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Abstract

Metal-ligand cooperativity (MLLC) exploits the reactive nature of non-
innocent ligands for their participation in chemical processes. This be-
havior is complementary to that of innocent ligands which play a
spectator role. The term non-innocent ligand covers a wide variety of
behaviors: from ligands that assist in the cleavage or formation of bonds
to ligands capable of accepting or donating electrons from/to the metal
center or from/to an external source. In this Thesis, we focus on three
different categories depending on the performance of the cooperative
ligands: proton-responsive ligands, electron-responsive ligands, and
photo-responsive ligands. Metal-ligand cooperation can be also found in
Nature and some chemists have taken inspiration of it to develop new

processes.

Computational Chemistry has gained relevance over the last decades
thanks to method developments and to the increase on the computer
power. Nowadays, we are able to model a wide variety of chemical reac-
tions of interest, and predict or reproduce the reactivity through the
chemical space. In this Thesis, we used Computational Chemistry to
perform exhaustive computational studies on the mechanism of three
different reactions involving the cooperation between the metal and the
ligand. These reactions involve transitions metal complexes, and because
of the size of these systems we selected Density Functional Theory
(DFT) as the computational methodology to study the mechanism and

the electronic structures of the species involved.

The first chapter introduces an overview of previous knowledge on
metal-ligand cooperativity with an emphasis on the problems that will
be discussed in the thesis. Chapter 2 describes the less-common compu-

tational methodologies used during the Thesis. Methods such as

[19]
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Mossbauer parameter calculations and minimum energy crossing points
(MECP) are addressed. We also report a case example of the utilization
of the Marcus theory.

In chapter 3, we analyze computationally the behavior of the acetate
ligand, in comparison with the chloro ligand, in the transformation of a
Ru alkenyl complex to its alkynyl derivative. The active role of the ace-
tate is found to be crucial to achieve the alkynyl complex. The
mechanism is a variation of the previously reported ligand-assisted pro-
ton shuttle (LAPS). The proton is formally transferred between two
mutually #ans ligands. This work is a collaboration with the group of
Prof. Sola (Universidad de Zaragoza).

Chapter 4 covers the computational elucidation of the complex elec-
tronic structure of different iron species such as [Fe'(N,S,)]’ and its
redox partners. We then use this knowledge to unravel the mechanistic
profile of the hydroboration of aldehydes catalysed by [Fe'(N,S,)]". This
work is a collaboration with the group of Prof. Baker (University of Ot-

tawa).

In chapter 5, we have characterized the full catalytic cycle for the syn-
thesis of indolines catalysed by a dual nickel/photoredox system. The
nickel is found in a variety of oxidation states (from Ni(0) to Ni(IIl))
participating in the mechanism, each one playing a crucial role. The C—
I bond activation runs through an halide abstraction mechanism involv-
ing a Ni(I) transient species. The formation of the indoline product is
accomplished only after oxidation from Ni(II) to Ni(Ill) by the photo-
active ruthenium species. All the reaction steps are computationally
characterized and the barrier for the outer-sphere single electron trans-
fer steps is estimated applying the Marcus theory. Finally, possible off-

cycle reactions are studied.

[20]
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Chapter 1

Introduction

1.1 Metal-ligand cooperativity

When we think about homogeneous catalysis, one of the first concepts
that comes to mind is transition metal complexes. Historically, the in-
troduction of transition metal catalysts in organic reactions greatly
expanded the scope of their reactivity through the introduction of con-
cepts such as oxidative addition, reductive elimination or P-hydride

elimination.

In most classical examples of homogeneous catalysis, the focus re-
sides on the metal centre, which is the one that carries out the reaction,
while the ligands play mainly a spectator role. Thus, the initial approach
applied to modify the reactivity of a system was the replacement of the
metal. The approach was refined when a better understanding of the
role of the ligands showed that they are able to alter the properties of
the metal centre.[1] This has been the starting point of the majority of

work in homogeneous organometallic catalysis. The tuning of the elec-
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tronic or steric properties of the ligands affects the metal, and can have
a huge impact on the reaction outcome such as higher yields, better se-
lectivity or suppression of undesired side reactions. The concept has
been taken one step further upon the realization that ligands may have a
more active participation in the main steps of the catalytic cycle.|2]
These ligands are known as non-innocent ligands owing to their reactive
nature during a chemical process. This behaviour differs with and com-
plements that of innocent ligands which “only” contribute through

tuning of the metal.

This metal-ligand synergistic cooperation can be also found in Na-
ture.[3] Some synthetic chemists have taken inspiration by natural
enzymes to mimic and tune their intrinsical behaviour to produce novel
processes.[4,5,6] For example, Rauchfuss and co-workers combined a
redox-active ferrocenyl moiety and a pendant nitrogen base to mimic
the key features of the [FeFe|-hydrogenase active site.[7] The amine
pendant group aids on the heterolytic cleavage of H, (Scheme 1.1).

Scheme 1.1 a) Structure of the active site of the natural [Fe,Fe]-hydrogenase and
b) Rauchfuss’ biomimetic model complex bearing a pendant base and the redox-
active moiety.
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The term non-innocent ligand encompasses a wide variety of behav-
iours: from ligands that assist in the cleavage or formation of bonds to
ligands capable of accepting or donating electrons from/to the metal

center or from/to an external source. Given this wide variety of ligands

[24]
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that are included under the label non-innocent, we will constraint the
subsequent discussion to the following definition: non-innocent ligands
are those ligands that are actively involved in a reaction through the ad-
dition or subtraction of “reactive force” to/from the metal center to
which they are anchored, and that in the same process undergo some

kind of transformation.

Metal-ligand cooperation (MLC) is a rapidly increasing field on ho-
mogeneous catalysis. In 2011, Crabtree classified cooperative ligands in

five categories depending on their functionality/performance:[8]

1. Proton-responsive ligands; those with the ability to accept or
donate protons.

2. Hydrogen-bonding ligands; those affecting the system through
partial proton transfer or aiding substrate orientation via hydro-
gen bonding.

3. Electron-responsive ligands, also known as redox-active ligands;
those capable of gaining or losing electrons.

4. Photo-responsive ligands; those capable of undergoing property
changes after irradiation.

5. Ligands with molecular recognition functionality.

In the rest of this Introduction we will focus on proton-responsive
ligands, redox-active ligands and photo-responsive ligands. They will be
the subjects of the main chapters of this thesis. Redox-active and photo-
responsive ligands will be discussed in the same subsection because they

are closely related.
1.2 Proton-responsive ligands

Proton-responsive ligands are those that participate actively in bond
breaking and forming steps by the acceptance or donation of a proton.
The responsible of this reactivity are those atoms (normally N or O)
that act as an internal base in the presence of protons. The first example

of this reactivity was introduced by Shvo and co-workers, in 1985.[9,10]
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In their original work, a cyclopentadienone-ruthenium complex, known
as Shvo’s catalyst, was able to activate dihydrogen through metal-ligand
cooperativity (MLC). During this process, the dihydrogen molecule is
broken heterolytically to form two new bonds, M—hydride and O—
proton. The process is redox-neutral from the point of view of the
metal, ze., the formal oxidation state on the ruthenium atom does not
change. Instead, it is the cyclopentadienone ligand which undergoes a
charge change from anionic to neutral, after the heterolytically breaking
of the H, molecule. The complex resulting from the H, cleavage was

active for the hydrogenation of ketones (Scheme 1.2).

Scheme 1.2 Classical Shvo mechanism for the hydrogenation of ketonic sub-
strates.

Ph Ph
Ph 0 Hp Ph OH
PR | “Ph \ Ph" | "Ph
R
8 0C" 1 H
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In 1995, an important breakthrough in the asymmetric hydrogenation
of ketones was reported by Noyori and co-workers.[11,12,13] Several
Ru(II)-diamine complexes were reported to bear an active Ru-hydride
bond and an adjacent ligand-based electrophilic proton. The reaction
was firstly described to follow a cyclic transition state, where the proton
and the hydride are transferred simultaneously »iz an outer-sphere
mechanism (Scheme 1.3a). Nevertheless, a recent revisitation of the
mechanism governing this reaction catalyzed by the chiral complex
trans-[RuCl,{(S)-binap} {(S,S)-dpen}], showed that the preferred mecha-
nism is stepwise. The ligand stabilizes the transition state for the

product formation through a N—H--*O bond interaction (Scheme

[20]
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1.3b).[14] This would change the classification of these ligands from
proton-responsive to hydrogen-bonding ligands, according to the crite-
ria explained above. In any case, the activation of the pre-catalysts by H,

follows the same metal-ligand cooperation mechanism.

Scheme 1.3 a) Non-innocent and b) innocent ligand pathways for the hydrogena-
tion of ketones catalyzed by Noyori’s #ans-[RuCl2{(S)-binap} {(S,S)-dpen}]
catalyst.
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Since Noyori’s discovery of metal-ligand cooperation catalysis, many
effective bifunctional catalysts have been reported. In this context, tri-
dentate  chelating aliphatic  ligands of the form PN'"P
(HN(CH,CH,PR,),) have been reported as effective metal-ligand coop-
eration catalysts for the hydrogenation of many C=O containing
substrates as well as for transfer hydrogenation. Some exhaustive re-
views have been published recently for this kind of systems [15,16,17]
and will not be discussed further in this thesis. It is worth noting how-
ever, that during my short research stay in the group of Haijun Jiao, at
the Leibniz Institute for Catalysis (LIKAT), we studied with DFT tools
the dehydrogenation of methanol with well-defined PNP pincer Mn and
Re complexes, in a collaboration with the experimental group of Beller.

We found the same mechanism previously reported by Dub e7 a/, where
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the ligand does not transfer the proton attached on the N atom but
helps the stabilization of the transition state for product formation.[18]

In 2006, Milstein and co-workers reported a new mode of metal-
ligand cooperation based on aromatization-dearomatization of a PNP
pincer system.[19] In contrast to the systems previously reported by
Beller, the N atom is part of a lutidine moiety, and this provides differ-
ent properties to the system. Scheme 1.4 shows the mechanism of the
formation of the active species for this kind of complexes. The methyl-
enic position of the ligand backbone in 1 is prone deprotonation in
presence of a base, to form the active species 2. Then, activation of dif-
ferent chemical bonds (Y—H = O—H, N—H, C—H, B—H, Si—H)
by MLC, results in the re-aromatization of the ligand and the activation
of the substrate, 3. No formal change in the oxidation state of the metal

center occurs during these steps.

Scheme 1.4 Aromatization-dearomatization and bond activation by lutidine-
based pincer complex.

» L1
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P/| base | | *
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1 2 3

Several transition metal-based complexes bearing this kind of ligand
scaffolds have been reported to be efficient in the catalytic activation of
chemical bonds. The metals involved include Ru, Fe, Co, Ir, Ni, Pd, Pt,
Mn and Re.[20,21,22,23,24] Other modifications of the ligand scaffold,
such as substitution of the methylenic group by a NH group or re-
placement of one PR, arm by a nitrogen donor group, have been
explored (Scheme 1.5).[25] An exhaustive review focusing on first-row
transition metals based on functional pincer ligands has been recently
published by Schneider and co-workers.[26] From a computational per-

spective, Li and Hall reviewed in 2015 all the computed mechanisms
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involving pyridine- or acridine-based PNP and PNN pincer ligands fol-

lowing aromatization-dearomatization mechanism.|[27]
Scheme 1.5 Selected aliphatic- (Ieft) and lutidine-based (right) pincer ligands.
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Another family of proton-responsive ligand that are well-established
for the C—H activation of different substrates are carboxylate ligands.
[28,29,30] The most famous and exploited method for the activation of
a C—H bond on a substrate is the direct oxidative addition of this bond
to the metal center.[31] This is the mechanism usually operating for late
transition metals. This classical methodology has however some limita-
tions. The metal center has to be in a low oxidation state because during
the process it will get oxidized by two units.[32] In addition, it needs to
have coordinative vacancies to allow the attachment of the incoming
groups. Alternative methods for C—H activation can be achieved taking

advantage of active ligands.

The electron pairs in ligands or in molecules in the metal coordina-
tion sphere can play a role in the activation of o-bonds by saturated
complexes. Some mechanisms using the electrons formally in the metal-
ligands bonds (M—X bonds) are o-bond metathesis (SBM) [33] and o-
complex assisted metathesis (o-CAM).[34] Other mechanisms use di-

rectly lone pairs in ligands; examples of this type are electrophilic
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aromatic substitution (S Ar), base-assisted internal electrophilic substitu-
tion (BIES), concerted metalation deprotonation (CMD)[35] and
ambiphilic metal ligand activation (AMLA).[36] A recent work by Mac-
gregor and co-workers, suggests that all the latter mechanisms are
essentially the same, especially when a carboxylate ligand is acting as
internal base.[37] Hence, we will only introduce the CMD mechanism; a
discussion of the similarities or differences between the proposed mech-

anism is out of the scope of this thesis.

Scheme 1.6 Common C-H activation mechanisms by transition metals.
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t
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The o-bond metathesis consists in the addition of a C—H bond to an
activated M—X (X=halide, C or H) bond. This mechanism occurs via a
concerted four-membered cyclic transition state, and is typically found
on early transition metals, where oxidative addition is not a viable path-
way due to the inaccessibility of higher oxidation states. On a similar
way, 0-CAM occurs also via a four-membered concerted transition state.
This mechanism involves discrete sigma complexes as intermediates
before and after the transition state and the metal interacts with the

transferred moiety during the event.[38] Concerted metalation-
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deprotonation mechanism (CMD) is the most common pathway for a
C—H activation in the presence of carboxylate ligands. This mechanism
involves a six-membered ring transition state, where the C—H bond
cleaves simultaneously to the M—C and O—H bond formation
(Scheme 1.6).[39,40,41] A comprehensive review including all modes of
C—H activation has been recently published by Bai and LLan.[42]

1.3 Electron- and photo-responsive ligands

Redox non-innocent ligands are those ligands capable of undergoing a
change of properties through the gain or loss of one or more elec-
trons.[43,44] These ligands have a unique ability to change the reactivity
of the metal where they are attached through control of the release or
gain of electrons. The complexes bearing these ligands can adopt differ-
ent electronic structures. This has been key to achieve new types of

reactivity.

Four principal strategies [45] can be observed in reactions involving

redox active ligands:

(1) The ligand acts as an electronic mediator. It modifies and controls
the Lewis acidity of the metal center by ligand reduction or oxida-
tion. This directly affects the substrate affinity of the metal as well
as the subsequent follow-up reaction steps (Scheme 1.7a).[40]

(2) The ligand acts as an electron-reservoir. It allows the metal to store
or accept electron density to/from the ligand. This allows the
avoidance of uncommon oxidation states on the metal (Scheme
1.7b).[47]

(3) The ligand is cooperatively active. It generates reactive ligand radi-
cals during a catalytic cycle. The ligands following this strategy
actively participate in the bond formation and breaking steps
(Scheme 1.7¢).[48]
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(4) The ligand is directly involved in radical-type activation or chemical
modifications of the substrate. This requires substrates prone to act

as a redox non-innocent ligands themselves (Scheme 1.7d).[49]

Scheme 1.7 Different strategies using redox non-innocent ligands in catalysis.
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d L= 's—M"™N—L  Induced radical-type reactivity on S

This can be summarized by saying that redox non-innocent ligands
can participate in the reaction process by accepting/releasing electrons
(strategies 1 and 2) or by forming/breaking chemical bonds of the sub-
strate (strategies 3 and 4). A recent paper by van der Vlugt summarizes

these reactivity modes as well as presents some catalytic examples.[50]

Photo-responsive ligands are extremely related to electron-responsive
ligands. Their defining characteristic is the change of properties upon
irradiation. Modern photocatalysis exploits the unique reactivity of met-
al-based complexes (photosensitizer) bearing ligands with high
delocalized aromatic systems and low-lying n* orbitals. The most used
ligand for this purpose is 2,2-bipyridine (bpy). The mechanism behind
this special reactivity is commonly attributed to a metal-to-ligand charge
transfer (MLCT) promoted by the irradiation at a determined wave-
length. This transition excites the whole complex to an excited singlet
spin state where the metal is oxidized and the ligand is reduced by one
unit each. From this point, multiple pathways are possible, commonly

resumed in a Jablonski diagram (Figure 1.1).[51]
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Figure 1.1 Jablonski diagram.

The first transition in a Jablonski diagram is the absorption of a pho-
ton from the singlet ground state S, to a higher energy excited state with
the same multiplicity S,. The identity of the S, state is controlled by the
photon energy, and by the overlap between the orbitals in a way that can
be computed. The S, excited molecule usually relaxes then viz vibration-
al relaxation (VR), a non-radiative process, to a lower energy excited
state, for instance S;. During vibrational relaxation, the excess energy is
released away to other vibrational modes as kinetic energy, in a process
that can be viewed as a fast relaxation of the molecule within the same
electronic level. The excited state may also relax to other states of simi-
lar energy via intersystem crossing (ISC). Intersystem crossing may lead
the system to a different multiplicity, for instance to the T, state. In or-
der for the molecule to be photochemically active, it has to stay some

time in the excited state. Photochemical reactivity is always competing
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with relaxation to the ground state S, which may occur through fluores-

cence (S, to Sy) or through phosphorescence (T to Sy).

The photochemical process in most transition metal complexes takes
place through a metal-ligand charge transfer excitation (MLCT). The
MLCT process has an important connection to the LUMO-HOMO gap
of the given complex. Each metal-based complex has its intrinsic elec-
trochemical potential.[52] The selected photosensitizer for a given
reaction has to be powerful enough to one-electron reduce or oxidize
selectively the desired substrate, but also weak enough to preclude reac-
tion with other species in the medium. This is the reason that so many
photosensitizers have been developed, with different redox potentials.
In addition, the redox potential of the metal-based photosensitizers can
be tuned by modifying the substituents of the ligands, reducing the ne-
cessity for full replacement.[53] A more detailed introduction to the field

of photochemistry will be presented in Chapter 5.

[34]



UNIVERSITAT ROVIRA I VIRGILI
NON-INNOCENT LIGANDS: FROM PRO-TON SHUTTLE TO PHOTO-ACTIVATION
Adiran de Aguirre Fondevila

1. Introduction

1.4 Objectives

Metal-ligand cooperation is an attractive field of research for many ho-
mogeneous computational groups. This is probably owing to the
associated intrinsically complex reactivity. In addition, metal-ligand co-
operation appeals for a more sustainable chemistry and the
rationalization of the mechanism governing these transformations
would provide more insights for a rational design of new catalysts.[54]
The synergistic activity of both the metal and the ligand generates often

different mechanisms, which require proper characterization.

The goal of this thesis is to improve our understanding on the mech-
anism of metal-ligand cooperation (MLC). We intend to reach this goal
through standard Density Functional Theory (DFT) calculations on a
series of specific processes, in many cases in collaboration with experi-

mental groups.
The specific objectives we intend to achieve are the following.

Rationalization of the active role of the acetate ligand in the trans-
formation of a Ru alkenyl complex to its alkynyl derivative upon
addition of phenylacetylene. This work is a collaboration with the group
of Prof. Sola (Universidad de Zaragoza).

Elucidation of the complex electronic structure of different iron spe-
cies such as [Fe"(N,S,)]” and its redox partners with the goal of applying
this knowledge to the mechanistic understanding of their role as cata-
lysts in the hydroboration of aldehydes. This work is a collaboration
with the group of Prof. Baker (University of Ottawa).

Characterization of the mechanism for the photoactivated nickel-
catalyzed synthesis of indoline products. The role of the ruthenium pho-
tosensitizer will be analysed and the origin of the high regioselectivity

explored.
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Chapter 2

Theoretical Background

Dealing with newly developed transformations, for example photoacti-
vated reactions, compels the computational chemistry to use non
frequent techniques. In this chapter we will discuss the less-common
methodologies applied during this thesis. In contrast, although density
functional theory is used profusely in the thesis, we will not present its
main principles because they are already summarized in many other the-
sis and books on the literature.[1] Terms like dispersion interactions
[2,3] or implicit solvation models [4] will not be discussed because of the
same reason, although they were used during the calculations of this

thesis.
2.1 Theoretical Methods
Open-shell systems with DFT

Usually in reactions involving single electron transfer events, species and

intermediates with unpaired electrons can be found during the reaction
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pathways. DFT methods are not multiconfigurational: only one Slater
determinant is used. Therefore, these electronic states, where not all
electrons of opposite spin are paired (open-shell electronic systems) or
with unpaired number of electrons (eg triplet spin state) are not accu-
rately described. A proper description of these electronic states can be

achieved using high level multiconfigurational methods.

Yet, realistic energies can be obtained with the unrestricted Kohn-
sham (UKS) formalism. Unrestricted stands for a major flexibility of the
o and 3 orbitals, since they are not forced to be the identical. This gen-
erates a formally incorrect spin description of the electronic structure
for singlet states, as the resulting KS orbitals obtained from an unre-
stricted calculation are not eigenfunctions of the spin operator. The
orbitals obtained with this approach do not constrain the spin symmetry
and hence, the solution leads to a broken symmetry spin states which
are usually contaminated by higher multiplicity spin states. However,
this is the most simple way to deal with open-shell singlets within DFT,
and provides reasonable descriptions in many cases. A comprehensive
review was published a few years ago by Jacob and Reiher on the basis

of the broken-symmetry approach.|[5]
Yamaguchi spin correction

When dealing with open-shells molecules, for example singlet biradica-
loids (i.e., open-shell singlet molecules) the electronic state can be
contaminated with higher spin states. As explained in the previous sec-
tion, this occurs when an unrestricted form of the orbital description is
used, so the a and [ spin-orbitals are not forced to be the same. The
amount of contamination can be tracked by analyzing the expectation
value of operator S*, which is provided by most computational chemis-
try codes. For instance, the expected S* value for a doublet spin state is
0.75. Nevertheless, when working with complex electronic structures,

the calculated value could differ severely from that number. This is in-

[42]
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dicative of the apparition of extra open shells on the electronic structure
of a given doublet (§="2) molecule. This spin contamination is directly
reflected in the calculated energy. Therefore, a correction to this energy

is necessary to obtain the “real” energy for the pure state.

Yamaguchi e al.[6,7] developed a methodology to account for this
spin contamination and correct the spin-contaminated energies, Ecgpy..
The Yamaguchi spin correction formula for a given S spin is shown in
equation (1):

_ Econt.—a1Es+1
Ecorr. = T O

where Egyq is the energy for the first subsequent spin state
(§ + 1); Econe. is the spin-contaminated energy and a4 is the fraction of

the spin contamination, which can be obtained following equation (2):

_ (S%) one. ~SGS+1)

a1 = (S2) g, —S(S+1) 2)

where (S?) and (5?) 541 are the S? spin operators of the contam-

cont.
inated and the subsequent unpaired spin states (S + 1), respectively.
This equation is only valid if the successive spin state (S + 1) is not
contaminated (Ze. the contaminated energy for an open-shell singlet can
be corrected with equation (1) and (2) if the triplet spin state is a pure
state). If this is not the case, the next higher spin states must also be
corrected with a different set of equations (3-6).[8] The labels of each
term in equations (3-6) follow the same legend as for equation (1-2) and

thus, will not be explained in detail.

__ Econt.—a2E(corr.s+1)

Ecorr. = 1-a, 3)
— <Sz)cont._s(s+1) 4
2 7 (5+1)(S+2)-S(5+1) *)
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__ E(cont.s+1)—a3Es+2

E(corr,S+ 1) — (5)

1—a3

_ (5%) g, —(S+1)(S+2) 6
3 T (S2)g,,—(S+1)(5+2) ©)

Accordingly, the energy for a pure state when the next higher spin
states (S + 1) is also contaminated can be corrected considering the
pure energy of the (§ + 2) state. This methodology have been demon-
strated to reproduce experimental results upon correction of the spin-

contaminated energies.[9,10]
Minimum Energy Crossing Point

A common pathway in reactions involving excited electronic states is its
conversion to a more stable spin state. This mechanism is known as
intersystem crossing (ISC) and can be defined as a nonradiative transi-
tion between two electronic states of different multiplicity.[11] This type
of processes have been found to be crucial in many areas of chemistry.
For instance, in photochemistry, the ISC between the photoexcited sin-
glet and the triplet excited state governs the decay rate and the lifetime
of the triplet state.[12,13,14] Intersystem crossing is also found on
thermally activated reactions, Ze., the ISC is not exclusive of the photo-

generated excited states.[15,10]

Each electronic spin state has its corresponding #-dimensional poten-
tial energy surface (PES). The intersection of the two energy surfaces
would generate a seam of #-1 dimensions. The lowest energy point on
the #-1-dimensional surface is known as Minimum Energy Crossing
Point (MECP) and can be seen as an analog of a transition state in reac-

tions involving more than one electronic state (Figure 2.1).

[44]
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MECP

Minimum Energy

HS Minimum Pathway

Figure 2.1 Three-dimensional representation of the intersection between two
potential energy surfaces (PESs) with the crossing seam (solid black line) and
MECP labeled. The dashed line traces the minimum energy path through the
MECP from the high-spin (HS) to low-spin (L.S) minimum.

Formally, spin transitions are forbidden because of the orthogonality
of the spin part of the wavefunction. However, intersystem crossing can
occur thanks to the relativistic effects such as spin-orbit coupling (SOC),
or through collisions with solvent molecules. The strength of the spin-
orbit coupling in the vicinity of areas where the two PESs cross, deter-
mines the probability and the rate of the ISC. As the spin-orbit coupling
is a relativistic property, it is stronger on heavier atoms and weaker in

light atoms.

In the work presented in this thesis (plus also for all the works carried
out during the doctorate program) we used the MECP to estimate the
energy barrier of the spin-transitions. The methodology chosen to com-
pute it was firstly introduced by Harvey and co-workers [17] which is a
variation of the algorithm previously reported by Schlegel and co-
workers.[18] We will not enter here on the explanation on the technical
features of this methodology, which can be executed in a reasonable
simple way through a code freely provided by Harvey to be applied to-
gether with the Gaussian package. A thorough review has been

[45]
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published recently by Varganov and co-workers on the basis of intersys-

tem crossing.[19]
Marcus theory

Many photochemical processes run through single electron transfer
(SET) steps. This reactivity is complementary to the more classical two-
electrons transfers.[20] Thus, novel and extraordinary transformations

have been developed in the last decades following this approach.[21,22]

From a computational point of view, we must differentiate between
two possible pathways for the single electron transfer events, the inner
and outer-sphere mechanism. The first scenario needs a transitory link-
age between the redox centers to allow the electron “jumping” from one
to another. In addition, this process can be described with classical tran-
sition state theory.[23,24,25] Conversely, in the outer-sphere scenario,
the two redox centers are not connected between them and the electron
“hops” through space from one redox partner to the other. A clear ex-
ample of an outer-sphere SET mechanism is the reduction or oxidation
of a given species by means of a photoredox catalysts, which has been
demonstrated as cornerstone of recent developments in photocataly-
sis.[20]

A brilliant approach to address these outer-sphere electron transfer
events was developed by Rudolph Marcus in the 1950s.[27,28] By apply-
ing this methodology, the activation barrier of an outer-sphere SET step
between two redox partners can be estimated. Although the theory was
developed many decades ago, its application to transition metal cata-
lyzed reactions is still scarce. Marcus theory states that the activation
barrier for an outer-sphere SET step between two redox partners can be
estimated as the crossing point between the reactants and products po-
tential energy wells. In contrast to transition state theory, these potential
energy wells are not only associated to the structure rearrangement of

the redox partners but also with the changes on the solvation cage sur-

[40]
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rounding each complex. The barrier is then estimated by considering the
crossing between parabolic curves associated with the energies of both

reactants and products.

The estimated activation barrier calculated with the Marcus theory
has a strong relation with the thermodynamics of the reaction. In gen-
eral, the more exergonic the reaction, the lower the barrier for the
electron transfer step. If the intersection point between the two poten-
tial energy wells is at the equilibrium coordinate of the reactant surface
(green line, Figure 2.2), the reactions is barrierless (Z.e., no thermal acti-
vation is necessary). When the intersection point between the product
and reactants wells is at some point previous to the equilibrium coordi-
nate of the reactants, the activation barrier for the SET process
increases, since we are in the so-called Marcus inverted region (purple
line, Figure 2.2). This may happen when a given reactions is extremely
exergonic. Figure 2.2 shows the three possible scenarios proposed by

Marcus theory.

D+A
D*+ A

Free Energy

AGH

GO\

>

Reaction Coordinate

Figure 2.2 Schematic representation of the three possible scenarios in Marcus
theory. Black line = common reaction. Green line = barrierless reaction. Purple
line = Marcus inverted region.
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To calculate the energy bartier AG*, we follow equation (7). AG® is
the free energy difference between reactants and products, Ze., the
standard free energy of the reaction of the SET step. A is the reorganiza-
tion parameter including all the nuclei and solvent molecules involved in
the SET step. The reorganization parameter can be separated in two
components: Ay and Ag; each one accounts for the nuclear and the sol-

vent rearrangement, respectively.

s (A+46%)°

AG o (7)

The nuclear reorganization parameter Ay is obtained by calculating
the energy difference between the reactants and products structures of
each species, in gas phase. This term displays the energy required to dis-
tort the equilibrium structure to achieve the proper geometry enabling
the electron transfer event. This is numerically shown in equation (8),
where D and A are the donor and acceptor redox species, superscripts 1
and F refer to the initial and final structure, respectively; and o and
represents the electronic state of each complex at the equilibrium geom-

etry.
Ay =DFa+ AFB-D'a- AlB )

The solvent reorganization parameter Agcan be calculated using the
continuum solvent model. This term relates the energy input necessary
to reorganize the solvent cage when the equilibrium geometry of the
redox partners is distorted to facilitate the electron transfer. The formu-
la to calculate Ag is shown in equation (9). In this case, we maintain the
same geometry for both species (D! and Al), and we compare the energy
of the solvation cage between the final and the initial electronic
states([a] —[B] and [8]—[w], respectively) for each species involved in the
SET step. This methodology to compute the solvent parameter has

been previously demonstrated to reproduce experimental results.[29,30]

[48]
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Marcus theory also states that the solvent rearrangement is usually the
larger parameter, as it involves the reorganization of the solvent mole-

cules surrounding each redox partner.
Ls = D'[8] + A'[w] - D'[a] - A'[] ©)

It is worth mentioning that in this simple approach to estimate the
activation barrier for an outer-sphere SET step there is no information
on the actual distance between the donor and the acceptor. It is as-
sumed to be quite long, as otherwise the inner-sphere mechanism would
likely dominate.[31]

Case example of the Marcus theory

Recently, we [32,33] and others [34] groups have successfully applied
this methodology to estimate the activation barriers for the outer-sphere
SET step in different reactions. Particularly, we applied the Marcus the-
ory to reconsider the electron transfer steps in a well-defined
homogeneous Cu-catalysts for the water oxidation reaction (Figure
2.3).[35] The results of this investigation will be presented in what fol-

lows.
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Figure 2.3 a) Cu catalysts for the water oxidation reaction studied with Marcus
theory. b) Single-electron transfer-water nucleophilic attack (SET-WNA) mecha-

nism previously reported by our group.[36] Black numbers correspond to free
energies in keal'mol-L.

For the first electron transfer step, two models were considered. In
the first model (Figure 2.4a), the electron transfer departs from an OH"
moiety (donor) to complex 1 (D) (acceptor). The associated activation
barrier for the outer-sphere SET was found at 23.0 kcal'mol”, SET 1-2.
The products generated in this step would consist of a radical ‘OH moi-
ety and the one-electron reduced complex 2 (8), in the singlet spin state.
This reduced intermediate is found at 8.3 kcal'mol" from 1 (D). Finally,
intermediate 2 (S) would evolve to its triplet spin state via MECP 2-3
(S-T) in a barrierless step. Intermediate 3 (T) was found 3.2 kcal-mol"

below the singlet state.

[50]
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0.0 T” 0.5
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Figure 2.4 a) Model A for the study of the outer-sphere SET from a OH- moiety
to complex 1 applying Marcus theory. b) Model B for the study of the outer-SET
from a cluster of two OH- molecules to complex 4. Energies are free energies in
kcal-mol-!. Red numbers correspond to the spin population. (D), (S) and (T) cor-
respond to the doublet, singlet and triplet, respectively, multiplicity of each
complex.

The second model that we envisaged involves the electron transfer
from a cluster of two OH’ groups to complex 4 (D) (Figure 2.4b). The
OH cluster is generated after the release of the hydroxyl ligand from the
complex, with a low free energy cost of 1.6 kcal'mol”. The estimated

activation batrier for this model is 12.6 kcal-mol™, SET 4-5. Again, after

[51]
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the electron transfer step, the system evolves to the triplet spin state
through a barrierless step, MECP 5-6 (S-T). The final product 6 (T)
following this model was found at 12.1 kcal-mol" below the initial reac-

tants.

Interestingly, comparing the results for these two models we can vis-
ualize the connection between the thermodynamics of the reaction and
the kinetic barrier. Model A is endergonic by 8.3 kcal'mol ™, while mod-
el B is exergonic by 9.1 kcal'mol™. The activation barrier for the outer-
sphere SET for both models are 23.0 and 12.6 kcal'mol”, respectively.
These values agree with the expected dependence of the kinetic barrier
on the thermodynamics of the reaction. A reduction around ~17.0
kcal'mol” on the reaction thermodynamics, reduces the activation barri-

et by ca. 10 kcal'mol .

The calculated values for nuclei and solvent rearrangement parame-
ters for each model are shown in Table 2.1. As expected, the solvent
reorganization terms are much larger than the nuclear reorganization

terms.

Table 2.1 Parameters calculated by Marcus theory for each model of the first
SET step. Energies in kcal-mol-'.

STEP As AN AG?® AG#
SET 1-2 74.4 0.1 8.3 23.0
SET 4-5 61.9 5.4 -9.1 12.6

For the second electron transfer step, only model B was studied be-
cause model A would form a double oxidized OH species without

chemical sense. The results for model B are depicted in Figure 2.5.

[52]
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Figure 2.5 Free energy profile for the second SET step on model B applying
Marcus theory. Red numbers correspond to the spin population. Energies are free
energies in kcal-mol-.

The activation barrier estimated with the Marcus theory for the sec-
ond electron transfer step was 20.4 kcal'mol”, SET 6-7, while the
overall step was exergonic by 9.0 kcal'mol”. The energy barrier found is
counterintuitive with the thermodynamics of this reaction step. For this
reason, we decided to check the calculated parameters for the nuclei and

solvent rearrangements in this SET step. The results are summarized in
Table 2.2.

Table 2.2 Marcus theory-calculated values for the second SET step. Energies in
kcal-mol-'.

STEP As AN AG? AGH
SET 6-7 62.1 60.9  -9.0 26.4

We can clearly see that the contribution of nuclei reorganization
terms is large and almost equal to the solvent reorganization. This high
value can be attributed to the energy difference between the [HO---OH]
cluster before and after the electron transfer event. Indeed, dividing the
nuclear term arising from each redox partner, the contribution coming
from the [HO"*-OH] cluster is 59.7 kcal'mol ", while for the Cu catalyst

53]
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it is only 1.2 kcal'mol . This directly affects to the kinetic barrier, mak-
ing the reaction not feasible through this mechanism. Instead, we found
that the reaction takes place through an inner-sphere mechanism, but

this is not the topic of this chapter.

To sum up, Marcus theory allows us to compute the energy barrier
for an outer-sphere single electron transfer process using simple density
functional theory (DFT) tools. This approach permits the estimation of
the barrier in a straightforward manner, avoiding the use of more ex-

pensive molecular dynamic methodologies.[37,38]
Moéssbauer calculations

Mossbauer spectroscopy [39] has become a very powerful characteriza-
tion tool in different fields of chemistry. It provides useful information
on the electronic structure, geometry and magnetic properties, of chem-
ical compounds. Although the Mossbauer effect can be observed for
more than 80 elements including tin, gold, or mercury,[40,41] the most
extended application of this technique is for the characterization of *'Fe-
containing systems. This is due to the large number of iron-bearing sys-
tems that have been investigated, for example, in the fields of transition
metal and bioinorganic chemistry. [42,43] An attractive attribute of this
technique is that it can be used on paramagnetic or diamagnetic mole-
cules, while electron paramagnetic resonance (EPR) or magnetic circular

dichroism (MCD) spectroscopy are limited to paramagnetic species.

The two principal parameters from the Mossbauer spectra are the
isomer shift (8) and the quadrupole splitting (AE) of a given center.
Both terms are strongly related to the total electron density and can
provide information on the oxidation state, spin state and coordination
number of the metal center. In particular, the isomer shift is known to
be directly proportional to the total electron density at the center. On

the other hand, the quadrupole splitting is proportional to the electric

[54]
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field gradient on the metal center and it is relatively easy to calculate
with molecular orbital (MO) theory.[44]

The interpretation of the experimental Mdssbauer spectra is not
straightforward. For this reason, computational chemistry has been
shown essential to understand the measured information. Particularly,
density functional theory (DFT) calculations have been found to accu-
rately reproduce or predict the Mossbauer parameters for a given
structure.[45,46,47] The calculations of the isomer shift are rather prob-
lematic due to the dependence of the electron density of the metal
center on the DFT methodology used. For this reason, for each DFT
method a correlation between the experimental isomer shift and the
computed electronic density must be generated. The computed isomer
shift is obtained from the introduction of the calculated parameter into
an empirically determined equation, generally with the form of a lineal
fit, which is specific for a set of computational parameters (functional,

basis set, inclusion of solvent effects).[48,49]

In chapter 4 we have calculated the ’Fe Mossbauer parameters for
different iron species. Although we have used different DFT methods
for both projects, the values for the calculated isomer shift were ob-

tained using the linear equation (10):
§=alp—C)+p (10)

where a, B and C are empirical parameters specific for the DFT
methodology used and were extracted from the calibrated results of
Neese et. al.[50] The values for p in equation (10) and for the quadru-
pole splitting were directly obtained by using the ORCA (version 4.0)
package.[51]

[55]
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Chapter 3

Ligand assisted proton

shuttle

3.1 Background

General introduction

As we mentioned in Chapter 1, some electron poor complexes do not
activate given C-X bond (X=heteroatom or H) by oxidative addition.
An alternative activation process is based in the use of lone electron
pairs in ligands in the first or second coordination sphere of the met-
al.[1] This subclass of metal-ligand cooperativity (MLC) has been of
significant interest in recent years to facilitate the activation of these

bonds.[2,3,4]

The ligands used for this purpose are often hemilabile. They show

chelating properties but can switch their denticity to liberate a coordina-
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tion position on the metal center for the incoming substrate. Carbox-
ylate ligands are frequently used for this purpose because they present
the perfect features of hemilability.[5,6] They have been extensively used
in C—C bond forming reactions catalyzed by Pd complexes via direct

arylation.|[7,8]

Carboxylate complexes have been used in a wide range of stoichio-
metric or catalytic C—H bond activation and functionalization
reactions.[9] The role of the carboxylate ligand during the C—H activa-
tion step has been deeply analyzed.[10] The operating mechanism has
been labeled as concerted metalation deprotonation (CMD) or am-
biphilic metal-ligand activation (AMLA) mechanisms.[11,12] This
mechanism assumes that the resulting carboxylic acid (or the protonated
ligand) decoordinates from the metal center and then transfers the pro-
ton to a sacrificial base.[13] A variation exists where the protonated
ligand remains bound to the metal center where, acting as an intramo-
lecular acid, can transfer the proton to a basic site on the substrate. This
variation is known as ligand-assisted proton shuttle (LAPS) [14] mecha-
nism and has been recognized, for instance, in the regioselective
catalytic hydrations of terminal alkenes via ligand-assisted vinylidene
tautomerizations (Scheme 3.1).[15] There are however scarce examples

in the literature of systems following this mechanism.[16,17]
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Scheme 3.1 Selected examples for the ligand assisted vinylidene tautomerization
of terminal alkynes.
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This LAPS reactivity is not exclusive of the carboxylate groups. Re-
cently, Slattery and co-workers reported a thorough computational study
on an unsaturated Ir(III) phosphoramidate complex able to activate 1-
alkynes »ia metal-ligand cooperativity in a regio- and O-selective man-
ner.[18] In the original experimental work, the Ir(IIl) complex
[Cp*Ir(x*-N,O-Xyl(N)P(O)(OEt),)] " Xyl = 2,6-Me,CH,) was reported
to react quickly and selectively with terminal alkynes to yield (E)-
vinyloxyirida(IIT)cycles.[19] Slattery’s group calculated all the possible
C—H activation pathways, assisted or not by the phosphoramidate lig-
and: O-protonation, N-protonation, Cp*-protonation, direct oxidative
addition and 1,2-hydrogen shift. They found that the most kinetically
favored pathway was the activation of the C—H bond by the P=0O
group of the ligand following a CMD mechanism with a six-membered
ring transition state structure. The resulting acetylide complex could
then transfer the proton (vza LAPS) from the P—OH group to the B
carbon of the acetylide group forming a vinylidene complex. Finally, the
O atom attacks the alpha carbon of the vinylidene group leading to the
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experimentally observed product of the reaction (Scheme 3.2). Overall,
the work highlights the ability of 1,3-heterobidentate chelating ligands to
act as proton shuttle moiety and hence, promoting new transformations
via MLC.|20]

Scheme 3.2 Schematic representation of the O-protonation pathway for the al-
kyne C—H activation bond »iz non-innocent ligand.

\‘b,y \\b_;O R "CMD"
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Besides the options mentioned above, other destinations for the pro-
ton are possible. For instance, its transfer to a neighbor ligand could
unlock new reaction processes and trigger more elaborate catalytic trans-
formations. In addition, the “re-use” of the transient carboxylic acid or

protonated ligand, avows for a more atom-economically process.

Following our interest in homogeneous transformations with, a priori,
out of the ordinary mechanisms, we started a collaboration with the ex-
perimental group of Prof. Sola (Zaragoza). They have a large experience
in octahedral Ru(II) complexes bearing carboxylates ligands.[21,22] We

were particularly interested in the experimental observation that the six-
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coordinated Ru(Il) hydride complex [Ru(OAc)H(CO)(PPr),] (1) is able
to form the alkenyl (2) and alkynyl (3) derivatives upon addition of phe-
nylacetylene.[23,24,25] In contrast, the five-coordinated chloro analog
[Ru(C)H(CO)(P:P1;),] (5) is only observed to form the alkenyl deriva-
tive (6) even in the presence of excess alkyne at high temperature, as
shown in Scheme 3.3.[26] The different behavior is counterintuitive, as
one would expect the five-coordinate complex to be more reactive, and

is likely related to a specific role for the acetate ligand.

Scheme 3.3 Reactivity of Ru(Il) acetate (top) and chloro (bottom) complexes
towards addition of different equivalents of phenylacetylene.
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Experimental overview

The  formation of the alkenyl complex  [Ru(OAc)(E-
CH=CHPh)(CO)(PPr;),] (2) from the hydride complex
[Ru(OAc)H(CO)(PPr;),] (1) and its consumption to form the alkynyl
derivative [Ru(OAc)(E-C=CPh)(CO)(PPr,),] (3) was followed by *'P
NMR in a toluene-d; solution. It was observed that both transfor-

mations occur at comparable rates. Figure 3.1 show the kinetic analysis
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of the later transformation. The results were consistent with the ex-
pected second-order reaction between the alkenyl complex and the
alkyne substrate. The kinetic experimental data was obtained in a range
of temperatures (from 313 to 343 K) and by changing the initial concen-
tration of phenylacetylene (from 0.73 to 2.19 M). As a result,

experimental values for AH' and TAS" were obtained applying the

Eyring equation, 16.2 (£1.3) and 7.1 (£0.8) kcal-mol, respectively.
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Figure 3.1 (above) Relation between pseudo-first-order rate constants (&obs) and
concentration of phenylacetylene for the transformation of 2 into 3. (below)
Eyring analysis of the second-order rate constants.

Further addition of phenylacetylene to the complex 3 accomplishes
the formation of the alkenyl ester complex 4. This transformation was
observed to be slow, taking several days at room temperature. The hy-
dride — alkenyl — alkynyl sequence shown in Scheme 3.3 is rather
frequent in ruthenium chemistry and usually ends in butenynyl com-
plexes as a result of the coupling of two alkyne groups.[27,28] Indeed,
the analogue of complex 6 bearing PPh, instead of P/Pr; ligands was
found to form the butenynyl derivative under forced conditions.[29]
More recently, other complexes based on Fe,[30] Pd,[31] Rh [32] and Ru
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containing different ligands,[33,34] have been reported to bear this scaf-
fold group during the dimerization of terminal alkynes (Scheme 3.4).[35]

Scheme 3.4 Isolable complexes (left) and reaction intermediates (right) for the
dimerization of alkynyl reaction.
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3.2 Computational details
Computational method

All the calculations in this chapter were carried out using the Gaussi-
an09 (revision D.01) package.[36] The wB97X-D functional (which
includes atom-atom dispersion corrections) was used for all calcula-
tions.[37] All geometries were optimized without symmetry restrictions
and the experimental solvent (toluene: ¢ = 2.3741) was implicitly con-
sidered in all the calculations through the SMD solvation model.[38]
Vibrational frequency calculations for all stationary points were comput-
ed to establish their nature as minima (zero imaginary frequencies) or as
transition states (one imaginary frequency). All the reported energies in
this chapter are free energies in solution at 298.15 K and 1 atm, includ-

ing zero point energy corrections (ZPE).
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In order to reduce the basis set superposition error (BSSE), energies
were further refined through single point calculations with an extended
basis set. In a first set of calculations, all the structure optimization and
frequency calculations were computed with the 6-31+G(d) basis set [39]
for H, C, P, O and Cl atoms and SDD and its corresponding pseudopo-
tential was selected for the Ru atom.[40] The potential energies were
refined in a second set of calculations consisting of single point calcula-
tions in solution for the previously optimized geometries using the
triple-zeta 6-311++G(d,p) basis set for H, C, P, O and Cl atoms.[41]

All the 3D structures shown in this chapter were drawn with the
CYLview program,[42] using the following legend of colors for each
atom: white for H, grey for C, red for O, orange for P, light green for CI
and dark green for Ru.

Computational model

In the first part of this work, we replaced the P/Pr; ligands on the com-
plexes by smaller PMe, phosphines. This change was done to reduce the
computational cost of the systems and to avoid possible conformational
issues that could arise from the substituents of the P7Pr; phosphine.
This modification should not significantly affect the electronic effects,
although the reduced steric hindrance generated by the PMe; could af-
fect in association-dissociation steps. Because of this, in a final set of
calculations, the real system (P7Pr;) was applied to evaluate all the possi-

ble mechanisms that could not be discarded with the model system

(PMe,).
3.3 Reaction mechanism

We ran several DFT calculations to elucidate the mechanisms governing
the transformations with the chloro and the acetate complexes. The hy-
dride to alkenyl reaction was first studied. Then, the direct H transfer

from a second equivalent of phenylacetylene to the alkenyl complex was
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analyzed for both systems with the model phosphine PMe,. Even if
there is no experimental evidence for the chloride system to further re-
act with a second molecule of substrate, we checked this hypothetic
pathway for comparison. This direct pathway would follow a ligand-to-
ligand hydrogen transfer (LLHT) mechanism.[43] Finally, the calcula-
tions for the hydride to alkenyl reaction were repeated with the P/Pr;
real phosphine. In addition, the ligand-assisted proton shuttle (LAPS)

mechanism was calculated for both systems.
Alkenyl complex formation with the model system

The first reaction to be analyzed is the insertion of the phenylacetylene
substrate into the Ru—H bond of the model five-coordinated chloro
complex 5m (the m label refers to the model system). The preferred
coordination position for the incoming acetylene substrate is in the #rans
position to the CO ligand. This had been previously rationalized by Ei-
senstein, Caulton and coworkers for this kind of complexes.[44] The
complex has to distort its square-pyramidal geometry to allow the coor-
dination of the phenylacetylene in «s position to the hydride ligand. The
formation of the intermediate I5m is achieved »iz TS 5m-I5m with an
activation bartier of 9.6 kcal'mol”. The next step of this transformation
is the insertion of phenylacetylene into the Ru—H bond. The reaction
evolves trough TS I5m-6m, 9.2 kcal'mol’, to form intermediate 6m,

24.5 kcal'mol” below the initial reactants (Figure 3.2, green)

The alkenyl complex formation profile for the model acetate analog
Im follows a qualitatively similar path. The relative energies for the
acetylene coordination, intermediate I1m and subsequent insertion into
the Ru—H bond, are higher by about 5-8 kcal'mol” in comparison with
those of the chloro analogue. The coordination of phenylacetylene is the
highest point of the profile for the formation of the alkenyl complex,

TS 1m-I1m. The activation barrier is 16.2 kcal'mol’, still entirely af-

b

fordable at room temperature (Figure 3.2, purple). The different relative
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energies obtained for both systems can be explained by two reasons.
First, the six-coordinate Ru(Il) complex is quite more stable than the
five-coordinate species. Second, the decoordination of one oxygen of
the acetate ligand to open a vacancy for the incoming acetylene is more
energy demanding than the distortion of the square-pyramidal geometry

for the chloride complex.

+
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Figure 3.2 Free energy profile for hydride-to-alkenyl transformation with the
PMe; model system. The chloro analog in green and the acetate complex in purt-
ple. Energies in kcal-mol-1.

It is worth mentioning that possible isomers were checked for the
coordination of the phenylacetylene for both chloro and acetate com-
plex but were found higher in energy and thus not included on the

discussion.

[70]



UNIVERSITAT ROVIRA I VIRGILI
NON-INNOCENT LIGANDS:

Adiran de Aguirre Fondevila

FROM PRO-TON SHUTTLE TO PHOTO-ACTIVATION

3. Ligand assisted proton shuttle
Alkynyl complex formation with the model system via LLHT

The reaction could continue with addition of extra phenylacetylene. As
mentioned in the introduction section of this chapter, the chloro analog
is not able to further react forming the alkynyl complex. In any case, we
calculated the profile for both chloro and acetate model systems. First,
we studied a non-ligand directed pathway where the Cl and OAc ligands

just play a mere observer role and do not directly contribute on the reac-

tion outcome. We label this mechanism as ligand-to-ligand hydrogen
transfer (LLHT). The hydrogen bond of the second phenylacetylene

substrate is transferred to the alkenyl moiety while a new Ru—C bond
and a styrene molecule are formed (Figure 3.3).

1m: X = Cl, Y = vacancy
3m: X, Y = acetate

_| t
oc =
~ ‘l
/RU\\\ \
Ph —|* MesP | .,
X
OC\ _~-PMe; TS I2m-3m
e 6.2}
MesP | | IS 16m.
- mqm
x Ph S 028
/ e \
TS 2m-12m S Y
——— S Vil \
/93 T 2m.” \:‘\
; . 1.4 ¢
Ph Asemigm 14 \
S 14 T — \
Il 14.2 |
Ph
6m ,’/ /I S ‘\
—_— 7’ \
-24.5 I/l OC\ /PMe3 “\‘
’ u
2m/ Me P/ | \||| “\‘\
-27.8  Pph 3 Ph W
X Ph \l \\7_m
136.2
T
oC PM63
>Rui OC\
Me;P | X
Y

__PMeg 13m
-41.0

Figure 3.3 Free energy profile for alkenyl-to-alkynyl transformation with the

PMe; model system, following the ligand-to-ligand hydrogen transfer (LLHT)
mechanism. Chloro complexes in green and acetate complexes in purple. Ener-
gies in kcal'mol!, relative to the respective hydride complexes 1m and 5m.
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The calculated profiles for both chloro and acetate model system fol-
low the same steps (Figure 3.3). The coordination of the new
phenylacetylene takes place in the position #ans to the CO ligand. The
barriers for this step are comparable to the hydride-to-alkenyl transfor-
mation presented previously, 10.4 and 18.5 kcal'mol’, for the chloro
and acetate system, respectively. The highest energy point of this trans-
formation is the transition state specifically associated to the LLHT step.
The hydrogen transfer TS I6m-7m for the chloro model system has an
activation barrier of 27.3 kcal'mol . This value is in the upper limit for
what is accepted for a step to be kinetically affordable at room tempera-
ture. In addition, the real system, which is more sterically hindered,
would increase the barrier for this transition state. In a similar way, the
calculated activation energy following the same mechanism for the ace-
tate analog is as high as 34.0 kcal'mol”’ from intermediate 2m to TS
I2m-3m. The optimized structures of both transition states are shown

in Figure 3.4.

Figure 3.4 3D structures of TS I2m-3m (left) and TS I6m-7m (right). Selected
bond distances in A.
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The direct pathway following the LLHT mechanism for the alkenyl-
to-alkynyl reaction with the acetate system is thus, discarded due to the

high barrier found for this mechanism.
Acetate, real system

From this point, we decided to switch to the real P/Pr;system. The hy-
dride-to-alkenyl reaction is essentially the same. The reaction starts with
the coordination of the alkyne #ans to the CO ligand. The associated
transition state TS 1-I1 for this coordination has a relative free energy of
21.7 kcal'mol". Intermediate I1 is formed after the first step and was
found at 20.8 kcal'mol " above the initial complex 1. Finally, the system
evolves via alkyne insertion into Ru—H bond, TS I1-2, with an energy
batrier of 23.2 kcal'mol”, to form the final alkenyl acetate complex 2.
The overall reaction is exergonic by 19.0 kcal'mol”. The relative enet-
gies for all the intermediates in this profile (Figure 3.5) are quite higher
than that for the model system (Figure 3.2). This can be rationalized by
the different size of the phosphine used for the model and the real sys-
tem. The P/Pr; ligand generates a much more encumbered system and
this has a destabilizing effect on the intermediates, which are more
crowded than the reactants. For instance, the approximation of the
phenylacetylene substrate to the initial complex 1 is more difficult due to

the steric hindrance generated by the /Pr groups of the phosphine.
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Figure 3.5 Free energy profile for the hydride-to-alkenyl reaction with the six-
coordinated acetate complex, with the real system (P7Pr3). Energies in kcal-mol-'.

We then moved to the alkenyl-to-alkynyl reaction. As we mentioned
before, we have discarded the direct mechanism for the model system
where the acetate ligand had a mere observer role. For this reason, we
decided to study a mechanism in which the acetate could act as a non-
innocent ligand, and directly participate in the C—H activation step.
This behavior would also explain the different reactivity between the

chloro and the acetate alkenyl complexes towards the reaction with a

phenylacetylene molecule.

In this alternative ligand assisted mechanism, the initial alkyne coot-
dination can now take place at the most accessible position of
intermediate 2, #ans to the alkene ligand (Figure 3.6). The transition
state associated to the coordination, TS 2-12, was found at 18.2
kcal'mol” from 2. After the coordination, intermediate 12 is formed

which rapidly evolves to the alkenyl-alkynyl complex I3, »iz concerted
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metalation deprotonation (CMD) mechanism. The associated transition

state, TS 12-13, is found only at 19.1 kcal-mol™ from initial complex 2.
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Figure 3.6 Free energy profile for the first part of the alkenyl-to-alkynyl trans-
formation with the six-coordinated acetate complex, following a concerted
metalation deprotonation (CMD) mechanism. Real system (P7Pr3). Energies in
kcal-mol-!, relative to the precursor hydride complex 1.

The optimized structure of TS 12-13is shown in Figure 3.7. TS 12-13
displays a quasilinear alkynyl ZC-C-C angle (175°), but the ZRu-C-C
angle is smaller (144°), with the structure being reminiscent of an alkyne
C—H o-complex.[45] Moreover, the hydrogen atom is found at very
similar distances between the C and the O atoms, 1.29 and 1.31 A, re-

spectively.
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Figure 3.7 3D structure of TS 12-13. Selected bond distances in A.

From intermediate I3, the system can release acetic acid to form the
five-coordinated 14 complex. Then, the system evolves through TS I4-
I5 recoordinating the acetic acid in the proper manner to deliver its pro-
ton to the vinylic group. Finally, the final alkynyl complex 3 and a
styrene molecule are formed iz TS 15-3. This transfer is formally simi-
lar to previously reported examples of ligand-assisted proton shuttle
(LAPS) mechanism. Interestingly, in this case, the proton transfer con-
nects different ligands of the system, instead of different carbon centers
of the same ligand (Figure 3.8). To the best of our knowledge, this is the
first time that the LAPS mechanism promotes the proton transfer be-

tween different ligands.
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Figure 3.8 Free energy profile for the final part of the alkenyl-to-alkynyl reaction
with the acetate complex, via ligand-assisted proton shuttle (LAPS) mechanism.
Real system (P/Pr3). Energies in kcal'mol!, relative to hydride complex 1.

The free energy profile in Figure 3.8 shows two high lying transition
states, T'S I4-15 and T'S I5-3, with similar activation barriers of 25.5 and

26.4 kcal-mol”, respectively, from complex 2. These activation barriers
are slightly higher than the experimental estimation of the barrier for
this process, 23.7 (£2.1) keal-mol™. Thus, both transition states are good
candidates for the rate-limiting step. The decomposition of the free en-
ergy in the entropic and enthalpic terms, suggest that both transition
states are equally compatible with the experiments. The experimental
values are 16.2 (£1.3) and 7.1 (£0.8) for the enthalpic (AH) and the
entropic (TAS?) term, respectively. While the respective calculated pa-
rameters are 12.0 and 13.5 kcal'mol” for TS I4-I5 and 12.8 and 13.6
kcal'mol " for T'S I5-3. Evidently, the entropic effects are overestimated
in the calculations, although the signs of the contributions are correct.

The optimized geometries of both transition states are shown in Figure
3.9.
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o

Figure 3.9 3D structure of TS I4-15 (left) and TS 15-3 (right). Selected bond
distances in A.

We could finally identify the rate-determining step by examining the
experimental kinetic isotopic effect (KIE). Experiments observed a KIE
value of 1.6 using PhC=CD as reagent. This value, relatively close to 1,
indicates that the rate-limiting step does not involve C—H or O—H
bond breaking process.[46] TS 15-3 is thus discarded, especially after
confirming that its geometry is not particularly early (Figure 3.9,
right).[47] Accordingly, the joint consideration of experimental (KIE)
and computational (geometry) results point to TS I4-I5 as the highest

energy point of the mechanism.
Chloride, real system

We recomputed the hydride-to-alkenyl reaction with the real system
(PiPr3) for the chloro analog following the same scheme showed above
for the acetate system. We also explored the possible existence of the
CMD/LAPS sequence with complex 6 (Figure 3.11).
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The profile for the hydride-to-alkenyl transformation accomplished

by complex 5 is depicted in Figure 3.10. As for the acetate system, going

from the model to the real system, increases the activation barrier for

the alkyne insertion into the Ru—H bond by ¢ 10 kcal'mol”. Never-

the alkenyl complex 6.

theless, the higher point on this profile is 20.6 kcal'mol” for TS 16-6.
Thus, the reaction would proceed smoothly towards the formation of

—
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Figure 3.10 Free energy profile for the hydride-to-alkenyl reaction with the five-
coordinated chloro complex, with the real system (P7Pr3). Energies in kcal-mol-.

Next, we computed the possible assistance of the Cl ligand towards
the activation of the C—H bond of a second molecule of phenylacety-
lene. As expected from the experimental reactivity, the transition state
TS I7-I8 to achieve intermediate I8, which is the chloro analog of I3
intermediate, is prohibitively high, 34.8 kcal'mol". The chloride ligand is
much less basic than acetate, and thus less efficient as proton acceptor.
In addition, the final complex after the CMD mechanism, I8, is much

[79]
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ly). This raises the energy of the previous transition state and effectively

prevents the alkenyl-to-alkynyl transformation.
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Figure 3.11 Free energy profile for the experimentally not-observed alkenyl-to-
alkynyl transformation with the chloro complex, following a concerted metalation
deprotonation (CMD) mechanism. Real system (P7Pr3;). Energies in kcal-mol-,
relative to the precursor hydride complex 5.

The different stabilities of I3 and I8 can be rationalized by looking at
the optimized structures of these intermediates. 13 is a six-coordinated
complex thanks to the ability of the generated acetic acid to coordinate
to the metal center by the carboxylic oxygen. In contrast, the generated
acid chloride does not interact with the metal center, but it generates a
Cl—H- "7 interaction with the alkynyl ligand. However, this interaction
is not as stabilizing as the instability generated by the formation of a
five-coordinated complex. The optimized structures of both chloro and

acetate analogs are shown in Figure 3.12.
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Figure 3.12 3D structure of intermediates I8 (left) and I3 (right).

3.4 Conclusions and extrapolation to other systems

In this chapter we have rationalized the different reactivity of the chloro
and acetate ligands in [Ru(X)H(CO)(P:Pr,),] (X= Cl or OAc) complexes
toward the activation of phenylacetylene molecules. The chloro system
is able to react with one molecule of phenylacetylene to complete the
hydride-to-alkenyl transformation. The acetate system can react further
with a second equivalent of phenylacetylene to achieve the alkenyl-to-
alkynyl reaction. The culprit of this enhanced reactivity is the acetate
ligand. Our calculations shown that it is able to assist on the C—H
bond activation step, vz concerted metalation deprotonation (CMD),
and also subsequently deliver the H atom to a different part of the com-
plex, following a variation of the well-known ligand-assisted proton
shuttle (LAPS) mechanism. In this particular case, the acetate transfers
a proton from two #rans ligands. This behavior emerges as a simple par-

adigm to circumvent the ubiquitous energy consuming distortions
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required to accommodate reactive ligands in relative ¢is positions of

catalytically active complexes.

Scheme 3.5 Catalytic cycles for the synthesis of dehydrogenative silylations and
hydrosilylation products.

H
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Consequences of this non-innocent activation mode by the acetate
ligand can be inferred from the reported catalytic behavior of this kind
of complexes in the hydrosilylation reactions of 1-alkynes.[48,49] The
replacement of chloride by acetate in the [Ru(X)H(CO)(PPh,),] catalyst
was observed to change the chemoselectivity in the addition of tri-
ethylsilane to phenylacetylene, favoring dehydrogenative silylations
products (PhC=CSiEt; and styrene) over those of hydrosilylation (Z-
and E-alkenylsilanes) (Scheme 3.5).[22] This selectivity variation is in
agreement with the mechanism proposed in this chapter where the non-
innocent acetate ligand can promote the alkenyl-to-alkynyl transfor-
mation. The reaction produces styrene together with alkynyl complexes,

which were found key intermediates in dehydrogenative silylations.[50]
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As final remark, the study of this sophisticated and non-conventional

mechanism can have implications for the rational design of new active

complexes which could affect to the discovery of novel transformations.
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Chapter 4
Redox active ligands

4.1 Background

General introduction

Iron complexes bearing N- and S-donor ligand have received increased
interest in recent years. This is in part due to their impressively diverse
structural features and interesting reactivity, as well as the role that these
Fe—N or Fe—S ligand motifs play in biological catalysis.|[1,2,3,4,5,0]
Several well characterized examples of these scaffolds are present in
enzymatic catalysts for many different reactions. For example, dinuclear
iron cluster with bridging sulfur atoms have been found in the active site
of [FeFe|-hydrogenase metalloenzymes. These enzymes can catalyze the
formation of dihydrogen from electrons and protons in a reversible
manner.[7,8] Another example is the nitrogenase enzyme, which con-
tains a [Fe—S] cluster in its active site, and is able to effectively catalyze

the biological reduction of N, to ammonia.[9,10] In general, it has been
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reported that the structural and dynamic features of these [Fe—S] cores
(e.g, the [4Fe-3S] cluster on the [Ni—Fe]-hydrogenase, which is able to
work under aerobic conditions), are especially important for the catalytic
activities of these enzymes.[11,12,13] This has attracted many interest in
the scientific community, in order to mimic their features and apply

them to new transformations.

In this regard, several dinuclear iron complexes of the type [Fe,(u-
S),(CO),_ L] and [Fe,(u-SR),(CO), L] (L = CN, NO, P-donor ligands,
etc.) have been developed as synthetic hydrogenase imitators as well as
potential  electrocatalysts ~ for  hydrogen  evolution  (Scheme
4.1).[14,15,16,17] Kinoshita and co-workers reported in 2014, a new
class of C- and S-bridged dinuclear iron carbonyl complexes bearing an
unsymmetrical SCN® pincer ligand that can serve as electrocatalysts for

proton reduction.[18]

Scheme 4.1 (A) Active center of [FeFe|-hydrogenase enzyme. (B-D) Complexes
inspired on hydrogenases active center.

A ovs B
x\ Y ®!
P é—[Fe Syl
AN 4 / \
oc Fe""}':e\'“CN s
NG g” o oc éo oé co
[FeFe]-hydrogenases [Fe,(z~dithiolate)(CO)g]
Ref. 4 Ref. 16
S——Fe
oc SN
OCuiFe Fe' ' 1CO OC/ \ co
ocC c co Co
o]
[Fe,(u-1,2-benzenedithiolate)(CO)g] [{Fe(u-PyBPT-x>-N,C,S)(CO),}Fe-(CO)]
Ref. 17 Ref. 18

Nonheme iron enzymes such as nitrile hydratase [19,20,21] or super-

oxide reductases,[22] contain mononuclear iron-bound thiolates with N-
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donor ligands in their active sites. These enzymes can catalyze many
biologically relevant reactions, for instance, hydration of nitriles to the
corresponding amides, reduction of superoxide to hydrogen peroxide,
and oxidation of L-cysteine to cysteine sulfinic acid. In this context,
Goldberg ef al. reported two mononuclear iron complexes bearing thio-
late- (N;PyS) and thioether- (N;PyS®) scaffolds. These complexes
function as biomimetic replicas, mimicking the structural and practical

features of nonheme iron enzymes.[23,24]

The huge interest for this kind of ligand motifs can be easily rational-
ized. The combination of multidentate ligands featuring hard and soft
donor centers, provides access to many complexes with new and differ-
ent reactivity. Thioether ligands generally form weak bonds with first-
row transition metals [25,26,27,28] and their hemilability has already
been extensively demonstrated.[29,30,31,32] On the other hand, thiolate
groups typically bind more strongly to metals, in a terminal or bridging
manner, which gives access to the formation of mononuclear or multi-
metallic complexes, respectively. In addition, the lone pair electrons of
the thiolate groups are reactive toward bifunctional substrate activation.
Similarly, for the nitrogen part of the ligand, imine (neutral) or amido
(charged) groups can also be found in this type of scaffolds. Their prop-

erties are similar than those explained above for the S-donor moieties.

Another important feature of these ligands is the ability to stabilize
different oxidation states on the iron center.[33,34,35] This enhanced
stabilization also promotes obtaining interesting magnetic properties in

these complexes, and therefore, exciting reactivity.[36,37]

A wide diversity of tridentate mixed-donor ligands bearing N and S
groups are known. For instance, [S"N"S"],[38,39,40] [STN S],[41]
[S'N"O,[42] [SN'NF,[43] and [N'S® N7] [25,33] complexes have
been reported (Scheme 4.2). Remarkably, almost all these sulfur-based

amido ligands have been studied in iron complexes. But only in rare
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cases its catalytic activity has been tested. Nevertheless, some examples
exist on the literature, for instance, ruthenium,[39] chromium,[29] zinc
[44] and iron complexes bearing this kind of ligands,[44] where their
catalytic activity have been measured for a given reaction. Interestingly,
some of the complexes mentioned above display hemilabile character,

especially those containing pincer ligands with thioether arms.[28,31,32]
Scheme 4.2 Sulfur-based amido ligands.

StBU H StBU SH H SH
SAs o
Me Me

[SRNSR] [S'N'ST
Ref. 38 Ref. 41

H
N BuU SH H N/| NHMes NHMes
@N ) @7@

[SRN-O7] [S'N'NR] [N'SRN]

Ref. 42 Ref. 43 Ref. 25
In 1998, Bouwman e al. reported the easy coupling of a thio-
functionalized aldehyde and an aminothiol molecule for the synthesis of
a [S™N"S] heterocycle. An equilibrium between the closed and the
open chain imine isomer of the heterocyclic molecule is observed when
it is introduced in chloroform solution. The treatment of this compound
with nickel acetate achieved a mononuclear Ni(II) complex where the
open chain isomer is coordinated in a tridentate manner to the metal
center. Interestingly, the reaction of the [S™N"S] heterocycle with nick-
el tetrafluoroborate, yielded a dinuclear [S"NS ]-ligated Ni(II) complex.
A remarkable feature of this system is that the Zer#butyl substituents of
the thioether group have been released and the subsequent thiolate

group is linking the two nickel centers (Scheme 4.3).[45]
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Scheme 4.3 Ni(II) complexes reported by Bouwman upon addition of different
nickel salts to [StBuNHS].

\/
s/ \s

[Niy(SNS),] [Ni('BuSN),]

With all of this in hand, Baker and co-workers reported in 2016, the
synthesis of a new [SY“N"S] ligand. This ligand was very similar to that
reported by Bouwman before, but the Zr#-butyl group was replaced by a
methyl group. This modification gives rise to a more stable version of
the ligand. In addition, its synthesis can be achieved in high yield from

commercially available materials in a single step (Scheme 4.4).[46]

Scheme 4.4 Synthesis of [SMNHS] from commercially available starting materials.

EtOH

o)
/ H,N __RT.18n
+
-HZO
SMe HS

91%

Addition of the [S**N"S] ligand to the Fe(OTf), salt in the presence
of base (NaO'Bu) and in acetonitrile solvent, afforded a trinuclear iron
complex [Fe;(,-SMNS"),](OTH), (1). This complex was fully character-
ized by structural and spectroscopic methods. The combination of
spectroscopic techniques (UV-vis, M6ssbauer, NMR), magnetic meas-
urements (in solution and solid state) and computational (DFT) studies,
revealed that the central Fe(Il) atom is a high-spin (§ =2) center, while
the peripheral Fe(II) centers are both low-spin (S = 0).

Complex 1 is able to react further with excess of a variety of ligands
such as L. = PMePh,, CNxylyl (2,6-dimethylphenyl isocyanide), or
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P(OMe); in CH,CN to form the respective dinuclear Fe(Il) complexes,
{[Fe(u-S¥NSHL,],} (OTf), (2—4). All these dinuclear complexes were
also fully characterized and found to be diamagnetic, with two thiolate

groups linking both metal centers (Scheme 4.5).

Scheme 4.5 Synthesis of iron trinuclear (1) and dinuclear complexes (2-4).

Fe(OTf,| CH,CN
NaO'Bu | RT, 12h

2, L=PMePh2, L'=CH3CN
1 3, L=L"'=CNxylyl
4, L=P(OMe)3, L'=CH3CN
In a different report, Baker and co-workers shown that treatment of
two equivalents of the aforementioned [SYN'"S] ligand with a low-
coordinated iron complex Fe{N(SiMe;),},, in THF at room tempera-
ture, afforded a new dimeric complex 5 with the form [Fe(N,S,)], in
92% vyield (Scheme 4.6).[47] This new complex 5 was characterized by
"H NMR, UV-vis spectroscopy, ESI-MS and single-crystal X-ray diffrac-
tion. It was found to be a paramagnetic species. The structure of this
dimeric iron complex shown the thiolate groups linking both iron cen-
ters (i.e., one of the two thiolate groups in each monomer binds to the
iron center in the other, connecting both monomers). In addition, the
imine groups of each tridentate ligand were transformed into a diamido

unit, creating a new C—C bond between initial [S"*N"S] ligands. As
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result, 2 new redox-active (N,S,)* ligand with two uncoordinated thi-

oether groups was formed (Scheme 4.6)

Scheme 4.6 Synthesis of dimeric complex 5 in solid state (left) and its monomer-
ic form obtained in solution 6 (right).

2 equiv.
H - “y
O /
SMe N ’ = S
Fe{N(SiMe3)s}> > / H
THF S N. N

_S":
RT, 16h Q
N

-2 NH(SiMe3), ' S
‘.\S\ w 6, solution
S :
/ '

5, solid state

Complex 5 is a dimer in the solid state, but a new monomeric species
6 is obtained in solution (CD,Cl,, THF-d4; and C,D,). The monomeric
form of 5 retains the square pyramidal coordination and the magnetic
properties on the metal, due to the coordination of the thioether group

to the paramagnetic iron center (Figure 4.1).

Figure 4.1 X-ray structure of complex 6. Labels indicated for selected atoms.
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The dimeric structure 5 is not observed in any solvent. Complex 6 is
able to react upon addition of P(OMe), or CO. In the first case, the iron
center coordinates the new ligand in the axial position by decoordinating
the thioether group. Consequently, the new complex [Fe(N,S,)P(OMe);]
(7) becomes diamagnetic. In the second case, the coordination of the
CO generates a new unexpected complex 8 (Scheme 4.7). The X-ray
data for this transformation showed that carbonylation of monomeric
complex 6, cleaves the diamido C—C bond, generating an octahedral
iron complex [Fe(¢' -SNS)(#* -SNS)CO] (8) (Scheme 4.7).[47] This new
complex 8 is diamagnetic in CD,Cl, but, interestingly, the 'H NMR
spectrum also shows the signals for the paramagnetic complex 6. This is
indicative of an equilibrium between 6 and 8 upon addition of the CO
ligand.

Scheme 4.7 Reactivity of complex 6 upon addition of different coordinating
ligands (P(OMe)3, left and CO, right).

/

» , gl _
O_7 0O~ S S
0 H\P&Q @ \Sfp QN/\
7 8%
_P(OMe), )@ Fe\
©/\ 7/ \ CH4CN ©: 7/ \ CHsCN \©

Complex 6 was then tested for the catalytic hydroboration of alde-
hydes.[47] Hydroboration of carbonyl compounds can be achieved with
several transition metal-based complexes (T1,[48,49] Mo,[50] Fe,[51]
Ru,[52] Co,[53] and Cu[54]). Main group metals (Li,[55] Mg,[56,57]
Ca,[58] AL[59,60] Ga,[61] Zn,[62,63] and Sn [64]) and main groups ele-
ments (P),[65] are also known to catalyze this reaction. However, the
selective hydroboration of aldehydes over ketones has only few exam-
ples in the literature.[51,52,60,65] In this regard, Baker and co-workers
reported that complex 6 is able to selectively catalyze the hydroboration

of aldehydes at low catalysts loading (0.1 mol%) at room temperature
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using HBpin as boron source. In addition, the reaction tolerates a wide
range of functionals groups including nitriles, amines, alkenes, halides

and ketones, even at higher temperatures.

In this chapter 4, we will present the computational work carried out
in a collaboration with Baket’s group in the University of Ottawa. The
chapter is divided in two main sections. The first one (section 4.3) fo-
cuses on the elucidation of the intrinsic electronic structure of complex
6 and its cationic 6" and anionic 6  analogues. Our efforts will be fo-
cused on the analysis of the redox non-innocent character of the (N,S,)*
ligand. In addition, the results for the DFT characterization of complex
7 and 8 will be discussed. The other section will be dedicated to the
computational elucidation of a possible mechanism for the hydrobora-

tion of aldehydes carried out by complex 6.

Characterization of transition metal complexes is an important tool in
chemistry. It can give knowledge and understanding on the intrinsic
features of the complexes and hence, on methods to improve their per-
formance towards a particular transformation. With computational tools
we can examine in depth the electronic structure of complexes bearing
non-innocent ligands which directly affect the redox properties of the

whole complex.
Overview of the experimental data

In this section, we present the experimental characterization by Baker
and co-workers of the neutral Fe(Il) complex 6, together with their ani-
onic 6" and cationic 6" analogues. The X-ray crystal structure obtained
for complex 6 is presented in Figure 4.1. The structure shows the imine
coupled through a C—C bond with one thioether group coordinated to
the iron center on an axial position. The measured solid-state 80 K
Mossbauer parameters for complex 6 are 0.15 mm/s for the isomer
shift (8) and 2.83 mm/s for the quadrupole splitting (AE,) (Figure 4.2).

These values are consistent with a high spin Fe(Il) species. In addition,
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the solution magnetic moment measured by the Evans method [66] is

2.7 ug, consistent with two unpaired electrons.

relative transmission

4 2 0 2 4
velocity (mm/s)

Figure 4.2 ’Fe Méssbauer spectrum of complex 6.

Electrochemical studies were then performed on complex 6. Similar
ligand frameworks are known to act as redox non-innocent ligands by
accepting or donating electrons.[67,68] Thus, complex 6 was subjected
to detailed electrochemical analysis in THF. The cyclic voltammetry
showed two important potential waves for the one-electron reduction
and oxidation processes. The waves were found at E, /21 = -0.60 V and
E, ;> = 0.05V, respectively. In addition, the reversibility found for both
waves indicated that the chemical environment remains intact after re-
duction or oxidation of the complex. No chemical transformation

occurs after the redox processes.
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Current (uA)

-0.8 -0.6 -0.4 -0.2 0 0.2
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Figure 4.3 Cyclic voltammetry curves recorded under argon atmosphere for
complex 6 (1:10-* M in THF + 0.1 M NBuyPF) at (solid line) a stationary vitre-
ous carbon wotking electrode (@ = 3 mm, E vs Ag/Agt (1072 M), » = 0.1 V's)
and (dotted line) at a rotating carbon disk electrode (@ = 3 mm, » = 0.01 Vs,
550 rd/min).

Further electrochemical experiments such as electrolysis or spectroe-
lectrochemistry were performed in order to gain more insight on the
redox processes of complex 6. Electrolysis of the cationic and anionic
form showed a remarkable stability of both complexes under exhaustive
potentials. On the other hand, the interconversion of 6 to 6 or 6" was
followed by UV-vis spectra during the electrolysis of the complexes

(Figure 4.4).

1 T T T 1
400 600 800 1000 400 600 800 1000
A (nm) 2 (nm)

Figure 4.4 UV/Vis spectra recorded during the electrolysis (one electron per
molecule) of 6 (x mol L'1) at A) E,pp = — 1V and B) E,pp = +0,5V in THF (0.1
M TBAP) (working electrode : Pt, /=1 mm).
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Complex 6 and its redox partners 6 and 6* were also characterized by
EPR spectroscopy. The iron complex 6 was found to be EPR silent.
The results for complex 6° showed a weak signal at g= 5.1, suggesting
the presence of traces of a high-spin iron(I) species.[69] Figure 4.5 pre-
sents the X-band EPR spectrum of complex 6°. The results are
consistent with a low-spin (§="2) Fe(III) species, with three intense sig-
nals at g= 2.191, 2.075 and 2.021. In addition, the simulated spectrum of
the cationic complex 6" was obtained using easyspin [70] and an excel-
lent agreement was found with the experimental signals (Figure 4.5 in

red).

Sim.

Intensity (a.u.)

o4l T 1

g=2.075

-0.6

3000 3100 3200 3300 3400 3500
magnetic field [G]

Figure 4.5 Simulated (red) and experimental EPR spectrum of complex 6+ rec-
orded at 110 K (microwave power; 6mW; modulation amplitude; 2G).

Each redox partner of complex 6 was then synthetized independently
in order to further investigate their intrinsic characteristics. Electro-
chemical potentials found for the reduction/oxidation of 6, helped to

choose which oxidant o reductant reagent was appropriate to achieve its
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redox partners. Thus, a solution of sodium napthalenide (NaNp) in
THF was added to a solution of complex 6. The proper choose of the
sodium cation was key to successfully achieve the X-ray quality crystals
of the reduced complex 6. As expected, the structure of the complex
remains the same as in complex 6, with the thioether coordinated to the
metal center (Scheme 4.8). The effective magnetic moment of 6° meas-
ured by the Evans method reports a value of 3.5 w; This value is
consistent with a quartet (S = 3/2) Fe(I) species with 3 unpaired elec-

trons.
Scheme 4.8 Synthesis of anionic complex 67, [Fe(N2S3)]-.

aos 0
\\S / \\S

= e H Na*(THF)s

’/ \‘ b NaNp @ ’/ \‘ b
: /\ THF, RT, 16h

_Np

Lastly, the synthesis of the cation 6" was found to be much more
problematic. All the first attempts to synthesize this complex gave mul-
tiple products on the 'H NMR spectrum and Evans method
measurements, consistent with the apparition of impurities or incom-
plete oxidation. Several oxidizing agents were tested such as silver salts,
aminium cations or copper triflate in a variety of solvents. Finally, the
addition of stochiometric NOBF, to complex 6 in CH,Cl,, afforded the
desired complex in 24 hours (Scheme 4.9). The Evans method showed a
value of 1.5 p; for the effective magnetic moment of complex 6%, indi-

cating the presence of a doublet Fe(IIl) species (S = 2).

[101]



UNIVERSITAT ROVIRA I VIRGILI
NON-INNOCENT LIGANDS: FROM PRO-TON SHUTTLE TO PHOTO-ACTIVATION
Adiran de Aguirre Fondevila

4. Redox active ligands

Scheme 4.9 Synthesis of anionic complex 6%, [Fe(N2S3)]*.
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As mentioned in the previous subsection, complex 6 was able to ef-
fectively catalyze the hydroboration of several aldehydes.[47] Here, we
will introduce the more interesting results as well as the experimental
insight on a plausible mechanism. The optimal reaction conditions were
found to involve a 0.1 mol% of complex 6 as catalyst in CD, solvent,
with one equivalent of HBpin for the hydroboration of benzaldehyde.
The hydroborated product was achieved in quantitatively yields within
0.5 hours at room temperature (Table 4.1). Interestingly, while the pur-
ple solution of 6 was unchanged upon addition of benzaldehyde, once
HBpin was added, the color changed quickly to light beige or colotless.
This demonstrates that HBpin activates the catalysts and complex 6 is a

mere precatalyst of the reaction.

Several alternative Fe(II) complexes were tested (e.g. FeCl,, Fe(OTf),,
or Fe{N(SiMe,),},), although they gave lower yields together with the
formation of a dark precipitate. Replacement of benzaldehyde by aceto-
phenone afforded less than 5% of the hydroboration product, indicating
the high selectivity of 6 towards aldehydes. This was further confirmed
when using 4-acetylbenzaldehyde as reactant. Only the aldehyde group
became hydroborated with excellent yields (>99).
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Table 4.1 Optimization of reaction conditions for the hydroboration of benzal-
dehyde.

o HBpin6(1 eq.) OBpin
Ph)J\H solvent, time, Ph H
RT
catalyst (mol %) solvent time (h)  yield (%)
6 (0.1 CsDs 0.5 >99
FeCl (0.5) CsDs 0.5 35
Fe(OTf)2 (0.5) CsDs 0.5 51
Fe{N(SiMe3)2}2 (0.5) CsDs 0.5 20
6 (0.1) THF-dg 0.5 95
6 (0.1) CD;3;CN 0.5 >99

Regarding the possible mechanism, kinetic studies to identify the rest-
ing state and substrate dependence were performed. 4-
methylbenzaldehyde was selected to run the measurements because it is
a less reactive aldehyde. Unfortunately, these studies were not very in-
formative, as no resting states or intermediates could be observed.
However, some information could be extrapolated from the kinetic re-
sults. The results suggest a positive order in both reactants (aldehyde
and HBpin). The precise order could not be determined because the
progress of the reaction changes dramatically when changing to excess
(red and yellow dots, in Figure 4.6) or equimolar starting materials (blue

dots in Figure 4.6).
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Figure 4.6 Effect of the concentration on the formation rate of product in the
hydroboration of 4-methylbenzaldehyde catalyzed by 6. ([6] = 0.44 mM, RT,
C¢Hg; in blue [CHO] = [HBpin] = 450 mM; in red [CHO] = 450 mM and
[HBpin] = 675 mM; in yellow [CHO] = 675 mM and [HBpin] ) 450mM). From
ref [47].

The concentration of each reactant was monitored during the catalysis
(Figure 4.7). The consumption rate of HBpin was found to be higher
than that for the aldehyde. However, no obvious byproducts were
found accounting for the extra consumption of the HBpin. This suggest

that HBpin first activates the precatalyst 6, in agreement with the color

change found upon addition of it to the iron complex.

450
400 Alaldehyde]

350 4 o[HBpin]
300
250
200
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100
50
0
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time (min)

Figure 4.7 Rates of consumption for aldehyde and HBpin in the hydroboration
of p-methylbenzaldehyde catalyzed by 6 ([6] = 0.44 mM, RT, C¢Hg, [CHO] =
[HBpin] = 450 mM). From ref [47].
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4.2 Computational details
Computational method

All the energy and structural calculations reported in this chapter were
carried out with the Gaussian09 (rev. D.01) package [71] using density
functional theory (DFT). For section 4.3 and 4.4 the B3LYP-D3 level of
theory was selected.[72] D3 stands for Grimme-D3 dispersion correc-
tion.[73] This functional was chosen after an extensive benchmarking in
order to determine which one could reproduce better the relative ener-
gies and the X-ray structure for the different complexes under study.

The results of this benchmark will be detailed in the next subsection.

Experimental solvents (benzene: ¢=2.2706 and acetonitrile: 35.688,
the later for the calculations on complex 8), were introduced implicitly
in all the calculations through the SMD model.[74] All the structures
were optimized without symmetry restrictions. 6-31+G(d) basis set for
light atoms (C, H, N, S, B, O, P) [75] and LANL2DZ [76] and its corre-
sponding pseudopotential for Fe atoms were used for optimizations and

frequency calculations.

The nature of the stationary points was assigned to a minima (zero
imaginary frequencies) or transition states (one imaginary frequency) by
vibrational frequency calculations. All the reported energies in section
4.3 are potential energies in solution, as they correspond to a discussion
on electronic states. The energies shown in section 4.4 are free energies
in solution (unless otherwise noted) calculated at 298.15 K and 1 atm in

kcal-mol”, as they correspond to chemical reactions.

Some calculations showed spin contamination for the optimized
structure. The Yamaguchi spin correction formula was applied in all the
calculations in section 4.3 to account for this spin contamination (see
Chapter 2).[77]
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Mossbauer parameters were calculated for complexes 6, 6" and 6,
using the ORCA (version 4.0) package [78] with the BALYP-D3 level of
theory.[72,73] The Méssbauer parameters were obtained by approximat-
ing the solid-state effects by modeling methanol (¢=32.613) with CPCM
as implicit solvent model.[79] This is a common approach for modeling
the effect of the condensed phase of the molecular environment.[80]
The basis set def2-TZVPP together with the core properties basis set
CP(PPP) was employed to increase the radial integration accuracy for
the iron atom.[81] The computed isomer shift (8) were obtained using

the linear equation 6§ = a(p — C) + £.[82]

All the 3D structures on section 4.3 and 4.4 were drawn with CYL-
view program,[83] and the orbital representations on section 4.3 were
drawn with Chemcraft program.[84] The coloring criteria for atoms is
always the same: white for H, grey for C, yellow for S, blue for N, red
for O, orange for P, pink for B and purple for Fe.

Benchmarking of the computational method

The selection of the adequate functional for DFT calculations is a key
point in a computational study. The selection of an inappropriate func-
tional for a given problem, could lead to a miss-matching between
experimental and computational results. This is especially tricky when
different spin states may be involved. Because of this, an extensive

benchmarking of DFT functionals was carried out.

We selected B3LYP-D3,[72] M06-L-D3,[85] M06-D3,[85] M06-2X-
D3,[85] OPBE,[86] ©B97xD,[87] and BP86.[88] Several electronic spin
states were calculated (closed-shell singlet, open-shell singlet, triplet and
quintet) to compare the results with the experimental magnetism report-
ed. We chose complexes 6, 7 and 8 to perform the benchmark
calculations. In order to not encumber this section with too many tables,

only the results for complex 6 will be shown, as they are representative.
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Table 4.2 Potential energies for different spin states of complex 6 with several
DFT functionals. Energies are in kcal-mol-'.

Closed-shell  Open-shell

Functional . . Triplet Quintet
singlet singlet

B3LYP-D3 0.0 -5.0 -12.1 -4.3
Mo06-L-D3 0.0 -22.3 -29.8 -23.2
Mo06-D3 0.0 -30.0 -49.0 -40.3
M06-2X-D3 0.0 - -78.6 -43.9
OPBE 0.0 - 2.2 8.8
®B97X-D 0.0 - -18.3 -12.0
BP86 0.0 - -0.2 12.5

The results for the energy comparison between the four different spin
states of complex 6 are shown in Table 4.2. For some functionals we
were not able to find the open-shell singlet structure. In those cases, all
our attempts fell to the closed shell singlet spin state. We covered an
extensive range of functionals including different levels of HF exchange.
All the results point towards the triplet spin state as the ground state
which agrees with the experimental data. Two functionals with no HF
exchange (OPBE and BP86) seem to underestimate the stability of the
triplet state, as they place the singlet state almost equal in energy. In
contrast, the M06-L-D3 functional finds the triplet state almost 30.0
kcal-mol " lower than the closed-shell singlet state. Hybrids functionals
report a higher energy difference between the triplet and the singlet spin
states. The results with the functionals in the MO6 family confirm the
well-known relationship between the % of HF exchange and the stabili-
zation of the triplet spin state. However, for this particular system, the
MOG family favors very much the triplet state with respect to the singlet.
For instance, M06-D3 has a similar exact HF exchange to B3LYP-D3
(27% and 22%, respectively), but the relative energies found for both
functionals differ by more than 30.0 kcal'mol”. ®B97X-D and B3LYP-
D3 produce quite similar results although the dispersion term used in
each functional is different (0B97X-D uses the D2 version of Grimme’s

dispersion).[89] This suggest that the dispersion terms do not have a
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huge impact on the energy calculation for these systems. We have to
admit in any case that the comparison of the relative energies is not
conclusive on functional quality, as all of them predict a triplet ground

state, in agreement with experiment.

We next analyzed the optimized structures with each functional, for
all the spin states, and we compared it with the experimental X-ray val-

ues for complex 6. The results are summarized in Table 4.3.

Table 4.3 Sclected bond distances for the comparison between the experimental
values and the DFT optimized values for all the functionals included in the
benchmark. Labels correspond to those on Figure 4.1. Distances in A.

d(Fe1-Sso) d(FerSz) d(Fe1-S3) d(Fe1-N4) d(Fe1-N6)

Experimental 2.5267 2.2319 2.2287 1.8635 1.8657
css 2.2477 2.2396 2.2497 1.8563 1.8652

B3LYP-D3 0ss 2.4225 2.2733 2.2825 1.8873 1.8962
t 2.6075 2.2458 2.2774 1.8446 1.8835

q 2.7020 2.2925 2.2795 1.9082 1.8887

css 3.5087 2.1865 2.1843 1.8062 1.7955

MO06-1-D3 0ss 2.2368 2.2268 2.2364 1.8507 1.8693
t 2.6217 2.2385 2.2398 1.8557 1.8674

q 2.2622 2.2613 2.2642 1.8839 1.8885

css 2.1950 2.2008 2.2096 1.8323 1.8435

Mo06-D3 t 2.6004 2.2183 2.2475 1.8332 1.8835
q 2.6227 2.2166 2.2909 1.8394 1.9368

css 3.5256 2.2362 2.2494 1.8352 1.8330

Mo06-2X-D3 t 2.5640 2.4756 2.4682 2.1104 2.1329
q 2.6563 2.3098 2.3038 1.9011 1.9023

css 2.1369 2.1637 2.1725 1.8157 1.8376

OPBE t 2.5843 2.1919 2.1928 1.8218 1.8407

q 2.5912 2.2316 2.2365 1.8593 1.8669

css 2.2387 22131 2.2225 1.8313 1.8412

®B97X-D t 2.5742 2.2838 2.2247 1.8910 1.8339
q 2.6052 2.2333 23117 1.8302 1.9462

css 2.1962 2.2093 2.2217 1.8526 1.8662

BP86 t 2.5618 2.2193 2.2247 1.8414 1.8510

q 2.5994 2.2555 2.2574 1.8776 1.8846
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The best agreement for the three complexes included on the bench-
mark (6, 7 and 8) was found with the B3BLYP-D3 functional. We have to
admit that the agreement is not excellent, in particular for the Fe—S

distances.
Computational model

For some calculations in section 4.4, we used a smaller model of the
system in order to reduce the computational cost. Thanks to the charac-
terization of the system, we could design the model in a rational manner
where the intrinsic electronic structure was not altered. The modifica-

tion will be addressed in due time during section 4.4.
4.3 Characterization
[Fe(N,S,)]’ complex and its redox partners

We started our DFT investigation with the study of complex 6. As men-
tioned in the introduction of this chapter, the experimental data propose
this complex to be a paramagnetic Fe(Il) species, with two unpaired
electrons. We ran geometry optimizations for the different spin states:
closed shell singlet, open shell singlet, triplet and quintet spin states. The

computed energies are summarized in Table 4.4.

Table 4.4 Corrected potential energies (in kcal-mol-!) for the different spin states
considered for complex 6.

. Corrected
Spin state
Pot. Energy
Closed-shell singlet 0.0
Open-shell singlet 12.0
Triplet -11.4
Quintet -4.3

The triplet spin state was found as the ground state 11.4 kcal'mol’
below the closed shell singlet state after applying the Yamaguchi spin

correction formula. The open shell singlet and the quintet state were
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found to lie at 12.0 and -4.3 kcal'mol’, respectively, from the closed
shell singlet state.

In order to analyze the spin distribution of the complex in each spin
state, we decided to divide it into the three fragments shown in Figure
4.8. The three fragments are: the metal center (in black), the right-hand
side of the ligand (L1(SNS), in green) and the left-hand side of the lig-
and (L2(SN), in purple). We then added up the Mulliken spin population
in the atoms of each fragment. This separation helped as to localize the
spin population in different parts of the molecule and hence, to gain

more information on the electron distribution.

\

/ :'Black = Fe center ,

S ! Green = L1(SNS) ,
~ | Purple =L2(SN) !
.S R
H7— H
o .

Figure 4.8 Fragments considered to analyze the spin density of 6 and its redox
partners.

The results of the Mulliken spin distribution analysis are summarized
in Table 4.5. Remarkably, for the ground state triplet the results show
more than two open shells. Two alpha electrons are localized in the
metal center, with an extra alpha electron delocalized between L1(SNS)
and the Fe center, with a greater contribution on the metal center. In
addition, a beta electron is mostly localized on the L2(SN) fragment of
the complex (-0.70).
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Table 4.5 Spin density values obtained for each fragment in different spin calcu-
lations for complex 6.

. . Open-shell . .
Spin density singlet Triplet  Quintet
Fe | 1.64 2.54 2.40
L1(SNS) ‘ -0.86 0.16 0.80
L2(SN) ‘ -0.78 -0.70 0.80

We also carried a comparison between the optimized structure and
the experimentally obtained X-ray structure. Results are summarized in
Table 4.6. The parameter presenting the larger discrepancies from one
spin state to the other is the Fe,-S;, distance, with a range from 2.2477
A in the closed-shell singlet to 2.7020 A in the quintet. The experimental
value 2.5267 A is closer to the value for the triplet, 2.6075 A. We con-
sider this as further proof of the correctness of the description for this
system.

Table 4.6 Experimental and calculated selected bond distances (in A) for com-
plex 6. Labels correspond to those shown in Figure 4.1.

X-ray values Calculated
Closed-shell ~Open-shell . .
Bond . . Triplet Quintet
singlet singlet
d(Fei-Ss) 2.5267 2.2477 2.4225 2.6075 2.7020
d(Fei-Sz) 2.2319 2.2396 2.2733 2.2458 2.2925
d(Fe1-S3) 2.2287 2.2497 2.2825 2.2774 2.2795
d(Fei-Ny) 1.8635 1.8563 1.8873 1.8446 1.9082
d(Fei-Ng) 1.8657 1.8652 1.8962 1.8835 1.8887

The next complex studied in our DFT characterization was the re-
duced species 6". We followed the same methodology. In this case, three
different spin states were considered: doublet, quartet and sextet. The
relative potential energies for these states are summarized in Table 4.7.
The quartet spin state was found to be the ground state for complex 6,
with the doublet and the sextet at 8.0 and 6.2 kcal-mol”, respectively,

above it.
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Table 4.7 Corrected potential energies (in kcal-mol-!) for the different spin states
considered for complex 6.

. Corrected
Spin state
Pot. Energy
Doublet ‘ 0.0
Quartet ‘ -8.9

Sextet ‘ -2.7

The analysis of the spin distribution for the different spin states of
complex 6 is shown in Table 4.8. For the quartet ground state, the re-
sults reveal three alpha electrons mostly localized on the Fe center. One
electron is a little delocalized among both sides of the ligand, 0.13 and
0.16 spin density on L1(SNS) and L2(SN), respectively. The comparison
between the spin density distribution of the ground states of 6 and 6’
shows that the reduction from 6 to 6  is mostly ligand based. The Fe
center remains almost with the same spin density before (2.71) and after
(2.54) the reduction process, but the L2(SN) side of the ligand changes
from -0.70 to 0.16. The added electron is thus placed in the L2(SN)
fragment of the ligand. This is a computational confirmation of the re-

dox non-innocent nature of the ligand.

Table 4.8 Spin density values obtained for each fragment in different spins states
for complex 6.

Spin density Doublet Quartet Sextet
Fe 1.03 2.71 3.95
L1(SNS) -0.09 0.13 0.47
L2(SN) ‘ 0.05 0.16 0.58

The results for the experimental/computational structure comparison
for complex 6 are shown in Table 4.9. As for complex 6, the larger dis-
crepancy between spin states is found for the distance Fe,-S;,. In this
case, the best agreement for this particular distance is found for the sex-
tet state instead of the ground state. Nevertheless, the selected distances
point toward the correct assighment of quartet spin state as the ground

state because it better reproduces the whole complex. The sextet spin
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state shortens the Fe—S distance on the axial position, as expense of
enlarging the Fe—S and Fe—N distances on the equatorial positions

and moving them far from the experimental values.

Table 4.9 Experimental and calculated selected bond distances (in A) for com-
plex 6-. Labels correspond to those shown in Figure 4.1.

X-ray values Calculated
Bond Doublet Quartet Sextet
d(Fe-Sso) 2.5601 2.2731 2.6508 2.5956
d(Fe-S) 2.2267 2.2882 2.2855 2.4148
d(Fe-S;3) 2.2261 2.2899 2.2809 24171
d(Fe-Ny) 1.8590 1.8760 1.8670 1.9945
d(Fe-Np) 1.8762 1.8829 1.8725 1.9943

Finally, we studied the electronic structure of the cationic complex 6"
We found the doublet spin state to be the ground state. The quartet and
sextet spin states were found at 14.8 and 27.4 kcal-mol ™, respectively,
from the doublet state, after applying the Yamaguchi spin correction
formula. These results agree with the experimental Evans method
measurements which suggest the formation a doublet (S = '2) ground

state for complex 6'. The potential energies for each spin state are
shown in Table 4.10.

Table 4.10 Corrected potential energies (in kcal'mol!) for the different spin
states considered for complex 6*.

. Corrected
Spin state
Pot. Energy
Doublet ‘ 0.0
Quartet ‘ 14.8

Sextet ‘ 27.4

The spin distribution of the spin states under study for complex 6" is
shown in Table 4.11. The doublet ground state shows approximately
three alpha electrons on the iron center (2.54). In addition, each side of
the ligand presents negative spin density which can be attributed as one

beta electron in each fragment of the ligand (-0.74 and -0.79, for
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L1(SNS) and L2(SN), respectively). Again, the comparison between the
spin density distribution of complexes 6 and 6" suggests that the oxida-
tion from 6 to 6" is ligand based. The Fe center keeps the same spin
density after the oxidation process (2.54 for both redox states), while the
spin density on the L1(SNS) fragment changes from 0.16 to -0.74, indi-

cating the loss of one electron on this side of the ligand.

Table 4.11 Spin density values obtained for each fragment in different spins
states for complex 6%.

Spin density Doublet Quartet Sextet

Fe ‘ 2.54 2.69 2.92
L1(SNS) ‘ -0.74 -0.62 1.11
L2(SN) ‘ -0.79 0.93 0.97

The selected bond distances obtained on the geometry optimizations
calculations for the different spin states of complex 6" are summarized
in Table 4.12. Unfortunately, during the preparation of this thesis manu-
script, the X-ray determination of the structure of this complex had not
yet been achieved. Interestingly, the distances for the Fe—S bonds on
the equatorial plane can be directly related with the spin density found
for each side of the ligand in each spin state. In general, the fragments
presenting beta spin density feature shorter Fe—S and Fe—N bond
distances that those with alpha spin density. We believe that this can be
associated to the attraction or repulsion generated between the opposite
or parallel disposition of the electrons, respectively, in each fragment of

the ligand.
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Table 4.12 Calculated bond distances (in A) for complex 6*. Labels correspond
to those shown in Figure 4.1.

Calculated
Bond Doublet Quartet Sextet
d(Fe-Sso) 2.4769 2.5502 2.6376
d(Fe-S») 2.2540 2.2510 2.2904
d(Fe-S3) 2.2574 2.2727 2.2890
d(Fe-Ny) 1.8743 1.8774 1.9088
d(Fe-Ng) 1.8791 1.9259 1.9210

DFT-Mossbauer parameters were calculated in order to further char-
acterize the intrinsic complicated electronic structure of these
complexes. The results are summarized in Table 4.13. The differences
between the experimental and the computed parameters are inside the
expected range.[82,90] The results obtained for complex 6, fit well with
the experimental values. Although it is worth mentioning, that due to
the similar spin density found on the Fe center of complex 6 in its tri-
plet and quintet spin states (2.54 and 2.40, respectively), it is not trivial
to determine which calculated parameters fit better with the experi-

mental findings.

Table 4.13 DFT-calculated M6ssbauer parameters: isomer shift (8) and quadru-
pole splitting (AEq), for 67, 6 and 6% complexes. Experimental values are
provided for comparison. Some of the computed values for AEq are negative,
even if experiment can only measure the absolute value.

6 [mm s1] AEq [mm s]
Complex Scomplex | Exp. Calc. Exp. Calc.
Ya 0.23 2.90

6-, Fe[NS;]- 3/2 0.17 3.46
5/2 0.39 -1.80

0 0.16 3.42

6, Fe[N,S;]° 1 0.15 0.13 2.83 3.39
2 0.25 2.81

Y2 0.13 3.29

6+, Fe[N2S;]* 3/2 0.15 3.53
5/2 0.17 4.13
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Natural orbital analysis for [Fe(N,S;)]’ and its redox partners

In this section we will introduce the results for the natural orbital analy-
sis for the frontier orbitals of the ground spin state of each redox
partner. This study will allow us to better understand the electronic
structure of the complexes by comparing the shape of the orbitals for
each redox state. In addition, thanks to the electron occupancy of each
orbital, we will be able to estimate the oxidation state of the metal center

and hence, the redox characteristics of the ligand.

It is worth noting that the appearance of extra open shells on the
complexes makes the analysis of these orbitals much more complicated.
Nevertheless, we were able to identify the five d orbitals of the metal for
all the complexes, together with three orbitals of the ligands which are
responsible of the redox activity. In order to have a more clear analysis,
we will present first the orbital analysis of complex 6. This system does

not present any extra open shell and hence, the explanation is easier.

The calculated S* value for complex 6 was 3.80. This is very similar to
the ideal value for a pure quartet spin state (3.75). The orbital analysis
showed three semi-occupied orbitals almost fully localized on the metal
center: orbitals d,, d,, and d,. From the occupancies we can deduce
that the metal center has only five electrons (Figure 4.9). So, we assign

an oxidation state of +3 to iron, and -4 to the ligand.
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Occ.=0.02

dﬂ 144

Occ.=1.98

L o-equatorial| 142

L, * 140 die-y? 139

Figure 4.9 Frontier orbitals for complex 6.

For complex 6, the calculated S* value was 2.60. This result is far
from the ideal value for a pure triplet state (2.00), and is indicative of the
presence of extra open shells in the complex. We can observe in Figure
4.10 two orbitals mainly localized on the metal center, 144 and 143, cor-
responding to the d,, and d,, orbitals of the metal, respectively. The
latter has some contribution from the axial thioether group of the

L1(SNS) side of the ligand. This could explain the small spin density
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found on the calculations (0.16). Orbitals 142 and 145 correspond to the
bonding and anti-bonding interactions between the d, orbital and the
n* orbital of the L2(SN) fragment. The calculations report 1.67 and 0.33
occupancies for these orbitals, respectively. The contributions of the
spin density in orbital 142 are larger for the Fe center than for the ligand
fragment. In contrast, the shape of the orbital 145 shows larger lobes on
the ligand (see Figure 4.10).

Occ.=0.02

Occ.=1.67
Jo

L o-equatorial | 141

Lm,* | 140

Figure 4.10 Frontier orbitals for complex 6.
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In summary, by comparison with the orbitals of complex 6, the one-
electron oxidation from 6" to 6 is ligand based. Specifically, an electron
is released from the L2(SN) side of the ligand. Then, the system stabiliz-
es its electronic structure by merging the d, and the n,* orbital, where
the metal is partially oxidized from the ligand. Consequently, the metal
remains in an oxidation state between Fe(Il) and Fe(III), but closer to
Fe(11I).

Occ.=0.02

Occ.=1.53

dz 142

Occ.=1.98

L o-equatorial | 140 diey? 135

Figure 4.11 Frontier orbitals for complex 6*.
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Finally, the concordance between the ideal (0.75) and calculated (2.07)
values for the S* value of doublet complex 6, was even worse than for
complex 6. This again is indicative of the presence of more extra shells
on the complex after oxidation from 6 to 6. By comparison with the
otbitals on 6, we can clearly observe that the new open shell on 6" is
related to orbitals 142 and 144. Those orbitals correspond to the d,, on
the metal and to the n* orbital of the L1(SNS) fragment, respectively
(Figure 4.11). Thus, the one-electron oxidation from 6 to 6 is again
ligand based but, in this case, the electron is abstracted from the
L1(SNS) fragment of the ligand. After rearrangement, both sides of the
ligand pull electron density of the metal. This is translated on an oxida-
tion state on the metal between Fe(Il) and Fe(IIl), again closer to
Fe(I1I).

Related complexes with CO and P(OMe), ligands

As we mentioned in the introduction of this chapter, complex 6 can
react with P(OMe), and CO forming square pyramidal (7) or octahedral
(8) complexes, respectively. Experimentally, both derivative species were
found to be diamagnetic and their X-ray structures could be determined.
In this subsection we will present the results of the DFT characteriza-

tion of these complexes.

Four different spin states were considered for complex 7: closed-shell
singlet, open-shell singlet, triplet and quintet. The relative potential en-
ergies for these states are summarized in Table 4.14. We found the
open-shell singlet state to be the ground state. The closed singlet, the
triplet and the quintet states are at 2.2, 1.7 and 6.7 kcal'mol ' above the
open-shell singlet state. The spin state assighment agrees with the exper-

imental magnetism.
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Table 4.14 Corrected potential energies (in kcal'mol!) for the different spin
states considered for complex 7.

Spin state Corrected
Pot. Energy
Closed-shell singlet 0.0
Open-shell singlet -2.2
Triplet -0.5
Quintet 4.5

In this case, the comparison between the experimental and the DFT
optimized structure is rather inconclusive (Table 4.15). The quintet spin
state can be easily discarded because the optimized distances are signifi-
cantly longer for all the key bonds. However, it is difficult to
differentiate between the other three spin states as the optimization

yields very similar bond distances.

Table 4.15 Experimental and calculated selected bond distances (in A) for com-
plex 7.

*a

o,

I
X-ray values Calculated
Closed-shell Open-shell . .

Bond . . Triplet Quintet

singlet singlet
d(Fe-Pg) 2.1606 2.1769 2.2343 2.2540 2.7041
d(Fe-S;) 2.2037 2.2598 2.2613 2.2714 2.2660
d(Fe-S;) 2.1986 2.2436 2.3009 2.2650 2.3484
d(Fe-Ny) 1.8461 1.8463 1.8569 1.8421 1.8643
d(Fe-N5s) 1.8451 1.8530 1.8648 1.8622 1.9442
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Finally, the last complex to be characterized with DFT tools was the
CO complex 8. We considered all the four spin states as for complex 7.
The Yamaguchi spin corrected potential energies are shown in Table
4.16. We found the closed singlet spin state to be the ground state. The
triplet and the quintet states were found at 7.0 and 6.9 kcal-mol " above
the singlet state. All our attempts to obtain the open-shell singlet state of
this complex were unsuccessful.

Table 4.16 Corrected potential energies (in kcal'mol!) for the different spin
states considered for complex 8.

Sofn gt Corrected
Pot. Energy
Closed-shell singlet | 0.0
Open-shell singlet | -
Triplet \ 7.0
Quintet \ 6.9

The comparison between the experimental and the calculated structure
for complex 8 is summarized in Table 4.17. The results clearly point
towards the assignment of the singlet state as the ground state of the

complex, in agreement with the experimental findings.
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Table 4.17 Experimental and calculated selected bond distances (in A) for com-
plex 8.

X-ray values Calculated
Closed-shell
Bond . Triplet Quintet
singlet
d(Fe-S;) 2.2925 2.3533 2.5214 2.4238
d(Fe-S;3) 2.2608 2.3575 2.6408 2.6673
d(Fe-S,) 2.3026 2.3806 2.3561 2.4504
d(Fe-Ns) 1.9777 2.0070 21912 2.2611
d(Fe-Np) 2.0214 2.0419 2.0201 2.1788
d(Fe-CO) 1.7559 1.7824 1.8000 2.1873

Summary

We have investigated with DFT calculations the electronic structure of 6
and its redox partners. The nature of the ground state of each complex
predicated by calculation agrees with the experimental observation. The
natural orbital analysis emerges as a key tool to explain the redox prop-
erties of these complexes. Specifically, in the first oxidation (from 6 to
6) the electron is abstracted from the L2(SN) side of the ligand. This
generates an electronic rearrangement in order to stabilize the complex,
where a new open shell is formed. The second oxidation (6 to 6%) is
again ligand based, but on the LL1(SNS) side of the ligand. This makes
sense considering that the L2(SN) side does not have the ability to re-
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lease an electron anymore after the first oxidation. After the oxidation,
an extra shell is created related with the d,, orbital of the metal and the
m* system of the L1(SNS) fragment. A schematic representation of these
redox processes is depicted in Figure 4.12. The calculations lead us to
conclude that the formal oxidation of the metal is Fe(III) throughout all
these processes. We were also able to successfully characterize the CO

and P(OMe), derivatives of complex 6.

[FeN,S3]" [FeN,S;1° [FeN,S;]*!

Oxy = Oxy = dxy =

de = o de = J— dhe = e
dz? + /l dz +/
) # " /!‘r e
d 'z d 'z -
Gequatorial d : 21 + Gequatorial g y i + Gequatorial
x2-y x2-y?

TC]’r

"
+ -k +

Fe*? Fe*2.Fe*? Fe*2 - Fe*?

Figure 4.12 Schematic orbital diagram for 6- (left), 6 (middle) and 6* (right)
complexes.

4.4 Reactivity

Complex 6 is able to selectively catalyze the hydroboration of aldehydes
in very mild conditions and with low catalyst loading. From the experi-
mental data we know that upon addition of HBpin to a solution of
complex 6, the color of the solution changes from purple to beige or
colorless. This suggests that the boron reagent reacts first with catalyst 6
activating it. Moreover, the addition of aldehyde to 6 does not promote
any change in the solution. To elucidate a plausible mechanism, we se-

lected benzaldehyde (a) and HBpin (b) as model reagents.

The labels for each species in this section will be changed to capital
letters instead of numbers. This was done to differentiate between the
complexes in both sections. Thus, from now on, complex 6 will be

complex A.
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Monomeric mechanism

We first studied the direct reaction mechanism. Thanks to the previous
electronic structure characterization done on complex A, we envisaged
that a metal-ligand cooperativity could activate both reactants at the
same time. The computed profile is depicted in Figure 4.13. The transi-
tion state associated to this process would consist of a six-membered
ring where new B—S, C—H and Fe—O bonds are formed while the
B—H bond of the pinacolborane and the Fe—S bond on the L2(SN)
fragment of the ligand would be broken homolytically. The overall reac-
tion for the formation of the hydroborated product is exergonic by 23.6
kcal'mol™. The transition state associated to this mechanism, TS A-B,
was found at 35.5 kcal'mol’ from initial reactants (A + a + b). This
barrier is not affordable at the experimental conditions. After the transi-
tion state, the reaction would evolve barrietless to the formation of the
product B due to the exergonicity of the reaction. In addition, this con-
certed mechanism would not match with the experimental finding that
report that the HBpin reagent activates the precatalyst A, forming the

active species.

t

04 :

me CUASO
,/'35.5\ s os

. PinB, H‘l\

©:/ \:© ?
' @ J©

+ HBpin +)-L
Ph” "H 0

236 Ping~O~P

H

Figure 4.13 Free energy profile for the direct mechanism for the hydroboration
of benzaldehyde catalyzed by A. Energies in kcal-mol-l.
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Afterwards, we decided to focus our efforts on the activation of the
pinacolborane by complex A. The results for the first approach are
shown on Figure 4.14. This mechanism starts with the interaction of
reagent b with complex A. The preferred position would be with the
boron atom of the pinacolborane interacting with the S atom of the
L2(SN) arm of the ligand while the H atom is interacting with the Fe
center. The transition state associated with the H—B bond activation
following this pathway, TS A-C, was found at 30.0 kcal-mol . This high
barrier transition state is unaffordable at the reaction conditions. Never-
theless, we continued with the mechanism to check the relative energies
of the subsequent steps. After TS A-C, intermediate C is formed with a
relative free energy of 24.7 kcal'mol. This intermediate presents a new
Fe—H and B—S bond due to the activation of the pinacolborane.
From this intermediate, the system could evolve through proton transfer
from the Fe center to the S atom of the L1(SNS) side of the ligand. The
transition state for this process, TS C-D, was found at 26.2 kcal-mol .
Finally, intermediate D was found at 12.1 kcal'mol from the initial re-
actants (A + b). Although the formation of intermediate D is
endergonic, the formation of it could be thermodynamically achieved
under the reaction conditions. However, the high barriers found for this

mechanism make complex D kinetically unreachable.
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Figure 4.14 Free energy profile for the H—B bond activation szz the synergetic
cooperation of the Fe center and the L2(SN) fragment of the ligand. Energies in
kecal-mol-'.

Several alternative intermediates were calculated for C. For instance,
the decoordination of the axial thioether group or the quintet spin state.
Nevertheless, the relative free energies for these alternative intermedi-
ates were higher and are not shown on Figure 4.14. We also calculated
the possible assistance of a second molecule of b which could help on
the H—B bond breaking step leading directly to intermediate D. The
barrier for this transition state, (TS A-D)? was 57.2 kcal'mol, totally

prohibitive at room temperature.

From this point, we decided to study an alternative mechanism where
the activation of the H—B bond of the pinacolborane was achieved

with the synergetic cooperation of the Fe center and the S atom on the
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L1(SNS) fragment of the ligand. This mechanism was carried out to
check if the beta spin density found for the L2(SN) influences the acti-
vation step of, on the contrary, the energies for both mechanisms are
similar. In addition, this mechanism will lead to a different intermediate
were the H and the Bpin groups are bonded to the S atoms of the
L2(SN) and L1(SNS) fragments, respectively. The results are summa-
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rized in Figure 4.15.
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Figure 4.15 Free energy profile for the H—B bond activation viz the synergetic
cooperation of the Fe center and the L1(SNS) fragment of the ligand. Energies in
kcal-mol-!.

This alternative mechanism presents very little differences in terms of
relative energies. For example, the high lying TS A-E in Figure 4.15 is
only 1.7 kcal'mol™” higher than TS A-C in Figure 4.14. Similar energy
differences were found for the other stationary points of the profile de-

picted in Figure 4.15.
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Even if our first approaches were not successful, these studies gave
us the idea that several intermediates could be generated after the pina-
colborane activation. This idea emerged after observing that both
intermediates D and F had a very similar relative free energy, and both
would be formed after surpassing comparable activation barriers (TS A-
C and TS A-E, respectively). Thus, we decided to investigate the specia-

tion of the reaction after the pinacolborane activation.

The results of the speciation study are shown in Figure 4.16. We stud-
ied many different species where the Bpin and the H groups are
attached to different atoms on the complex. For example, complex G
has both fragments attached on the L1(SNS) side of the ligand; the H
atom is attached on the N while the Bpin group is attached to the S at-
om. Another example is complex J, where the H atom is attached to the
N of the L1(SNS) part while the Bpin is on the S atom of the L2(SN)
side of the ligand. In addition, for most species we have calculated the
square planar version where the thioether group has been decoordinated
from the metal center. The reported energies in Figure 4.16 are potential
energies in solution. This was done to speed up the investigation on the
possible species after the H—B activation step and, since we are com-
paring analogues species, the entropic corrections will account similar

for all the complexes.

As can be observed in Figure 4.16, the energy range for the consid-
ered intermediates is quite large (from -21.1 to 12.8 kcal-mol”, for J and
E, respectively). Several considerations can be extrapolated from those
results. The higher energy structures present an Fe—H bond. In this
regard, all the attempts to coordinate the Bpin fragment on the Fe cen-
ter were unsuccessful. Instead, the Bpin group relocates and stays
attached to a different S or N atom of the ligand. In general, the deco-
ordination of the thioether group destabilizes the complex (eg., J »s. J-
noS).
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Figure 4.16 Possible structural isomers after the pinacolborane activation step.
Potential energies in solution in kcal mol-1.

The most stable structure that we found was complex J. In this com-
plex, the H atom is attached to the N atom of the L1(SNS) fragment
while the Bpin group is bonded to the S atom of the L2(SN) side of the
ligand. We considered different spin states for this structure (Figure

4.17). The singlet spin state was found 13.2 kcal'mol” above the triplet
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state and interestingly, the quintet spin state was isoenergetic with the
triplet state. The spin distribution for both states shows that the un-

paired electrons are localized in the metal center.
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Figure 4.17 Potential energies for different spin states of complex J. Energies in
kcal-mol-!.

Unfortunately, we could not find a proper mechanism to obtain
complex J. Probably due to the high complexity of the electronic struc-
ture that the transition state should have to break the H—B bond in a
homolytic manner. Nevertheless, we decided to study the hydroboration
of the benzaldehyde starting from J. The calculated profiles for the tri-
plet (in green) and quintet (in purple) spin states are shown in Figure
4.18 and Figure 4.20.
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Figure 4.18 First step for the hydroboration of benzaldehyde from complex J.
Energies in kcal-mol-1. Triplet and quintet spin surface in green and purple, re-
spectively.

The first part of the mechanism (Figure 4.18) starts with the adduct
formation between J and benzaldehyde (a). Then, the system evolves
through the O—B bond formation, TS M-N, to form intermediate N
in an exergonic step (see Figure 4.19 for 3D structures). This step has an
activation barrier of 14.5 and 12.0 kcal'mol™ on the triplet and quintet
spin surface, respectively. Interestingly, the structure of intermediate N
presents a new S—C bond, formed after the O—B bond step for-
mation. The distances of this S—C bond are 1.92 and 1.91 A, for the
triplet and the quintet complexes, respectively. Finally, this bond can be
easily broken to form complex O and releasing the radical ¢, which can
be seen as the reduced radical form of benzaldehyde. Once radical c is
released to the media, both surfaces converge to the same point in O

because one unpaired electron was on the carbon atom of c.
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,—k_ﬁ

Figure 4.19 3D optimized structure of TS M-N3 (left) and N3 (right). Selected
bond distances in A.

The second part of the mechanism is depicted in Figure 4.20. The
radical ¢ can approach to the N—H group of the catalyst in a ferromag-
netic or antiferromagnetic manner. The first approach will lead to
complex P°, which was found 2.7 kcal'mol” below intermediate O. The
antiferromagnetic complex P? was found on the triplet state surface, 2.3
kcal-mol " below intermediate O. The final step of this mechanism con-
sists in the hydrogen atom transfer (HAT) from the N atom to the C
atom, TS P-A, which leads to the final hydroborated aldehyde. In this
case, the activation barrier associated to this transition state was higher
for the quintet than for the triplet spin state. The respective values are
16.9 kcal'mol” for TS P-A®, from intermediate N° and 11.8 kcal-mol”
for TS P-A’, from intermediate P°. This energy difference can be ra-
tionalized considering that the initial catalyst A would be regenerated in

this step and that the triplet state is more stable by cz. 7.0 kcal-mol .
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Figure 4.20 Final step for the hydroboration of benzaldehyde from complex J.
Energies in kcal'mol-!. Triplet and quintet spin surface in green and purple, re-
spectively.

To sum up on this section, different species are energetically available
after the activation of the HBpin substrate by catalyst A. Complex J is
the most stable hydroborated intermediate within those considered. This
complex J can hydroborate benzaldehyde with an overall barrier for this
step of 14.5 kcal'mol, associated to the formation of the O—B bond
step. However, we were not able to elucidate a kinetically affordable

pathway for the activation of the HBpin molecule.
Dimeric mechanism

Thanks to the speciation investigation carried out in the previous sub-
section, we envisaged that may be two complexes A could activate the
pinacolborane (b) in a cooperative manner. As result, each fragment of
reagent b (the H atom or the Bpin group) would remain attached to
different complexes. The less hindered spot on complex A with the

enough spin density to break this bond is the sulfur atom of the L2(SN)
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fragment. Thus, we started calculating the thermodynamics of this reac-
tion (Scheme 4.10).

Scheme 4.10 Schematic representation of the H—B bond activation by two ini-
tial catalysts A. Energies in kcal-mol-L.
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The reaction to cleave homolytically the HBpin reagent, forming
complexes Q and R, was found thermodynamically unfavorable by 3.7
kcal'mol”. Nevertheless, we believe that after this step, the system can

evolve to more stable intermediates.

The next step was to introduce two complexes on the same calcula-
tion modeling the H—B bond breaking event. This calculation is quite
tricky. The bond breaking step would take place homolytically so, that
means, both complexes should be in an antiferromagnetic arrangement.
A further difficulty is that two complexes of A in the same calculation
would increase the computing cost to unaffordable times. For this rea-
son, we decided to model complex A in a rational way keeping the
intrinsic electronic structure so that the reactivity is not affected. We
decided to substitute the aryl group on the backbone of the ligand by
simpler structures: for the group attached to the iron center by the thi-
octher moiety, we substituted the benzene ring by an alkene. This keeps
the ability of this moiety to interact with the metal center within similar
distances. The other substituent was replaced by a methyl group because
it does not seem to participate in the key orbitals in the electronic struc-

ture of the complex. In addition, the methyl groups of the
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pinacolborane were replaced by hydrogen atoms to reduce the number
of atoms on the calculation (see Scheme 4.11).

Scheme 4.11 Real (left) and model (right) systems for the calculation of the di-
meric mechanism.

/

QO
. s Me, \SQ

H7”— H H7’— H
N, | N, N, | N,
s s s s
A mA
Me H
Me~1-O H -0
/B—H f— /B—H
Me (0] H (0]
Me H
b mb

We successfully modelized complex A keeping the same electronic
structure on the model complex mA. The electronic structure compari-
son between A and mA is shown in Table 4.18.

Table 4.18 Spin density comparison between real complex A and model complex
mA in the triplet spin state.

System Fe  LI(SNS) L2(SN)
A ‘ 2.54 0.16 -0.70
mA ‘ 2.57 0.21 -0.78

With this, we were able to run the antiferromagnetic arrangement
between two mA complexes (Figure 4.21a). The reaction runs on the
open-shell singlet surface. The interaction between both complexes
slightly stabilizes the complexes, in mS, by -0.5 kcal'mol”. The two
monomers are displayed in an antiparallel way, where the thioether
groups are pointing outwards (Figure 4.21b). In addition, they are in a
rocking type arrangement between each other (rotation around 45°, be-

tween each complex). This shortens the distance between both S atoms
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of each L2(SN) fragment (Figure 4.22, left). The S—S distance in mS is
3.76 A. The introduction of the mb reagent unstabilizes the system by
5.0 kcal'mol "', mT. Although the distances between the HBpin reactant
and the two monomers are quite large (3.53 and 3.61 A for H—S and
B—S distances, respectively), the interaction reduces the distances be-
tween both S atom of each L2(SN) fragment of the monomers (from
3.75 to 3.59 A in mS and mT, respectively). The next step would con-
sist on the homolytically cleavage of the H—B bond. Unfortunately, we
could not find the associated transition state, TS mT-mU. Probably,
due to electronic issues. Instead, we were able to find the product of this
step, mU, lying at 1.5 kcal'mol ™, from the initial reactants. The compar-
ison between the spin distribution in mT and mU cleatly shows that
both monomers aid in the H—B bond breaking step (Figure 4.21c).
Once HBpin has approached the dimer, this interaction promotes a re-
arrangement on the electronic structure of both complexes to place and
entire electron on the L2(SN) fragment of each ligand to achieve the
bond breaking process. This spin density is not found on intermediate
mU due to the formation of the S—H and S—B bond. Interestingly,
the optimized structure of mU showed an interaction between the S—
H group and the S atom of the L1(SNS) fragment of the other mono-
mer. The distances are 1.40 and 2.15 A, respectively. This suggests that
the H atom can be easily transferred to the other monomer, affording
intermediate mD. In fact, we were able to locate the transition state as-
sociated to this hydrogen atom transfer, TS mU-mD, with a low barrier
of 1.4 kcal'mol”, from intermediate mU (see Figure 4.22, right, for 3D
structure). The product of this path would lead to intermediate mD,
with the H and the boron group attached to the L2(SN) and L1(SNS)
fragments of the ligand, respectively; together with the regeneration of
the initial catalyst mA. The formation of mD is slightly endergonic by
1.4 kcal'mol”, from mU (Figure 4.21a).
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We have to take into account that other destinations for the proton
are possible. For instance, the proton could be transferred to the N at-
om of the L1(SNS) side of the second monomer achieving intermediate
mJ (model of complex J shown on Figure 4.16). Complex J has been
previously demonstrated that is capable of hydroborate benzaldehyde

producing the desired product with very low barriers (Figure 4.18 and
4.20).
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Figure 4.21 a) Free energy profile for the dimeric activation of the model pina-
colborane (mb). Energies are free energies in solution in kcal-mol-!. Green and
purple colors used to distinguish between both monomers interacting in an anti-
ferromagnetic arrangement. b) Front view of intermediate mU. c) Spin density
disposition in intermediate mT and mU. Half arrows pointing up and down,
account for the « and B spin density, respectively.

[138]



UNIVERSITAT ROVIRA I VIRGILT
NON-INNOCENT LIGANDS: FROM PRO-TON SHUTTLE TO PHOTO-ACTIVATION
Adiran de Aguirre Fondevila

4. Redox active ligands

Figure 4.22 3D optimized structure of mS (left) and TS mU-mD (right). Select-
ed bond distances in A.

The direct extrapolation of these results from the model to the real
system is not trivial. The latter would generate a higher steric hindrance
between complexes, caused by the substituents of the backbone of the
ligand. Thus, the interaction between two A species would not be very
favorable. Nevertheless, since the reaction takes place on the S atoms of
each complex, we think that this mechanism could be possible, probably

with a different arrangement between complexes.
4.5 Summary

In this section we have studied the possible mechanism for the hydrob-
oration of benzaldehyde catalyzed by [Fe(N,S,]” (A). We were not able
to find a proper mechanism to activate the H—B bond. All our at-
tempts to cleave this bond homolytically reported higher barriers, not
affordable at the reaction conditions. We believe that this is due to the
electronic structural complexity that the presumed transition state may
bear. The speciation study after the H—B bond breaking step, reported
the possible formation of many intermediates in a wide range of ener-
gies. We decided to study the hydroboration of benzaldehyde from one
of these intermediates, complex J, which was found to be the most sta-

ble among all the considered species. Complex J shows the ability to
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carry out this reaction step in the triplet and quintet spin surfaces, with
very low barrier. This suggests that once the H—B bond has been bro-
ken, forming any of the complexes shown in Figure 4.16, the reaction

proceeds with very low barriers.

We investigated a dimeric mechanism where two complexes A were
able to activate and break the H—B bond of pinacolborane. Due to the
size of the system, we had to model complex A, reducing the number of
atoms. We found a possible mechanism were the cooperativity of two
mA complexes could activate the H—B bond homolytically. However,
we were not able to find the key transition state for this mechanism,
probably due to the complexity of its electronic structure. These results
are a good starting point for the elucidation of the real mechanism gov-

erning this transformation, in a research that will continue in the group.
4.6 References

[1]  Lee, S. C.; Holm, R. H. Chem. Rev. 2004, 104, 1135-1158.
[2] Kovacs, J. A. Chem. Rev. 2004, 104, 825-848.

[3] Fontecilla-Camps, J. C.; Volbeda, A.; Cavazza, C.; Nicolet, Y.
Chem. Rep. 2007, 107, 4273-4303.

[4] Tard, C,; Pickett, C. J. Chem. Rev. 2009, 109, 2245-2274.

[5] Niviere, V.; Bonnot, F.; Bourgeois, D. Handbook of Metalloproteins,
Vols. 4 and 5, Wiley & Sons: Chichester, U.K., 2011.

[6] McQuilken, A. C.; Goldberg, D. P. Dalton Trans. 2012, 41, 10883-
10899.

[7]  Lubitz, W.; Ogata, H.; Rudiger, O.; Reijerse, E. Chem. Rev. 2014,
114, 4081-4148.

[140]



UNIVERSITAT ROVIRA I VIRGILI
NON-INNOCENT LIGANDS: FROM PRO-TON SHUTTLE TO PHOTO-ACTIVATION
Adiran de Aguirre Fondevila

4. Redox active ligands

[12]

[13]

[14]

[15]

[16]

De Lacey, A. L.; Fernandez, V. M.; Rousset, M.; Cammack, R.
Chem. Rev. 2007, 107, 4304-4330.

Seefeldt, L. C.; Hoffman, B. M.; Dean, D. R. Annu. Rev. Biochens.
2009, 78, 701-722.

Hoffman, B. M.; Lukoyanov, D.; Dean, D. R.; Seefeldt, L. C. Ac.
Chem. Res. 2013, 46, 587-595.

Felton, G. A. N.; Petro, B. J.; Glass, R. S.; Lichtenberger, D. L.;
Evans, D. H. |. Am. Chem. Soc. 2009, 131, 11290-11291.

Ryde, U.; Greco, C.; De Gioia, L. J. Am. Chem. Soc. 2010, 132,
4512-4513.

Shomura, Y.; Yoon, K.-S.; Nishihara, H.; Higuchi, Y. Nazure 2011,
479, 253-2506.

Almazahreh, L. R.; Apfel, U.-P.; Imhof, W.; Rudolph, M.; Gétls,
H.; Talarmin, J.; Schollhammer, P.; El-khateeb, M.; Weigand, W.
Organometallics 2013, 32, 4523-4530.

Wang, W.; Nilges, M. J.; Rauchfuss, T. B.; Stein, M. |. Aw. Chem.
Soc. 2013, 135, 3633-3639.

In-noi, O.; Haller, K. J.; Hall, G. B.; Brezinski, W. P.; Marx, J. M.;
Sakamoto, T.; Evans, D. H.; Glass, R. S.; Lichtenberger, D. L. Or-
ganometallics 2014, 33, 5009-5019.

Capon, J.-F.; Gloaguen, F.; Schollhammer, P.; Talarmin, J. J. Elec-
troanal. Chem. 2006, 595, 47-52,

Hirotsu, M.; Santo, K.; Tsuboi, C.; Kinoshita, 1. Organometallics
2014, 33, 4260-4268.

[141]



UNIVERSITAT ROVIRA I VIRGILI
NON-INNOCENT LIGANDS: FROM PRO-TON SHUTTLE TO PHOTO-ACTIVATION
Adiran de Aguirre Fondevila

4. Redox active ligands

[24]

25]

[26]

27]

28]

Rose, M. J.; Betterley, N. M.; Mascharak, P. K. |. Am. Chem. Soc.
2009, 131, 8340-8341.

Rose, M. J.; Betterley, N. M.; Oliver, A. G.; Mascharak, P. K. Inorg.
Chen. 2010, 49, 1854-18064.

Harrop, T. C.; Mascharak, P. K. Acc. Chem. Res. 2004, 37, 253-260.
Kovacs, J. A.; Brines, L. M. Ac. Chem. Res. 2007, 40, 501-509.

Widger, L. R.; Jiang, Y.; Siegler, M. A.; Kumar, D.; Latifi, R.; de
Visser, S. P.; Jameson, G. N. L.; Goldberg, D. P. Inorg. Chen. 2013,
52, 10467-10480.

Widger, L. R; Jiang, Y.; McQuilken, A. C.; Yang, T.; Siegler, M.
A.; Matsumura, H.; Moénne-Loccoz, P.; Kumar, D.; de Visser, S.
P.; Goldberg, D. P. Dalton Trans. 2014, 43, 7522-7532.

Xiao, J.; Deng, L. Organometallics 2012, 31, 428-434.

Ye, S.; Kaim, W.; Albrecht, M.; Lissner, F.; Schleid, T. Inorg. Chim.
Acta 2004, 357, 3325-3330.

Blackwell IIT, W. C.; Bunich, D.; Concolino, T. E.; Rheingold, A.
L.; Rabinovich, D. Inorg. Chem. Commun. 2000, 3, 325-327.

Klerman, Y.; Ben-Ari, E.; Diskin-Posner, Y.; Leitus, G.; Shimon,
L. J. W,; Ben-David, Y.; Milstein, D. Dalton Trans. 2008, 3226-
3234,

McGuinness, D. S.; Wasserscheid, P.; Keim, W.; Morgan, D.;
Dixon, J. T.; Bollmann, A.; Maumela, H.; Hess, F.; Englert, U.
First. . Am. Chem. Soc. 2003, 125, 5272-5273.

Lumsden, S. E. A.; Durgaprasad, G.; Muthiah, K. A. T.; Rose, M.
J. Dalton Trans. 2014, 43, 10725-10738.

[142]



UNIVERSITAT ROVIRA I VIRGILI
NON-INNOCENT LIGANDS: FROM PRO-TON SHUTTLE TO PHOTO-ACTIVATION
Adiran de Aguirre Fondevila

4. Redox active ligands

[34]

[35]

[30]

[37]

[39]
[40]

[41]

[42]

Schnédt, J.; Manzur, J.; Garcifa, A.-M.; Hartenbach, I.; Su, C.-Y;
Fiedler, J.; Kaim, W. Eur. |. Inorg. Chem. 2011, 9, 1436-1441.

Hiibner, R.; Weber, S.; Strobel, S.; Sarkar, B.; Zalis, S.; Kaim, W.
Onrganometallics 2011, 30, 1414-1418.

Takemoto, S.; Kawamura, H.; Yamada, Y.; Okada, T.; Ono, A.;
Yoshikawa, E.; Mizobe, Y.; Hidai, M. Organometallics 2002, 21,
3897-3904.

Imbert, C.; Hratchian, H. P.; Lanznaster, M.; Heeg, M. J.; Hryhor-
czuk, L. M.; McGarvey, B. R.; Schlegel, H. B.; Verani, C. N. Inorg.
Chem. 2005 | 44, 7414-7422.

Roy, N.; Sproules, S.; Weyhermiuller, T.; Wieghardt, K. Inorg.
Chem. 2009, 48, 3783-3791.

Fox, D. J.; Bergman, R. G. J. Am. Chem. Soc. 2003, 125, 8984-8985.

Zhao, H.; Li, X.; Zhang, S.; Sun, H. Z. Anorg. Allg. Chem. 2015,
641, 2435-2439,

Koizumi, T.-a.; Teratani, T.; Okamoto, K.; Yamamoto, T.; Shi-
moi, Y.; Kanbara, T. Inorg. Chin. Acta 2010, 363, 2474-2480.

Singh, P.; Singh, A. K. Organometallics 2010, 29, 6433-6442.
Harkins, S. B.; Peters, J. C. J. Awm. Chem. Soc. 2004, 126, 2885-2893.

Shaffer, D. W.; Szigethy, G.; Ziller, J. W.; Heyduk, A. F. Inorg.
Chem. 2013, 52, 2110-2118.

Ye, S.; Sarkar, B.; Lissner, F.; Schleid, T.; van Slageren, J.; Fiedler,
J.; Kaim, W. Angew. Chem. Int. Ed. 2005, 44, 2103-2100.

[143]



UNIVERSITAT ROVIRA I VIRGILI
NON-INNOCENT LIGANDS: FROM PRO-TON SHUTTLE TO PHOTO-ACTIVATION
Adiran de Aguirre Fondevila

4. Redox active ligands

[45]

[40]

[50]

[51]

[52]

Noveron, J. C.; Olmstead, M. M.; Mascharak, P. K. Inorg. Chem.
1998, 37, 1138-1139.

Miecznikowski, J. R.; Lo, W.; Lynn, M. A.; Jain, S.; Keilich, L. C,;
Kloczko, N. F.; O ’Loughlin, B. E.; DiMarzio, A. P.; Foley, K. M.;
Lisi, G. P.; Kwiecien, D. J.; Butrick, E. E.; Powers, E.; Al-
Abbasee, R. Inorg. Chim. Acta 2012, 387, 25-30.

Bouwman, E.; Henderson, R. K., Powell, A. K; Reedijk, J.;
Smeets, W. J. J.; Spek, A. L.; Veldman, N.; Wocadlo, S. J. Chen.
Soc., Dalton Trans. 1998, 3495-3500.

Das, U. K.; Daifuku, S. L.; Gorelsky, S. I.; Korobkov, I.; Neiding,
M. L; Le Roy, J. J.; Murugesu, M.; Baker, R. T. Inorg. Chem. 2016,
55, 987-997.

Das, U. K,; Higman, C. S.; Gabidullin, B.; Hein, J. E.; Baker, R. T.
ACS Catal. 2018, 8, 1076-1081.

Sarvary, 1.; Almqvist, F.; Frejd, T. Chem. - Eur. ]. 2001, 7, 2158-
2166.

Oluyadi, A. A.; Ma, S.; Muhoro, C. N. Organometallics 2013, 32, 70-
78.

Khalimon, A. Y.; Farha, P.; Kuzmina, L. G.; Nikonov, G. 1. Cher.
Commun. 2012, 48, 455-457.

Tamang, S. R.; Findlater, M. J. Org. Chem. 2017, 82, 12857-12862.

Kaithal, A.; Chatterjee, B.; Gunanathan, C. Org Lesz. 2015, 17,
4790-4793.

Guo, J.; Chen, J.; Lu, Z. Chen. Commun. 2015, 51, 5725-5727.

[144]



UNIVERSITAT ROVIRA I VIRGILI
NON-INNOCENT LIGANDS: FROM PRO-TON SHUTTLE TO PHOTO-ACTIVATION
Adiran de Aguirre Fondevila

4. Redox active ligands

[61]

[62]

[63]

Bagherzadeh, S.; Mankad, N. P. Chen. Commun. 2016, 52, 3844-
38406.

Mukherjee, D.; Osseili, H.; Spaniol, T. P.; Okuda, J. J. Am. Chem.
Soc. 2016, 138, 10790-10793.

Mukherjee, D.; Ellern, A.; Sadow, A. D. Chem. Sci. 2014, 5, 959-
964.

Lampland, N. L.; Hovey, M.; Mukherjee, D.; Sadow, A. D. ACS
Catal. 2015, 5, 4219-4226.

Yadav, S.; Pahar, S.; Sen, S. S. Chemn. Commun. 2017, 53, 4562-4564.

Yang, Z.; Zhong, M.; Ma, X.; Nijesh, K.; De, S.; Parameswaran,
P.; Roesky, H. W. J. Aw. Chem. Soc. 2016, 138, 2548-2551.

Jakhar, V. K; Barman, M. K.; Nembenna, S. Org Lezt. 2016, 18,
4710-4713.

Blake, A. J.; Cunningham, A.; Ford, A.; Teat, S. J.; Woodward, S.
Chem. - Eur. ]. 2000, 6, 3586-3594.

Locatelli, M.; Cozzi, P. G. Angew. Chem. Int. Ed. 2003, 42, 4928-
4930.

Lummis, P. A.; Momeni, M. R.; Lui, M. W.; McDonald, R.; Fergu-
son, M. J.; Miskolzie, M.; Brown, A.; Rivard, E. Angew. Chem. Int.
Ed. 2014, 53, 9347-9351.

Hadlington, T. J.; Hermann, M.; Frenking, G.; Jones, C. |. An.
Chem. Soc. 2014, 136, 3028-3031.

Chong, C. C.; Hirao, H.; Kinjo, R. Angew. Chem. Int. Ed. 2015, 54,
190-194.

[145]



UNIVERSITAT ROVIRA I VIRGILI
NON-INNOCENT LIGANDS: FROM PRO-TON SHUTTLE TO PHOTO-ACTIVATION
Adiran de Aguirre Fondevila

4. Redox active ligands

[72]

[73]

Evans, D. F. J. Chem. Soc. 1959, 2003-2005.
Luca, O. R,; Crabtree. R. H. Cher. Soc. Rev. 2013, 42, 1440-1459.

Sproules, S.; Wieghardt, K. Coord. Chem. Rev. 2010, 254, 1358-
1382.

Stoian, S. A.; Yu, Y.; Smith J. M.; Holland, P. L.; Bominaar, E. L.;
Minck, E. Inorg. Chem. 2005, 44, 4915-4922.

Stoll, S.; Schweiger A. J. Magn. Reson. 2006, 178, 42-55.

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Men-
nucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.;
Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnen-
berg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.;
Nakai, H.; Vreven, T.; Montgomery, J. A., Jr.; Peralta, J. E.; Oglia-
ro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N
Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K;
Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Re-
ga, N.; Millam, J. M.; Klene, M.; Knox, |J. E.; Cross, J. B.; Bakken,
V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E,;
Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.;
Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. A
Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Far-
kas, O.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J.
Gaussian 09, revision D.0T; Gaussian, Inc., Wallingford, CT, 2013.

Becke, A. D. J. Chem. Phys. 1993, 98, 5648-5652.

Gimme, S. Antony, J. Ehtlich, S.; Krieg, H. J. Chem. Phys. 2010,
132, 154104-19.

[140]



UNIVERSITAT ROVIRA I VIRGILI
NON-INNOCENT LIGANDS: FROM PRO-TON SHUTTLE TO PHOTO-ACTIVATION
Adiran de Aguirre Fondevila

4. Redox active ligands

[74]

[75]

[78]

[79]

[80]

[81]

Marenich, A. V.; Cramer, C. J.; Truhlar, D. G. J. Phys. Chem. B.
2009, 113, 6378-6396.

a) Hehre, W J.; Ditchfield, R.; Pople, J.A. J. Chem. Phys. 1972, 56,
2257-2261. b) Hariharan, P.C.; Pople, J.A. Theoret. Chimica Acta
1973, 28, 213-222. c) Francl, M.M.; Petro, W.J.; Hehre, W.].; Bin-
kley, J.S.; Gordon, M.S.; DeFrees, D.].; Pople, J.A. |. Chem. Phys.
1982, 77, 3654-3665.

Hay, P. ].; Wadt, W. R. J. Chem. Phys. 1985, 82, 270-283.

a) Yamaguchi, K.; Jensen, F.; Dorigo, A.; Houk, K. N. Chen. Phys.
Let. 1988, 149, 537-542. b) Yamanaka, S.; Kawakami, T.; Nagao,
H.; Yamaguchi, K. Chem. Phys. Let. 1994, 231, 25-33. ¢) Swart, M.;
Guell, M,; Josep M. Luis, J. M.; Sola, M. J. Phys. Chem. A 2010,
114, 7191-7197.

a) Neese, F. WIREs Comput Mol Sci 2012, 2, 73-78. b) Neese, F.
WIREs Comput Mol Sci 2018, 8, e1327.

a) Barone, V.; Cossi, M. J. Phys. Chem. A 1998, 102, 1995-2001. b)
Cossi, M.; Rega, N.; Scalmani, G.; Barone, V. |. Comput. Chem.
2003, 24, 669-681.

a) Han, W.-G; Liu, T.; Lovell, T.; Noodleman, L. J. Comput. Chen.
2006, 27, 1292-1306. b) Hopmann, K. H.; Ghosh, A.; Noodle-
man, L. Inorg. Chem. 2009, 48, 9155-9165. ¢) Sandala, G. M.;
Hopmann, K. H.; Ghosh, A.; Noodleman, L. J. Chen. Theory Com-
put. 2011, 7, 3232-3247. d) Papai, M.; Vanko, G. J. Chem. Theory
Comput. 2013, 9, 5004-5020.

a) Weigend F.; Ahlrichs, R. Phys. Chem. Chem. Phys. 2005, 7, 3297-
3305. b) Nesse, F. Inorg. Chim. Acta 2002, 337, 181-192. ¢)

[147]



UNIVERSITAT ROVIRA I VIRGILI
NON-INNOCENT LIGANDS: FROM PRO-TON SHUTTLE TO PHOTO-ACTIVATION
Adiran de Aguirre Fondevila

4. Redox active ligands

Sinnecker, S.; Slep, L. D.; Bill, E.; Neese, F. Inorg. Chem. 2005, 44,
2245-2254,

Romelt, M.; Ye, S.; Neese, F. Inorg. Chem. 2009, 48, 784-785.

Legault, C. Y. CYLview, 1.0b; Université de Sherbrooke: Quebec,

Montreal, Canada, 2009; www.cylview.org

Chemcraft - graphical software for visualization of quantum

chemistry computations. www.chemcraftprog.com

Zhao, Y.; Schultz, N. E.; Truhlar, D. G. J. Chem. Theory Comput.
2006, 2, 364-382.

Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys. Rev. Lett. 1996, 77
3865-3868.

b

Chai, J. D.; Head-Gordon, M. Phys. Chem. Chem. Phys. 2008, 10,
6615-6620.

Perdew, J. P. Phys. Rev. B 1986, 22, 8822-8824.
Grimme, S. J. Comp. Chem. 2006, 27, 1787-1799.

a) McWilliams, S. F.; Brennan-Wydra, E.; MacLeod, K. C.; Hol-
land, P. L. ACS Omega 2017, 2, 2594-2606. c) Proppe, J.; Reiher,
M. |. Chem. Theory Comput. 2017, 13, 3297-3317. d) Rugg, G.; Senn,
H. M. Phys. Chem. Chen. Phys. 2017, 19, 30107-30119.

[148]



UNIVERSITAT ROVIRA I VIRGILI
NON-INNOCENT LIGANDS: FROM PRO-TON SHUTTLE TO PHOTO-ACTIVATION
Adiran de Aguirre Fondevila

Chapter 5

Light-activated reactions

5.1 Background

General introduction

Photochemistry is the branch of chemistry focusing on the exploitation
of light for the promotion of novel transformations. Photochemistry
has a number of appealing features, among them that the energy input
can come from an inexhaustible source such as sunlight,[1] and that it
usually prevents the use of harder reaction conditions such high temper-
ature or pressure. Photoactivated reactions present an interesting
alternative to thermally activated reactions in a number of cases. The
photo-excitation of selected reactants can give access to kinetically and
thermodynamically unfavourable products.[2] The excited molecule can
react in a different manner than its non-excited analogue and in this way

surpass a reaction step that is not feasible under thermal conditions.
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Despite the benefits, light-driven reactions have been pootly devel-
oped for many decades. The main reason is that many organic simple
molecules generally interact weakly with light. In addition, its excited
states are only accessible upon irradiation at ultraviolet (UV) regions.
The photons at these wavefunction regions are highly energetic and can
originate undesired photodegradation processes. This has limited the
usage of photochemical synthesis in the development of new complex
organic molecules or transformations. After all, the energy of a photon
in the UV regions can be in the order of some C—C bond breaking
energy.[3] In addition, other deactivation routes such as fluorescence,
phosphorescence or nonradiative relaxations can exist, all of them re-

turning to the ground state of the molecule.[4]

The development of transition metal-based photosensitizers was a
major breakthrough in the field of photochemistry. These complexes are
able to transform solar energy into an electrochemical potential,[5,6] and
this potential can be applied to the catalysis of useful and unique organic
reactions. Some of the features of these metal-based photosensitizers
are that they have strong absorption in the visible light spectra and the
lifetimes of the excited states are long enough to react with another spe-
cies. The most common and largely explored photosensitizers are those
based on Ru(Il) and Ir(II) with chelating polypyridyl ligands.[7,8] Other
metal-based photocatalysts bearing Cu,[9] Au [10] or Fe,[11,12] have
been recently developed. Organic chromophores, from simple aromatic
molecules, to highly conjugated organic systems, have been found to

absorb light to promote electron transfer events (Scheme 5.1).[13,14]

[150]
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Scheme 5.1 Examples of representative transition metal-based (left) and organic
(right) chromophores.
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In the context of synthetic organic chemistry, a photocatalyst can play
a unique and promising role. The interaction of organic molecules with
photocatalysts provides a novel strategy to access radical ions, diradical,
or electronically excited organic compounds that usually cannot be gen-
erated using non-photochemical approaches.[15] In 2008, two seminal
works were published simultaneously by the groups lead by MacMillan
and Yoon, both using Ru(bpy),”" as photocatalyst. Yoon ¢/ al. reported
the [2+2] cycloaddition of bis(enone) (Scheme 5.2a). Previous studies of
this reaction had shown that the cycloaddition step was initiated by a
single electron reduction of the enone, thus forming a radical anionic
intermediate.[16] Thanks to the intrinsic reactivity of photocatalysts to
participate in single electron transfer steps, the replacement of the
common catalysts (Cu [17] or Co [18]) by a photocatalysts achieved the
product very efficiently, reaching a 95% yield in one hour under sun-

light.[19]

The second work, reported by MacMillan ¢ 4., consisted in the com-
bination of an asymmetric organocatalyst with the Ru(bpy);”

photocatalyst for the direct a-alkylation of aldehydes (Scheme 5.2b). The

[151]
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mechanism involves two synergistic catalytic cycles where a terminal
alkyl radical is generated »ia SET from the photocatalyst to an alkyl hal-
ide; and this alkyl is ultimately trapped by the enamine intermediate.[20]
The rational design behind this coupling was to imitate photoredox en-
zymatic catalysis, which replaces highly energetic two-electron steps by

low energy single electron pathways.[21]

Scheme 5.2 Ru(bpy)s;>* catalysis for a) cycloaddition of bis(enone) and b) asym-
metric alkylation of aldehydes.
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Mechanism of photocatalysis

One of the main reasons why photochemistry is so attractive for the
synthetic community is the ability of the photoexcited chromophore to
react via single electron transfer (SET) steps. This novel reactivity is
complementary to the more classical two electron chemistry.[22,23] This
approach has been extensively used to obtain products that otherwise
are not affordable. The type of reactions that run thanks to the pho-
toinduced electron transfer (PET) steps promoted by excited
photocatalysts are called photoredox catalysis in the chemical Literature.
A photogenerated electronically excited state molecule PS* is both a
stronger reductant and a stronger oxidant species than its ground state
analogue. Thus, upon the irradiation process, two photocatalytic scenar-

ios exist. If the initial substrate oxidizes the excited form of the
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photocatalyst, the pathway is termed oxidative quenching cycle (Scheme
5.3 in purple). The photocatalyst is one-electron oxidized to its electron
poor derivative, PS™. In contrast, if the first one-electron transfer is
from the substrate to the electronic excited photocatalysts, this pathway
is called reductive quenching cycle (Scheme 5.3 in green). The photore-
dox catalyst is reduced to its electron rich derivative PS™ while the
substrate is oxidized. In both cases, the photocatalyst is regenerated later

on to its initial ground state by accepting or donating an electron
(Scheme 5.3). [24]

Scheme 5.3 Different pathways in photoredox catalysis. PS represents the pho-
tosensitizer. A, D and S stand for acceptor, donor and substrate, respectively.

PS* A

oxidative quenching

5 A
/ S
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Another possible mechanism, although less common, is the direct
energy transfer from the excited photocatalyst to the substrate (Scheme
5.3 in black). One of the mechanisms to describe this event was firstly
proposed by Dexter.[25] This non-radiative transition can be viewed as
a bilateral electron exchange between the photocatalyst in the excited
state and the substrate in its ground state. The result of the energy trans-
fer is that the photocatalyst recovers the initial ground state and the
substrate moves to the excited state (Scheme 5.4). This process is only

operative if the reaction step is thermodynamically favourable and it

[153]
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requires a good overlap between the involved orbitals in the donor and
the acceptor. This mechanism occurs at distances typically within 10
A,[26] while other energy transfer processes happen at larger distances.
Energy transfer processes are relatively scarce compared to the photo-
redox processes explained above and will not be further discussed in

this thesis.

Scheme 5.4 Dexter energy transfer diagram from an electronic excited photo-
catalyst to a substrate.

_L_/\_ - _L_

i Tt

PS* S PS S*
A differentiation must be made with this kind of reactivity and the
photoactivated reactions where no electron transfer step is found during
the reaction mechanism. In our group we have recently explored this

kind of transformations but they will not be discussed in this the-
sis.[27,28]

Experimental overview

Nickel catalysis has been a highly exploited field in recent years, with
many new and impressive transformations.[29] One of the main reasons
for the development on nickel-based reactions is the necessity to replace
second and third row transition metals. Nickel is more abundant and
less toxic, thus appealing for a more sustainable chemistry. In addition,
nickel-based complexes has been shown to perform extraordinarily in
many important reactions such as cross-coupling,[30] reductive cou-

pling,[31] and photoredox catalysis.[32]

A peculiarity of nickel-based complexes is the availability of different
oxidation states: from Ni(0) to Ni(III). Even some species of Ni(IV)
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have been recently characterized.|33,34] Nickel exhibits an inherent abil-
ity to change its oxidation state in one unit at a time,[35] which is
complementary to the more conventional two-electron chemistry found
in other metals such as palladium.[36,37] This makes the merging of
nickel-based catalysts with photoredox active species appealing. Follow-
ing this approach, several strategies based on single electron transfer
(SET) steps were developed.[38,39] These so-called dual-catalysts sys-
tems react in a symbiotic manner, merging the properties of both
individual processes and achieving novel reactivity not possible with any
of each catalysts independently.[40] Computational characterization
studies of the mechanism for these dual nickel/photoredox systems are
still scarce.[41,42,43]

In this chapter we will present our DFT computational characteriza-
tion of the full catalytic mechanism for a photoredox nickel-based
process. The reactions is the regioselective synthesis of indolines from
iodoacetanilides and 1-alkenes reported by Tasker and Jamison (Scheme
5.5).[44] This approach presents two main points of interest: the reduc-
tive elimination to form C_;—N bonds is inherently challenging and
this step must outcompete the f-hydride elimination (which would form
Heck-type undesired products). In what follows, we will introduce the

most interesting results reported in the original experimental work.

Scheme 5.5 Regioselective synthesis of indoline using Ni/Ru photoredox cataly-
sis reported by Jamison and co-workers.[44]

Ni(cod),
IPr n-hex
| o4
Ru(bpy)s
©i +  Znhex >
NHAc NEts N
Acetone

\
blue LED, rt, 26h Ac
Selectivity > 19:1

The reaction optimization is shown in Table 5.1. The selected nickel

pre-catalyst was Ni(cod),. First, they tested the conditions similar to
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those of a Heck reaction (entry 1) and found that for different electro-
philes, protecting groups on the aniline moiety, bases and ligands, only
Heck products were obtained. The use of N-heterocyclic carbene
(NHC) ligand IPr reported small amounts of the desired indoline prod-
uct (entry 2). Although the yield was very low (7%, the indoline product
(C) was obtained in a high selectivity (>19:1) compared to all other
products (D-F). Substituting the protecting group of the aniline by ace-
tate showed a small increase on the indoline product yield (up to 14%)
when tested with different electrophiles, although the selectivity was
lower (> 10:1) (entry 3).

Table 5.1 Reaction optimization for the indoline synthesis reaction.

n-hex

n-hex
Ni(cod), (15 mol %)

ligand (15 or 30 mol %)

X
base (1 or 2 equiv
@E + rnnex PexelorZeqdy
0
NHR PhMe, rt or 60 °C

NHR

mn hex ©\)\/n pent

A B
entry X;R ligand base yield C
various
1 OTf; Piv phosphine, PyBOX o ) 0%
organic/inorganic
2 OTf; Piv IPr LiOt-Bu 7 %
Cl, OTH{, ]
3 1Pr LiOt-Bu 10-14 %

Br, I; Ac

4 Br, Ac IPt, [Ru(bpy)s] 2,6-lutidine 15 %

Br, Ac IPr, [Ru(bpy)s], 66 h NEt; 33 %

6 I, Ac IPr, [Ru(bpy)s], 26 h NEt; 88 %

Inspired by the reports on dual nickel/photoredox systems by Mo-
lander [45] and Doyle and MacMillan,[406] they decided to introduce a
photoredox catalyst in the reaction mixture. Entries 4 and 5 showed an
important increase on the indoline product formation when [Ru(bpy)s]

photocatalysts was introduced to the reaction solution. Further optimi-
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zation using triethylamine as base and aryl iodides instead of bromides
(entry 0), reported almost quantitative yields in high selectivity for the

formation of the indoline product (>19:1) over the Heck products.

With the optimal conditions in hand, they explored the scope of this
transformation. The reaction tolerates several substituents on the 4- and
5-positions on the aryl ring, both electron donating and withdrawing
groups. However, substitution on the 3- or 6- positions lowers the yield
of the indoline product. An increase of 10 °C on the reaction conditions
improves the reactions yields, although greater amounts of products of
the f-hydride elimination were also observed. Interestingly, substitution
of the iodine by bromine reduced the indoline product yield from 88 to
27 % (Scheme 5.0).

Scheme 5.6 Selected examples of the scope of aryl electrophile.

n-hex n-hex n-hex
N N cl N
Ac Ac Ac
88 % yield 27 % yield 86 % yield
from ArBr
n-hex Me  nhex n-hex
N N N
Ac Ac Me Ac
73 % yield 4 % yield 28 % yield

The scope of the alkene substrate was also analyzed (Scheme 5.7).
The reaction, again, tolerates a wide variety of functional groups on the
alkene moiety, including trimethylsilyl or protected alcohols and amines.
Styrenyl substrates were also well tolerated, although the selectivity to-
ward the indoline product is notably reduced for this kind of reagents.
Internal and 1,1-disubstituted alkenes were not able to afford the de-

sired product.
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Scheme 5.7 Selected examples of the scope of alkene coupling partner.

SiMej oTBS
< ( @EC\ NHBoc
N N N
Ac Ac Ac

69 % yield 74 % yield 97 % yield
OMe CF,4
Ac Ac Ac
65 % yield 69 % yield 55 % yield

To gain more insight in the complex mechanism governing this reac-
tion, they performed some mechanistic studies. In order to check if the
Heck product E was an intermediate of the reaction, they performed the
reaction introducing amounts of E independently synthetized. The rea-
gent E was completely recovered indicating that it is not an intermediate
of the reaction for the formation of the indoline product (Scheme 5.8a).
The second mechanistic study was to run the reaction between A and B
in stoichiometric conditions without the presence of the photoredox
catalysts. Portions of the reaction mixture were then exposed to differ-
ent oxidants (Scheme 5.8b). Without an oxidant, very few indoline
product was observed, and several other products were found in trace
amounts. When stirred open to air or adding PhI(OAc),, significant
amounts of C were obtained with good selective for the indoline prod-
uct (75 and 60%, respectively). Interestingly, addition of catalytic
Ru(bpy),”" did not produce the indoline product. Probably this is due to
the larger excess of nickel complexes which leads to undesired and un-
productive reduction/oxidation or deactivation of the photoredox
catalysts. In summary, an oxidation, presumably from Ni(II) to Ni(III),

is necessary to achieve the C—N bond formation step.
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Scheme 5.8 Experimental mechanistic studies.

n-hex
Me | standard Me
\(:[ + n-hex conditions +
—_—
2 NHAc NHAG N -
c
A E c complete
recovery
98 % yield
no additive
b) 1% yield C
! Ni(cod), (100 mol % open to air i
2 o) 9 C
©i + Z7nhex  ipr (110 mol %) 75 % yield
NHAc
A B NEt;, acetone, rt, 12 h PhI(OAc),
60 % yield C
Ru(bpy); (2 mol %)
blue LEDs
1 % yield C

Finally, they were able to characterize by X-ray and NMR some in-
termediates of the catalytic cycle. In particular, the crystal structures of
species resulting from the oxidative addition and migratory insertion
steps were obtained. Further investigation by cyclic voltammetry (CV)

shown that the potential wave for the Ni(I/0) transition is -0.74 V vs
/1 —

SCE, suggesting that it can be easily reduced by Ru(bpy),” (E, ,
1.33 V vs SCE in MeCN).[5] In addition, the potential for the Ni(II/III)
oxidation was +0.80 V vs SCE, suggesting also that it can be oxidized
by *Ru(bpy),”" (+0.77 V vs SCE in MeCN).[5]

The wealth of experimental data, together with the number of re-
maining mechanistic uncertainties, makes this system highly appealing
for a computational study. This is a chemically relevant process where
for the first time the photoredox catalyst appears to oxidize and reduce
the nickel directly. We selected 2’-iodoacetanilide (A) and octene (B) as
representative reagents for the study of the full catalytic cycle. This
combination of reagents reports the best experimental results and is

relatively easy to model computationally.
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5.2 Computational details
Computational method

In this chapter 5, we carried out all the calculations using Gaussian09
(D.01) [47] at the B3LYP level of theory.[48] Grimme empirical disper-
sion was introduced with the GD3 term on all the optimizations
calculations.[49] The solvation was introduced implicitly in all the opti-
mizations using the SMD model with the experimental solvent, acetone
(6=20.493).[50] Considering the possible presence of different charged
structures in the mechanism, we included diffuse functions in the basis
set, even in the geometry optimizations. For optimizations and frequen-
cy calculations, we combined the LANL2DZ basis set for nickel and
iodine atoms (with the associated pseudopotential),[51] and the 6-
31+G(d) basis set for the rest of the atoms.[52] In order to minimize
the basis set superposition error (BSSE), potential energies were further
refined wusing 06-311++G(d,p) [53] for C, H, N, O atoms,
LANL2DZdp[54] for the I atom and LANL2TZ(f) [55] for the Ni at-

om.

All geometry optimizations were carried out without symmetry re-
strictions. All the stationary points were assigned to minima (zero
imaginary frequencies) or transition states (one imaginary frequency) by
frequency analysis. Free energy corrections were calculated at 298.15 K

and 105 Pa pressure, including Zero Point Energy (ZPE) corrections.

The barrier for the outer-sphere single electron transfer (SET) steps
was estimated with Marcus theory, following the methodology explained

in chapter 2.

All the 3D structures were drawn with CYLview program.[50]
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5.3 Reaction mechanism
Oxidative addition vs halide abstraction

We started our computational study with the experimentally observed
Ni(0) complex 1. We first studied the coordination of a second octene
molecule, resulting in 1’, and the decoordination of octane, resulting in
1”. Both 1’ and 1” are higher energy intermediates, 4.3 and 26.8
kcal-mol " above 1, respectively. We discarded them and studied the in-
teraction of the initial reactant A with complex 1. Based on previous
studies in our group on the reaction of aryl halides with Ni(0) spe-
cies,[57] two different pathways were considered: oxidative addition and

halide abstraction (Figure 5.1).

IPr —|i

IT",NiQy\ h
NS n-nex
TS Ox.Add. O .
9. NHA
/ 19.8 ¢ IPr—|
IPr -~|---Ni®
| / \‘/Pn—hex
Ni2_ NHAc 4 IPr
VS n-hex [/ TS 2-3 |
/ 2 RPN il
; ( e 684N TI
)/ ,// 4.9 \\\ oss .-~ \
1/ 2 ) |
— 141 AN N
o0 Q' Q NE R Pr
NHA NHAc .38 \‘fz\ 4 &w
C Ty —
6.1 N
2OSS N
SN NHAC
IPr 3 \Pr AN
| .5
Q\I/,Ni‘f L Q 3
\_>—n-hex N )
Mae 2 17 Ty nhex NHAc 379
iPr
\(/O‘\Ni“
/N A
H -44.0

Figure 5.1 2-iodoacetanilide (A) activation by IPtNi(0) catalysts »ia concerted
oxidative addition (in green) and halide abstraction (in purple). Free energies in
kcal-mol-'.
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The concerted oxidative addition of A to the Ni(0) complex 1 (Figure
5.1, in green) has an activation barrier of 19.8 kcal'mol”. Although the
barrier found was affordable at the reaction conditions, we decided to
check the pathway for the halide abstraction (Figure 5.1, in purple). This
mechanism starts with the interaction of A with the Ni(0) center, 2, with
the iodine atom pointing towards the nickel atom. This adduct 2 is
found at 4.9 kcal'mol” from 1 and can rapidly evolve to the more stable
form 2°% in the open-shell singlet surface, stabilizing the system by 3.8
kcal'mol”. Finally, the transition state TS 2-3 associated with the halide
abstraction mechanism takes place, with a low barrier of 6.1 kcal-mol".
This transition state runs ziz inner-sphere single electron transfer (SET)
from the Ni metal center to the o* C—I antibonding orbital. It involves
the simultaneous cleavage of the C—I bond and formation of the new
Ni—I bond. Figure 5.2 shows the 3D structure of TS 2-3 with the cor-
responding spin population depicted in each atom participating in the
SET step.

Ni—I = 2.80
Ni—C, = 2.06
Ni—C, = 2.05
I—C, = 2.34

Figure 5.2 3D optimized structure of the transition state for the halide abstrac-
tion (TS 2-3). Relevant bond distances in A and atomic spin densities in red.

TS 2-3 evolves to a new Ni(I) species 3. An aryl radical is released in
the same step. This intermediate 3 is 3.8 kcal'mol” below 1 and can easi-

ly decoordinate the initial alkene, leading to intermediate 4. Complex 4

[162]



UNIVERSITAT ROVIRA I VIRGILI
NON-INNOCENT LIGANDS: FROM PRO-TON SHUTTLE TO PHOTO-ACTIVATION
Adiran de Aguirre Fondevila

5. Light-activated reactions

subsequently traps the aryl radical and the Ni(Il) intermediate 5 is ob-
tained, 37.8 kcal'mol” from the initial reactants. The next step is a
rearrangement to place the O atom of the carbonyl group coordinated
to the metal center, resulting in intermediate 6, 44.0 kcal-mol” below 1.
The high exergonicity of this step makes it irreversible and facilitates the
detection of intermediate 6 by X-ray and NMR spectroscopy. It is worth
remarking that the existence of the Ni(I) intermediate 3 decreases the

activation barrier to access the Ni(IT) species 6.
Migratory insertion

We explored the regioselective alkene migratory insertion into the Ni—
C bond from complex 6. Figure 5.3 shows the two lower energy path-
ways. In agreement with the experimental results, our calculations find
that the alkene insertion takes place with the alkyl chain close to the aryl
ring to form preferentially intermediate 7 (Figure 5.3, in purple). We
found all the possible transition state to form the relative regioisomers
of 7. The transition state TS 6-7 is the most stable, 3.9 kcal-mol” below
the second more stable transition state TS 6-7°, which would lead to
intermediate 7’ (Figure 5.3, in green). The difference in energy between
the two transition states can be attributed to the steric clash between the
alkyl chain and the N-heterocyclic carbene (NHC) ligand in TS 6-7°.
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Figure 5.3 Free energy profile for the regioselective alkene insertion into the Ni-
C bond from intermediate 6. Energies in kcal/mol.

This energy difference can be further rationalized through the interac-
tion between the Ni center and the oxygen atom of the carbonyl group,
which is much stronger in TS 6-7 (2.02 A) than in TS 6-7° (2.33 A)
(Figure 5.4). The importance of the O atom interaction with the Ni cen-
ter in the migratory insertion step will be addressed later in another

subsection.

Ni—0 =202 |
Ni—C, = 1.94
C,—Cy=2.00
Ni—C; = 1.98

Ni—O0 =2.33
Ni—C, =2.03
C,—C;=2.10
Ni—C; = 1.93

B>

Figure 5.4 3D structures of lower transition states for the migratory insertion
step, TS 6-7 (left) and TS 6-7 (right). Selected distances in A.
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Although intermediate 7’ is more stable than 7 by 4.6 kcal'mol”, this
is kinetically irrelevant, as the next steps of the catalytic cycle are down-

hill and the formation of 7 becomes irreversible.
Final steps of the mechanism

The reaction continues with the rearrangement and deprotonation steps
shown in Figure 5.5. The ligand rearranges in the coordination sphere of
nickel to bring the nitrogen atom close to the Ni center, while the O
atom of the carbonyl moiety decoordinates. In this disposition, the NEt;
base is able to deprotonate complex 8 in a downhill manner. The depro-
tonated complex 9 is found at 12.4 kcal'mol” below intermediate 7.
Alternative pathways were investigated for this step, for instance, chang-
ing the order between rearrangement and deprotonation. However, all

of them were higher in energy.

n-hex P n-hex P n-hex P
I r r r
*N'”/ Rearrangement *N'"/ Deprotonation N'”/
i —_— i i
| Ve R
HNN20 M NEt;  ITHNEt,]" "=0
o Ho A 3 I 3
Ny -
7 8 9
-40.9 -38.4 -53.3

Figure 5.5 Rearrangement and deprotonation steps. Energies in kcal-mol-!.

The evolution of intermediate 9 into products is shown in the free
energy profile in Figure 5.6. The Ni(Il) intermediate 9 has the perfect
stoichiometry to form the indoline product vz direct reductive elimina-
tion. The computed barrier is however extremely high. The transition
state associated with this step TS 9-Ni(II) involves a barrier of 66.0
kcal-mol " (Figure 5.6, in green). Here is where the photosensitizer plays

a crucial role.
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Figure 5.6 Free energy profile for the indoline formation from intermediate 9.
Energies in keal'mol-l. [Ru] stands for [Ru(bpy)s] and *[Ru] for the excited state.
The excited state of the Ru-photoredox catalyst has a high oxidation
potential capable to oxidize the Ni(II) intermediate 9 to the Ni(III)
complex 10 in a thermodynamically favourable step (Figure 5.6, in pur-
ple). Thus, we estimated the barrier for the outer-sphere single electron
transfer (SET) event with Marcus theory. The nuclear and solvent reor-
ganization terms were considered following the procedure reported
before by our group [58] and introduced in Chapter 2. The outer-sphere
SET 9-10 has a low barrier of 6.1 kcal'mol’, generating the stable
Ni(IIT) complex 10. From this intermediate 10, the reaction evolves to-
wards the formation of the indoline product C through the reductive
elimination transition state TS 10-11, with a barrier of 19.5 kcal-mol™.
The tremendous change in the reaction barrier after the oxidation of the

metal center has been recently characterized also in an iridium system,
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and the process has been labeled as oxidatively induced reductive elimi-
nation (OIRE).[59]

Finally, the initial Ni(0) species 1 and the Ru(Il)-photoredox catalyst
are regenerated by a second outer-sphere SET step closing both photo-
and non-photocatalyzed cycles, SET 11-1. Again, the Marcus theory was
applied to estimate the barrier for the SET step. The energy barrier
found was 12.3 kcal'mol” from intermediate 11. Although this step is
mildly endergonic, the low barrier found for the halide abstraction
mechanism will push the reaction toward a new catalytic cycle. The elec-

tron rebound alternative has a higher kinetic bartier (11.0 kcal-mol”
from 1 to SET 11-1 25 6.1 kcal'mol ' for TS 2-3).

Off cycle reactions

Although the steps depicted above are the most likely to occur, several

alternative mechanisms have been calculated.

As mentioned before, the interaction between the O atom of the car-
bonyl moiety and the metal center has proven decisive for the correct
allocation of the lowest energy transition state at the migratory insertion
step. For this reason, we decided to calculate the migratory insertion of
the alkene from the Ni(Il) intermediate 5, that is, without the O atom
interacting with the Ni center. The results are depicted in Figure 5.7.
The activation bartier for the migratory insertion from intermediate 5 is
ca. 40.0 kcal-mol ™. This is prohibitively high for the experimental condi-

tions.
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-44.

Ac ]-u
N
H —\'9
| n-hex
|
TS 5-
.-~ 5.8
"~ “n-hex

Figure 5.7 Migratory insertion from intermediate 5. Free energies in kcal -mol-!.

Next, we investigated other possible intermediates of the catalytic

cycle where the base NEt; could r

eact with the complex to deprotonate

it. The results are summarized in Figure 5.8. Deprotonation of interme-

diate 6 or 7 involves an unfavourable transformation with reaction free

energies of 4.6 and 3.3 kcal'mol

1 . .
, respectively. In comparison, as re-

ported above, the deprotonation of complex 8 is an exergonic reaction

(-14.9 kcal'mol ).
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Figure 5.8 Deprotonation and halide abstraction of selected intermediates during
the catalytic cycle.

Finally, to confirm the high selectivity towards the formation of the
indoline product, we computed the pathway for the f-hydride elimina-
tion (BHE) mechanism, which would lead to the Heck products E and
F. The results are shown in Figure 5.9. The BHE pathways were calcu-
lated from intermediate 7. Two possible scenarios were considered:
external abstraction of the proton by the stochiometric base (NEt,),
7-14.

Both transition states have similar activation barrier, 34.6 and 35.8

TS\gs 7-14; or internal abstraction with the iodine atom, TS; 4.
kcal'mol”, respectively. Both are too high for the reaction to take place
at the experimental conditions. Thus, these results are in total agreement
with the experimental data where for the reaction between 2-
idoacetanilide and octene, the desired indoline product is obtained in a

high selective manner (>19:1).
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Figute 5.9 Free energy profiles for the P-hydride elimination. Energies in
kcal-mol-'.

5.4 Summary

The full mechanism for the indoline synthesis from 2’-iodoacetanilide
and octene catalyzed by a Ni/Ru-photoredox dual system has been fully
characterized (Scheme 5.9). The first steps of the mechanism can run
without irradiation and move between Ni(0), Ni(I) and Ni(Il). The first
step is the activation of the 2’-iodoacetanalide »iz halide abstraction,
followed by the migratory insertion of the alkene into the Ni—C bond.
After rearrangement and deprotonation, the Ni(II) species can undergo
one-electron oxidation by means of the Ru-photoredox catalyst. Then,
the productive Ni(III) complex can undergo reductive elimination and
release the indoline product. Finally, the reduced form of the photocata-
lyst can easily reduce the Ni(I) complex to the initial Ni(0) complex,
closing both catalytic cycles.
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There are three SET steps during the mechanism. One is inner-
sphere and two are outer-sphere. The outer-sphere SET steps have been
successfully characterized applying the Marcus theory. The calculated
mechanism involves four different oxidation states of the Ni: from
Ni(0) to Ni(III), and each one plays a crucial role in the course of the

reaction.

Scheme 5.9 Calculated pathway for the full catalytic cycle of indoline formation
catalyzed by [IPrNi] and Ru photocatalyst.
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Chapter 6

Conclusions

We have shown that Density Functional Theory calculations are very
useful for the characterization of mechanism of different ligand metal
cooperation reactions. The reported results will help in the rational de-
sigh of new systems bearing proton-, electron- and photo-responsive
ligands. The following paragraphs outline the most relevant conclusions

on each chapter.
Chapter 3:

- We have elucidated the different reactivity of the chloro and
acetate ligands in [Ru(X)H(CO)(PPr;),] (X= Cl or OAc)
complexes for the activation of phenylacetylene . The chloro
system reacts with one molecule of phenylacetylene to form
the alkenyl derivative. The acetate system can react further
with a second equivalent of phenylacetylene to achieve the
alkynyl complex.

- This enhanced reactivity is governed by the acetate ligand.

The calculations shown that it assists on the C—H bond ac-
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6. Conclusions

tivation step via concerted metalation deprotonation mecha-
nism and subsequently delivers the proton to a different part
of the complex. The later mechanism is a variation of the
ligand-assisted proton shuttle (LAPS). The acetate ligand de-
livers the H between two mutually #uns ligands. This is a
first time that a mechanism of this type has been character-
ized.

- This new variation of the LAPS mechanism can be extrapo-
lated from the reported catalytic behavior of this kind of
complexes in the hydrosilylation reactions of 1-alkynes. The
acetate ligand can assist on the Si—H activation step and de-

liver one moiety to the #ans ligand.
Chapter 4:

- We have characterized a series of [Fe(N,S,)(1)]" (.= none,
P(OMe),;, CO and n = -1, 0, +1) complexes. We have been
able to elucidate the electronic structure of these complexes
with Density Functional Theory.

- The DFT results have shown that the oxidation and reduc-
tion of the initial [Fe(N,S,)]" complex is ligand based. The
analysis of the spin density in different parts of the complex,
together with the natural orbital analysis shows that the for-
mal oxidation state of the metal is Fe(IlI) throughout all the
redox processes.

- The computational studies on the hydroboration of benzal-
dehyde catalyzed by [Fe(N,S;’ suggest that the rate-
determining step of the reaction must be the H—B bond ac-
tivation. Unfortunately, we have not been able to find a low
energy transition state for the homolytically cleavage of this
bond. The speciation study after the H—B bond activation
step has allowed the identification of many possible inter-

mediates that are capable to complete the hydroboration of
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6. Conclusions

benzaldehyde with low barriers at the experimental condi-
tions.

- These results constitute a good starting point for future re-
search in the group on the elucidation of the real mechanism

governing this transformation.
Chapter 5:

- We have fully characterized the mechanism for the indoline
synthesis from 2’-iodoacetanilide and octene catalyzed by a
combination of Ni/Ru-photoredox dual system.

- Four oxidation states of Ni are found during the catalytic cy-
cle: from Ni(0) to Ni(IlI). Each one plays a crucial role in
the course of the reaction.

- Three different single electron transfer steps have been
characterized during the proposed mechanism. The outer-
sphere SET steps have been successfully estimated applying
the Marcus theory.

- The regioselective determining step is the migratory inser-
tion of the octene into the Ni—C bond. The IPr ligand
together with the substituent on the alkene controls this
step.

- Several off-cycle reactions have been studied to account for
the high regioselectivity of the reaction. For instance, the -
hydride elimination pathways reported high activation barri-

ers, not affordable at the experimental conditions.
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