expliquer les
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observations expdrimentales. En revanche, au moyen du logiciel COPASI, nous
avons pu construire un modtle cin@tique permettant de consid@rer simultan@ment
les huit chemins. Quatre de ces chemins conduisent tous au mEme rggioisomtre,
alors que les quatre autres fournissent 'autre rdgioisomtre. Les rdsultats de cette
moddlisation cin@tiques ont permis de reproduire, presque quantitativement, les
ratio observ@s entre les deux rdgioisomtres. Plus spdci quement, I'inversion obser-
vde expdrimentalement a @td reproduite par les calculs. Cette @tude montre, qu’en
prenant en compte la complexitd du systtme exp@rimental, les calculs peuvent re-
produire nement les observations expdrimentales.

Le chapitre 4 aborde une @tude de la rdaction d’arylation de uorobenzene cata-
lys@e par un complexe de Pd(0). Les @tudes expdrimentales ont Gtd effectudes dans
le groupe du Prof. Robin Perutz (York). Ce processus consiste en trois @tapes : addi-
tion oxydante C-1 d'un iodure d’aryle, activation C-H du uorbenztne par une base
coordonn@e au palladium, et nalement formation de la liaison C-C par @limina-
tion rdductrice permettant de reg@ndrer le Pd(0). L'dtude de la rdaction d’addition
oxydante a montr@ que l'inclusion des corrections de dispersion a un effet sur la
nature du chemin privildgid. En I'absence de ces corrections, I'addition oxydante de
Ph-1 est pr@f@r@de sur Pd(PPhun catalyseur ne prdsentant qu'une phosphine. En
revanche avec les corrections de dispersion, I'addition oxydante se fait prdf@dren-
tiellement sur Pd(PPhs),, un catalyseur avec deux phosphines. Aprts I'addition
oxydante, la substitution de l'iodure par AQCO,; permet de gdndrer I'espt.ce active
pour activer la liaison C-H de GFsH. Cette activation se fait selon un m@canisme
de type AMLA et les calculs ont montr@d que la prdsence du cation argent favorise
ce processus en crdant des interactions avec les noyaux aromatiques de la phop-
shine. La fonctionalisation est effective gr ce I'@limination rdductrice associde

la formation de la liaison C-C. Au nal I'Gtape cin@tiquement ddterminante est
I'activation C-H en accord avec les rdsultats exp@rimentaux et la barritre calcul@e
est proche de la valeur ddtermin@e par @tude cindtique.

Le chapitre 5 est le premier chapitre qui aborde les systt mes modtles. Il con-
cerne I'dtude de la r@action d’addition oxydante de PhBr sur PdL(n = 1, 2).
Pour cette r@action, la rupture de la liaison C-Br peut se faire soit sur une esptce
mono-L ou bis-L. Nous avons considdr@ toute une sdrie de ligand phosphine L =
PR; et quelques ligands NHC (N-heterocyclic carbenes). Le r@sultat essentiel de
ce chapitre concerne le nombre de ligands L en fonction de l'inclusion ou non des
corrections de dispersion. Sans correction de dispersion le chemin prdf@rd est asso-
cid I'addition oxydante sur une esptce Pd-L. En revanche lorsque les corrections
de dispersion sont introduites, alors I'addition oxydante devient prdf@drde sur le
systtme PdL. Ce changement de comportement est d3 la prise en compte de
multiples interactions attractives entre atomes non lids lorsque les corrections de
dispersion sont introduites. Plus les ligands seront encombrants, plus il y aura de
telles attractions. La prdf@rence pour un chemin d’addition oxydante avec deux
ligands n’en sera alors que plus forte.

Dans le chapitre 6 est abordd la rdaction de transmetallation dans le cas de la
rdaction de Negishi. Ici le substrat est ZnPhBr et la transmetallation se fait sur
le complexe d’addition oxydante le plus stable trans-PdL(Ph)(Br). Ici encore les
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chemins avec une phosphine ou deux phosphine ont @t @tudids pour tous les li-
gands consid@rds. Comme dans le cas de I'addition oxydante, la prise en compte
des interactions dispersives modi e profond@ment les pr@dfdrences @nergdtiques
entre les deux types de chemins. Pour des phosphines encombrdes, les intera-
ctions de dispersion ont tendance favoriser les structures compactes et donc les
chemins avec deux phosphines.

En n le dernier chapitre concerne I'dtude de la formation de la liaison C-C par
@limination r@dductrice partir de cis-PdL,Ph,. L encore deux possibilitds exist-
ent selon le nombre total de ligand L prdsents dans la sphtre de coordination au
moment de I'dlimination rdductrice. La prise en compte des interactions de disper-
sion est encore ici cruciale pour ddcider quel est le chemin pr@fdr@d. Comme pour
les deux autres trasnformations, les ligands encombr@s favorise la transformation
avec deux ligands L.

Une @tude de I'ensemble des barritres d’activation pour chacun des trois proces-
sus lorsque les interactions de dispersion sont considdr@es ne montre pas de tend-
ance claire parmi tous les ligands. En fait, il ne se d@dgage pas une tendance per-
mettant de dire qu’une des trois Dtapes est I'Gtape cin@tiqguement ddterminante et
ainsi d'@tudier I'effet de L sur cette @tape. Selon la nature du ligand L, la nature de
I'Gtape cin@tiqguement ddterminante varie. On peut qualitativement identi er quel
systtme sera le plus rdactif. En revanche il sera dif cile d’identi er un facteur qui
permette d’am@liorer I'activitd des catalyseurs de manitre globale puisque ce qui
rend I'addition oxydante ef cace n’est pas identique ce qui rend I'dlimination rd-
ductrice ef cace. Selon la nature de I'@tape cindtiquement ddterminante, il faudra
jouer sur I'un ou l'autre des aspects.
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